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SUMMARY 

Development and characterization of catalysts for electrolytic hydrogen 

production  and chlor – alkali electrolysis cells 

The topics of this PhD thesis are concerning with Chlor alkali electrolysis and PEM 

water electrolysis. 

• Chlor alkali electrolysis 

The industrial production of chlorine is today essentially achieved through 

sodium chloride electrolysis, with only a minor quantity coming from 

hydrochloric acid electrolysis. The main problem of all these processes is the high 

electric energy consumption which usually represents a substantial part of the 

total production cost. Therefore, in order to improve the process, it is necessary to 

reduce the power consumption. The substitution of the traditional hydrogen-

evolving cathodes with an oxygen-consuming gas diffusion electrode (GDE) 

involves a new reaction that reduces the thermodynamic cell voltage and leads to 

an energy savings of 30-40%.  

My research activity was addressed to the investigation of the oxygen 

reduction at gas-diffusion electrodes as well as to the surface and morphology 

analysis of the electrocatalysts. Specific attention was focused on deactivation 

phenomena involving this type of GDE configuration. The catalysts used in this 

study were based on a mixture of micronized silver particles and PTFE binder. In 

this study, fresh gas diffusion electrodes were compared with electrodes tested at 

different times in a chlor-alkali cell. Electrode stability was investigated by life-

time tests. The surface of the gas diffusion electrodes was analyzed for both fresh 

and used cathodes by scanning electron microscopy and X-ray photoelectron 

spectroscopy. The bulk of gas diffusion electrodes was investigated by X-ray 

diffraction and thermogravimetric analysis. 

• PEM water electrolysis 

Water electrolysis is one of the few processes where hydrogen can be 

produced from renewable energy sources such as photovoltaic or wind energy 

without evolution of CO2. In particular, an SPE electrolyser is considered as a 
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promising methodology for producing hydrogen as an alternative to the 

conventional alkaline water electrolysis. A PEM electrolyser possesses certain 

advantages compared with the classical alkaline process in terms of simplicity, 

high energy efficiency and specific production capacity. This system utilizes the 

well know technology of fuel cells based on proton conducting solid electrolytes. 

Unfortunately, electrochemical water splitting is associated with substantial 

energy loss, mainly due to the high over-potentials at the oxygen-evolving anode. 

It is therefore important to find the optimal oxygen-evolving electro-catalyst in 

order to minimize the energy loss. 

Typically, platinum is used at the cathode for the hydrogen evolution 

reaction (HER) and Ir or Ru oxides are used at the anode for the oxygen evolution 

reaction (OER). These metal oxides are required, compared to the metallic 

platinum, because they offer a high activity, a better long-term stability and less 

efficiency losses due to corrosion or poisoning.  

My work was mainly addressed to a) the synthesis and characterisation of 

IrO2  and RuO2 anodes; b) conducting Ti-suboxides support based on a high 

surface area.  

a) Nanosized IrO2 and RuO2 catalysts were prepared by using a colloidal 

process at 100°C;  the resulting hydroxides were then calcined at various 

temperatures. The attention was focused on the effect of thermal treatments on the 

crystallographic structure and particle size of these catalysts and how these 

properties may influence the performance of oxygen evolution electrode. 

Electrochemical characterizations were carried out by polarization curves, 

impedance spectroscopy and chrono-amperometric measurements. 

b) A novel chemical route for the preparation of titanium suboxides 

(TinO2n−1) with Magneli phase was developed. The relevant characteristics of the 

materials were evaluated under operating conditions, in a solid polymer 

electrolyte (SPE) electrolyser, and compared to those of the commercial Ebonex®. 

The same IrO2 active phase was used in both systems as electrocatalyst.
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CHAPTER 1 

Introduction to Electrolysis Processes 

  
1.1 Introduction to Chlor-Alkali Electrolysis   

The production of chlorine and caustic soda by electrolysis of aqueous 

solutions of sodium chloride or brine is one of the most important electrochemical 

processes used in the industrial field. Chlorine and caustic soda are the base 

elements of 60% of Europe’s chemical industry production. 

Chlorine (Cl) can not exist naturally by itself because it is highly reactive, 

but it is one of the most plentiful elements in the world. It is required for the 

synthesis of various products in many chemical processes. It is used in industries 

for water treatment, plastics fabrication, acids production and many more. 

Caustic soda (sodium hydroxide – NaOH) is a very versatile alkali and is 

used as a reactant in the manufacturing of various sodium compounds. It is used 

for the synthesis of sodium hypochlorite, which is utilized to produce various 

bleaches and disinfectants. Caustic soda is used in many industries: to control pH, 

to breakdown cellulose, in cleaning operations, etc. The main industries where it is 

used include rayon cellophane, soap and paper. 

Hydrogen is the other major product formed in the chlor-alkali electrolysis 

process, which as well known has good potentialities as energy vector. Yet, to 

reduce the energy consumption oxygen can be fed to the cathode and oxygen 

reduction occurs instead of hydrogen evolution.  

 

1.2 Chlor-Alkali Electrolyzer Technology  

Chlorine is produced electrolytically using three types of electrolytic cells: 

mercury cells, diaphragm cells and membrane cells. The main difference in these 

technologies is attributed to the manner by which the anolyte and the catholyte 

streams are separated to ensure generation of pure products. Separation is 

achieved in a diaphragm cell by a separator, and in a membrane cell by an ion-

exchange membrane. In mercury cells, the cathode is used as a separator by 
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forming an alloy of sodium and mercury (sodium amalgam) which is 

subsequently reacted with water to form sodium hydroxide and hydrogen in a 

separate reactor. 

The anode in all technologies is titanium metal coated with an 

electrocatalytic layer of mixed oxides. All modern cells (since the 1970's) use these 

so-called “dimensionally stable anodes" (DSA)[1,2]. Earlier cells used carbon based 

anodes. The cathode is typically steel in diaphragm cells, nickel in membrane cells, 

and mercury in mercury cells.  

 

1.2.1 Mercury Cells  

The mercury cell has steel bottoms with rubber-coated steel sides, as well as 

end boxes for brine and mercury feed. Metal based anodes are on the top, and 

mercury (which forms the cathode of the cell) is in the inner of the bottom. The 

current flows from the steel bottom to the flowing mercury.  

Chlorine

Anode (+)

Amalgam to
DecomposerMercury in

Saturated
Brine

Depleted
Brine Na-Hg Amalgam

Cathode (-)

Chlorine

Anode (+)

Amalgam to
DecomposerMercury in

Saturated
Brine

Depleted
Brine Na-Hg Amalgam

Cathode (-)

 
Figure 1. Mercury cell [3] 

 

Satured brine, fed from the end box, is electrolyzed at the anode to produce 

the chlorine gas. The sodium ion generated reacts with the mercury to form 

sodium amalgam (an alloy of mercury and sodium), which flows out of the end 

box to a vertical cylindrical tank. About 0.25% to 0.5% sodium amalgam is 
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produced in the cell. The sodium amalgam reacts with water in the decomposer 

and produces caustic soda and hydrogen. The caustic soda then flows out of the 

decomposer as 50% caustic. The unreacted brine flows out of the exit end box.  

 

1.2.2  Diaphragm Cells  

The diaphragm cell is a rectangular box with metal anode supported and 

metal screen as cathode. Asbestos, dispersed as a slurry, is vacuum deposited onto 

the cathodes, forming a diaphragm.  

 

Figure 2. Diaphragm cell [3] 

 

Saturated brine enters the anode compartment and the chlorine gas, 

liberated at the anode during electrolysis, exits from the anode compartment. It is 

partially saturated with water vapor at a partial pressure of water over the 

anolyte. The sodium ions are transported from the anode compartment to the 

cathode compartment, by the flow of the solution and by electromigration. In the 

cathode, the sodium ions combine with the hydroxyl ions generated during the 

formation of the hydrogen from the water molecules. The diaphragm resists the 

back migration of the hydroxyl ions, which would otherwise react with the 
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chlorine in the anode compartment. In the cathode compartment, the 

concentration of the sodium hydroxide is ~12%, and the salt concentration is 

~14%. There is also some sodium chlorate formed in the anode compartment, 

dependent upon the pH of the anolyte. 

 

1.2.3 Membrane Cells  

In a membrane cell, an ion-exchange membrane separates the anode and 

cathode compartments. The separator is generally a bi-layer membrane made of 

perfluorocarboxylic and perfluorosulfonic acid-based films.  

 

 
Figure 3. Membrane cell [3] 

 

The saturated brine is fed to the anode compartment where chlorine is 

liberated, and the sodium ion migrates to the cathode compartment. Unlike in the 

diaphragm cells, only the sodium ions and some water migrate through the 

membrane. The unreacted sodium chloride and other inert ions remain in the 

anolyte. About 30-32% caustic soda is fed to the cathode compartment, where 

sodium ions react with hydroxyl ions produced during the hydrogen gas 

evolution from the water molecules. The hydrogen gas, saturated with water, exits 
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from the catholyte compartment. Only part of the caustic soda product is 

withdrawn from the cathode compartment. The remaining caustic is diluted to 

~32% and returned to the cathode compartment.  

 

1.3 Membrane Cells: Substitution of Traditional Hydrogen-Evolving with an 

Oxygen-Consuming Cathodes  

The production of chlorine and caustic soda by electrolysis is a process that 

required an high-energy consumption. The total energy requirement is for 

instance 2% in the USA and 1% in Japan of the gross electric power generated to 

maintain this process by the chlor-alkali industry [4-6].  

Chlor-alkali cells produce two commodity chemicals, chlorine (Cl2) and 

caustic soda (NaOH), traditionally through electrolysis of water and salt: 

2H2O + 2NaCl → 2NaOH + H2 + Cl2 

Not only does this reaction have high energy requirements, but the 

hydrogen produced is of relatively low value. Technology based on this reaction is 

mature, and no significant energy savings can result from further membrane cell 

development without a change in the fundamental approach to chlor-alkali 

electrolysis.  

The new approach to chlor-alkali electrolysis is based on the substitution of 

oxygen-consuming cathodes in place of conventional hydrogen-evolving 

cathodes. Replacing hydrogen-evolving cathodes with oxygen cathodes 

significantly reduces the cell voltage and leads to an energy savings of 30-40% [7-

27]. 

The new reaction has lower energy requirements and also eliminates the 

hydrogen byproduct present in conventional cells.  

The figure 4 explains schematically the relationship between the 

conventional membrane chlor-alkali electrochemical reactor (ECR) (a), and the 

modified chlor-alkali ECR employing an oxygen cathode, (b). 



Chapter 1 

 12

a ba b
 

Figure 4. Conventional membrane (a) and the modified (b) chlor-alkali electrochemical reactor [28] 

 

The oxygen electrode belongs to the family of "gas diffusion electrodes." In 

these electrodes, the gaseous reactant diffuses through a thin liquid film to reach 

the catalyst site. This process must occur with minimal transport losses. 

Furthermore, a thin layer of the catalyst has to be applied in a highly optimized 

way to ensure effective catalyst utilization and high reaction rates.  

The above two requirements must be fulfilled by the initial cathode 

composition and structure, and must also be maintained throughout long-term 

cell operation. This second requirement is particularly demanding in chlor-alkali 

cells because the oxygen cathode is highly susceptible to the possible extremes of 

"flooding" (by the alkaline solution in the cathode compartment) or excessive dry-

out of the catalyst layer (resulting in loss of electrocatalytic activity) 

Chlorine and caustic soda, obtained by the electrolysis of an aqueous 

solution of sodium chloride, are products of the chlor-alkali electrochemical 

process. Total cell reaction proceeds through the following anodic and cathodic  

half-cell reactions: 

Anode                       2Cl- → Cl2 + 2e-                    E =  1.358 V   vs. NHE                (1)  

In alkaline solutions, 

Cathode            2H2O + 2e-  → 2OH- + H2      E = - 0.828 V  vs. NHE          (2) 

Therefore, the overall reaction is: 

         2H2O + 2Cl- → Cl2 + 2OH- + H2       E = 2.186 V                             (3) 

The thermodynamic potential difference ΔΕ (decomposition voltage) of total 

electrode reactions is approximately 2.2 V.  
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The substitution of traditional hydrogen-evolving cathodes with an oxygen-

consuming GDE results in the formation of caustic and chlorine without 

hydrogen: 

Anode reaction:  2Cl- → Cl2 + 2e-                          E =  + 1.358 V   vs. NHE      (1) 

Cathode reaction:  2H2O + O2 + 4e-  → 4OH-      E = + 0.401 V  vs. NHE  (4) 

Overall reaction: 2H2O + O2 + 2Cl- → Cl2 + 4OH-    E = 0.957  V            (5) 

 

The equilibrium potential of reactions (2) and (4) is -0.82 and +0.40 V vs. 

NHE, respectively. Thus, the equilibrium potential of the oxygen reduction 

reaction vs. NHE (4) is about 1.2 V higher than that of the hydrogen evolution 

reaction (2).  Therefore, replacing hydrogen-evolving cathodes with oxygen 

cathodes significantly reduces thermodynamic cell voltage and leads to an energy 

savings. 

 

1.4 Introduction to Water Electrolysis  

Electrolysis of water is the dissociation of water molecules into hydrogen 

and oxygen gas. Water is subjected to electrical power and the result is hydrogen 

and oxygen.  

                                   2H2O + energy → 2H2 + O2                E° = 1.229 V                     (6) 

There are three principal types of water electrolyzer: alkaline (referring to 

the nature of its liquid electrolyte), proton-exchange membrane (referring to its 

solid polymeric electrolyte), and solid-oxide (referring to its solid ceramic 

electrolyte). The alkaline electrolyzer currently dominates global production of 

electrolytic hydrogen. However, electrolyzers using a solid polymer electrolyte 

(SPE) and electrolyzers using solid-oxide electrolyte (SOE) have recently received 

considerable attention because they offer the possibility of achieving higher 

energy efficiencies.   

 

1.4.1 Alkaline Electrolyzer 

In alkaline electrolyzers a liquid electrolyte is used, typically a 30% 

potassium or sodium hydroxide solution, for transferring hydroxyl ions. Alkaline 
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electrolyzers operate at relatively low current densities of < 0.4 A/cm2 and 

conversion efficiencies range from 60-90%. Without auxiliary purification 

equipment, gas purities are typically 99.8% and 99.2% for H2 and O2 respectively. 

Several large alkaline electrolyzers of > 100MW have been applied (e.g. in Egypt 

and Congo to utilise hydropower to generate ‘renewable hydrogen’). A modern 

alkaline electrolyser will achieve an efficiency of ~ 90% (consuming about 4kWh of 

electricity per m3 of H2 generated) and deliver gas at up to 30bar without auxiliary 

compression. However, a significant post-electrolysis electricity consumption is 

incurred for gas compression to deliver H2 and O2 at the pressures required by 

industry and for storage on-board hydrogen vehicles (350-700 bar). 

The key factors favouring the alkaline electrolyzer are that it obviates the 

need for expensive platinum-based catalysts, in fact, this system use nickel coated 

with a film of platinum as the cathode catalyst and nickel or copper coated with 

metal oxides (Mn, Ru or W) as the anode catalyst. The electrode reactions that 

occur in such systems are given by equations: 

 

Anode: 2 OH- (aq) → 1/2O2 (g)  + H2O (l) + 2e-                                                      (7) 

Cathode: 2 H2O (l) + 2e-  → H2 (g) + 2OH- (aq)                                                      (8) 

Overall reaction: H2O (l) → H2 (g) + 1/2O2                                                           (6) 

Anode Cathode

Electrolyte

Diaphragm

4H+

4e-

O2 (g) 2H2 (g)

+ -

Anode Cathode

Electrolyte

Diaphragm

4H+

4e-

O2 (g) 2H2 (g)

+ -

 
Figure 5. Alcaline Electrolyzer  [29] 
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1.4.2 Solid Oxide Electrolyte Electrolyzer 

The operation of a solid-oxide electrolyzer depends on a solid ceramic 

electrolyte (zirconia/ceria), which at temperatures of 800-1000°C transfers oxygen 

ions (O2-). The solid oxide electrolyzer requires a source of high-temperature heat. 

By operating at elevated temperatures, the heat input meets some of the energetic 

requirement for electrolysis and so less electricity is required per m3 of H2 

generated, compared with the other electrolyzer technologies. However, to date, 

prototype solid-oxide electrolyzer units have not achieved useful operational lives 

and substantial engineering problems exist with respect to thermal cycling and gas 

sealing.  

The materials are similar to those developed for solid oxide fuel cells, 

namely, an yttrium stabilised zirconia (YSZ) electrolyte, a nickel containing YSZ 

anode, and a cathode made from lanthanum. In a SOE electrolyzer the following 

takes place: water is supplied to the cathode, oxygen is transported through the 

electrolyte and hydrogen is produced at the cathode. The electrode reactions that 

occur in such systems are given by equations: 

Anode: O2-  → 1/2O2 (g)  + 2e-                                                                                     (9) 

Cathode: H2O (l) + 2e-  → H2 (g) + O2-                                                                      (10) 

Overall reaction: H2O (l)→ H2 (g) + 1/2O2 (g)                                                        (6) 

The efficiency of a SOE electrolyzer depends on the operating temperature. 

Efficiencies based on electrical input alone are reported to be between 85 and 90%.   

e- e-

H2O

H2

O2

O2-

e- e-

H2O

H2

O2

O2-

 
Figure 6. Solid oxide electrolyte electrolyzer [29] 
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1.4.3 Solid Polymer Electrolyte (SPE) Electrolyzer 

Solid polymer electrolyte (SPE) electrolyzer, also known as proton exchange 

membrane (PEM) electrolyzers, have received considerable attention in latest 

years. The technology is based on recent advances in PEM fuel cell technology. In 

this system the electrolyte is a solid ion conducting membrane. The membrane 

allows the H+ ion to transfer from the anode side of the membrane to the cathode 

side, where it forms hydrogen. The SPE membrane also serves to separate the 

hydrogen and oxygen gasses. A SPE electrolyzer requires expensive noble metals 

such as platinum black as cathode catalyst and iridium or ruthenium oxide as 

anode catalyst. SPE electrolyzer units can typically operate at high current 

densities (1-2 A cm-2) and achieve efficiencies of 60-80%. The main chemical 

reactions occurring at the two electrodes are: 

Anode: H2O (l)→ 1/2O2 (g) + 2H+ + 2 e-                                                                  (11) 

Cathode: 2H+ + 2 e- → H2 (g)                                                                                     (12) 

Global reaction: H2O (l) → H2 (g)+ 1/2O2 (g)                                                         (6) 

+ -
anode cathode

catalyst

+ -
anode cathode

catalyst

+ -+ -
anode cathode

catalyst

O2 (g) H2 (g)

H2O H2O

H3O+

+ -
anode cathode

catalyst

+ -
anode cathode

catalyst

+ -+ -
anode cathode

catalyst

O2 (g) H2 (g)

H2O H2O

H3O+

 
Figure 7. Solid polymer electrolyte electrolyzer [29] 

 

1.5 Theory and Background to SPE Electrolyzer 

Solid Polymer Electrolyte (SPE) water electrolysis is considered a promising 

technology method to produce hydrogen from renewable energy resources such 

as wind, photovoltaic (PV) and hydropower with a high degree of purity [30]. SPE 
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water electrolyzers utilize a proton exchange membrane between the cathode and 

the anode and an electrical potential larger than the thermoneutral potential for 

water splitting (V = ΔH/nF = 1.47 V at 80°C)  [31] is applied across the 

electrochemical cell to induce electrochemical reactions at both electrodes. The 

reaction kinetic for water splitting is mainly determined by the applied 

electrochemical potential, temperature, anode and cathode electrocatalyst and 

membrane resistance. 

Water electrolysis in a proton exchange membrane device is characterized 

by high efficiencies and suitable current density even at low temperatures. 

Electrolysis systems based on PEMs have a number of advantages in comparison 

to the traditional alkaline electrolyzers, such as ecological cleanliness, considerably 

smaller mass–volume characteristics and, essentially, a high degree of gases purity 

[30, 32-33]. There is also the opportunity to obtain compressed gases directly from 

the electrolyzer at an increased level of safety [30, 32-33]. The main disadvantage 

of PEM electrolysis is the high cost, which is mainly due to the use of noble metal 

catalysts, perflurinated membranes etc. [30, 32-33]. 

The high anode overpotential is the limiting factor for the whole process 

and, together with the large reversible potential, it mainly contributes to the 

energy supply necessary to run the PEM electrolyzer. It is therefore important to 

find an optimal oxygen-evolution electro-catalyst in order to minimize the energy 

loss. Several investigations have shown that noble metal oxides, particularly 

Rutile-type oxides like RuO2, IrO2 are considerably better as oxygen-evolution 

electrodes than the corresponding metals as well as other noble-metals [34-37]. 

Some of these metal oxides offer high activity, appropriate long-term stability and 

small efficiency losses due to corrosion or poisoning [38-47]. One of the main 

disadvantages of elemental metals like Pt is, beside the modest specific activity for 

oxygen evolution, their easy electrochemical sintering at high operating potentials. 

The first SPE electrolyzer was developed in 1966 by General Electric 

Company (USA) [48-49]. These units were initially developed to provide oxygen 

for aerospace and submarines but the design readily be adapted and upscaled to 
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large hydrogen generation plants. Such electrolyzers were created for the special 

purposes (spacecrafts, submarines, etc.), and also for needs of the civil industry.  

Today SPE electrolyzers are used in producing high purity hydrogen for 

fuel cells, hydrogen welding, metallurgy of especially pure metals and alloys, 

manufacture of pure substances for the electronics industry, analytical chemistry 

[30] 

 
1.6 Principles of SPE Electrolyzer 
 

The SPE electrolyzer converts electrical energy into chemical energy by 

splitting water to its constituents, hydrogen and oxygen. The gases can then be 

stored in suitable containers. The stored hydrogen can be directly burned inside 

an internal combustion engine or used in a fuel cell to power automobiles, as well 

as to provide electrical energy in rural areas or during peak demands. Hydrogen 

produced by SPE electrolyzer is with high degree of gas purity, when the 

electricity needed to run the SPE electrolyzer is generated by renewable sources, 

such as wind, photovoltaic (PV) or hydropower. The electricity can be supplied 

during off-peak times when extra electricity is available.  

When hydrogen is produced by water electrolysis process, half the number 

of moles of oxygen is produced simultaneously as a by-product of hydrogen. If 

large quantities of hydrogen are required to be produced from renewable 

resources by electrolysis process, by-product oxygen also will be produced in 

large scale. In such the situation, by-product oxygen should be fully utilized, 

because oxygen is an important industrial gas utilized in many processes such as 

combustion, semiconductor production, wastewater treatment, etc. The effective 

utilization of oxygen would improve energy efficiency of some industrial 

processes [50].  

Water is introduced at the anode side, which is connected to a power 

source. A potential is applied to the anode, which splits the water into protons, 

electrons and oxygen. Reactions that occur at the electrodes are following 

reported: 
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Anode:  

H2O → 1/2O2 + 2 H+ + 2 e-            E° (25°C) = 1.229 V                              (11) 

The oxygen produced is removed and stored using a suitable method, while 

protons permeate through the solid polymer membrane to the cathode side. 

Electrons follow a path an external circuit to the cathode and recombine with the 

protons to form hydrogen gas, which can be removed and stored, using a suitable 

method. This reaction is subsequent reported: 

Cathode: 

 2 H+ + 4 e- →  H2                                    E° (25°C) = 0.00 V                                   (12) 

Therefore, the overall cell reaction is: 

Global reaction: 

 2 H2O → 2 H2 + O2                    E° (25°C) = 1.229 V                                   (6) 

 

1.7 Proton Exchange Membrane (PEM) 

The proton exchange membrane used for SPE electrolyzers consist of a 

linear polymer of fluorocarbon and a small percentage of pending acid group (not 

more than 10 mol%).  The chemical formula is: 

 

H+H+

 
Figure 8. Chemical formula of the membrane 

 

The acid groups are mainly sulfonic acid or carboxylic acid and in them the 

hydrogen ion may be partially or totally exchanged by all kinds of cations or 

cationic groups. The polymeric chain is chemically and thermally very stable and 

very suitable for very thin membranes while the acid groups are very appropriate 

for ion exchange [51, 52]. Dupont was the first one in 1962 to developed a 

perfluorosulfonic membrane which was called commercially, Nafion®. These 

membranes are used principally for fuel cells applications [53-58]. 
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During the electrolysis of water the PEM serves as a solid electrolyte that 

conducts protons and also serves a separator of the produced gases. When the 

membrane is saturated with water it becomes an excellent ionic conductor. Ion 

conduction is brought about by the mobility of protons, which pass from one 

sulfonic acid group to the other.  

The inherent advantage of SPE technology over the alkaline are clearly 

established: greater safety and reliability are expected since no caustic electrolyte 

is circulated in the cell stack; possibility to operate at high differential pressures, 

resulting in the production of pressurized gases, thus eliminating the auxiliary gas 

compression; the possibility of operating cells up to several A cm-2 with typical 

thicknesses of a few millimetres is afforded. 

The main drawback of the Nafion membranes is the high cost. In fact, the 

cost of the electrodes added to the cost of the solid electrolyte seriously limits the 

development of SPE water electrolyzer in the industry [39].  

 

1.8 Hydrogen Evolution Reaction (HER) 

Metal and metal/C are typically used as cathodic electrocatalysts for the hydrogen 

evolution reaction in an SPE water electrolyzer. These noble metals is required 

because it yields the best catalytic activity for the HER and also because of the 

strong acidity of the solid electrolyte, which would cause the corrosion of non-

noble metal. The standard potential of hydrogen is zero.  

A volcano plot is used to compare the electrochemical activity of the 

hydrogen evolution reaction on various metals. In the volcano plot is reported the 

dependence of the exchange current density for the hydrogen evolution reaction 

in 1 mol dm-3 acid on the strength of the metal – hydrogen bond formed with the 

metal of the electrode. [59] 
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Figure 9. Volcano plot of the HER [59] 

 

The volcano plot shows that the metal with low bond strength, the 

adsorption of hydrogen becomes the rate-determing step, whereas for the metal 

with strong bond strength, the desorption of hydrogen becomes the rate 

determing step. This means that, the metals with intermediate bond strengths, 

which are the noble metals, are the most active toward the HER. Platinum 

provides the best performance for the hydrogen evolution reaction and is 

commonly used as cathode catalyst in SPE electrolyzers [39, 41, 60-63].    

 

1.9 Oxygen Evolution Reaction (OER) 

The oxygen evolution reaction is one of the most studied electrochemical 

processes. Even so, this reaction and the mechanism is still not widely understood 

and very difficult to interpret. There have been many oxygen evolution reaction 

mechanism proposed, however few actually take into consideration the nature of 

the electrode surface, which is critical for understanding the real reaction 

mechanism.  

Metal oxide are most frequently used as anodes in acidic media, although most 

transition metal oxides such as nickel, cobalt and manganese undergo corrosion 

under these conditions. The cations of these metals are known to poison the 

membrane by attaching to the sulphonic acid groups, thereby reducing the 

conductivity of the membrane. Platinum group metal oxides such as RuO2 and 

M-H bond strength / kJ mol-1 
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IrO2 and some transition metal oxides such as PbO2 and SnO2, have been found to 

be more stable during the OER. The standard potential for OER is 1.23 VRHE (RHE, 

reversible hydrogen electrode). This value is above of the standard potential of 

almost all solid materials, that explaining why only a few materials are stable 

under the OER.  

There are many proposed reaction mechanisms for the oxygen evolution reaction 

[62]. In the acid medium, the reaction mechanism of O2 evolution on the active 

oxide electrodes [65-66] is as follows:  

S + H2O → S-OH*ads +H+ +e-                                                                                 (13) 

S-OH*ads → S-OHads                                                                                                (14) 

S-OHads → S-Oads + H+ + e-                                                                                    (15) 

S-Oads → S + (1/2)O2                                                                                                                                               (16) 

 

where S stands for response active sites on the coating surface, and S-OH*ads, S-

OHads, S-Oads are three adsorption intermediates. This mechanism predicts the 

following Tafel slope: 125 mV dec-1 if step (13) is the rate determining step, rds, 60 

mV dec-1 for step (14), 40 mV dec-1 for step (15) and 30 mV dec-1 for step (16).  

Which step is the rds depends on the strength of the adsorption of the 

intermediates, which is in turn governed by the composition of the oxide layer 

[64]. 
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CHAPTER 2 

Degradation of oxygen-depolarized Ag-based Gas 

Diffusion Electrodes for chlor-alkali Cells 
 

2.1 Introduction 

Chlorine and caustic soda, obtained by the electrolysis of an aqueous 

solution of sodium chloride, are products of the chlor-alkali electrochemical 

process. Total cell reaction proceeds through the following anodic and cathodic  

half-cell reactions: 

2Cl- → Cl2 + 2e-                E =  1.358 V   vs. NHE  (1)  

In alkaline solutions, 

2H2O + 2e-  → 2OH- + H2     E = - 0.828 V  vs. NHE (2) 

Therefore, the overall reaction is: 

2H2O + 2Cl- → Cl2 + 2OH- + H2    E = 2.186 V    (3) 

The thermodynamic potential difference ΔΕ (decomposition voltage) of total 

electrode reactions is approximately 2.2 V.  

The main drawback of chlor-alkali electrolysis (3) is high power 

consumption, about 4kA m-2@ 3V [1]. Therefore, in order to improve the process, it 

is necessary to reduce energy consumption. In the early 1980’s, chlor-alkali cells 

utilizing air cathodes were developed at ELTECH System Co. [2,3]. The use of 

these Gas Diffusion Electrodes (GDEs) was introduced as a feasible technological 

approach for the reduction of power consumption in the chlor-alkali membrane 

cell process. 

The substitution of traditional hydrogen-evolving cathodes with an oxygen-

consuming GDE results in the formation of caustic and chlorine without 

hydrogen: 

Anode reaction:  2Cl- → Cl2 + 2e-                          E =  + 1.358 V   vs. NHE  (1)” 

Cathode reaction:  2H2O + O2 + 4e-  → 4OH-      E = + 0.401 V  vs. NHE (4) 

Overall reaction: 2H2O + O2 + 2Cl- → Cl2 + 4OH-    E = 0.957  V    (5) 
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The equilibrium potential of reactions (2) and (4) is -0.82 and +0.40 V vs. 

NHE, respectively. Thus, the equilibrium potential of the oxygen reduction 

reaction vs. NHE (4) is about 1.2 V higher than that of the hydrogen evolution 

reaction (2).  Therefore, replacing hydrogen-evolving cathodes with oxygen 

cathodes significantly reduces thermodynamic cell voltage and leads to an energy 

savings of 30-40% [4-6]. 

The first GDE structures were based on silver catalyst particles supported 

on active carbon [7,8]. These catalysts were affected by significant deactivation 

phenomena: 

• Electrode flooding, due to a progressive loss of hydrophobicity and 

the intrusion of the catholyte into electrode pores. This is favoured by the 

differential pressure existing between the gas and liquid sides of the electrode. 

Progressive corrosion of both carbonaceous components and the silver catalyst, 

followed by silver redistribution  

• Sensitivity to uncontrolled shut-down. 

All these reasons suggested attention be concentrated on a different type of 

electrode design based on a carbon-free catalyst.  

Catalysts used in this study were based on a mixture of micronized silver 

particles and PTFE binder. The silver particles showed a very uniform size 

distribution and contained a limited amount of second metal (i.e. Hg) that was 

introduced to increase their stability to corrosion, as demonstrated by the RDE 

analysis of  catalyst powder [9].  

The purpose of the present study was to investigate the cathodic properties 

of oxygen reduction on gas-diffusion electrodes by electrochemical measurements, 

and surface and morphologic analyses. Attention was focused on deactivation 

phenomena involving this type of GDE configuration. In this study, we compared 

fresh gas diffusion electrodes to electrodes tested at different times in a chlor-

alkali cell. Electrode stability was investigated with life-time tests. The surface of 

the gas diffusion electrodes was observed and analyzed for both fresh and used 

cathodes by scanning electron microscopy and X-ray photoelectron spectroscopy. 
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The bulk of gas diffusion electrodes was investigated by X-ray diffraction and 

thermogravimetric analysis. 

 

2.2 Experimental 

Catalysts used for the cathodic reaction were based on a mixture of silver 

particles containing a limited amount of Hg (comprised in the range 0.5-10% by 

weight) and PTFE binder. Electrodes tested in this study were composed of an Ag 

net loaded with a 1 kg m-2 catalyst. With respect to what is considered optimum in 

current literature [10], a large excess of metal loading was used in this study to 

avoid any degradation of  support after prolonged operation, thus focusing 

attention on phenomena occurring mainly at the surface of the electrocatalyst. The 

electrodes were prepared by a powder roller of PTFE and a silver-mercury alloy 

obtained by a co-precipitation process and, subsequently, reduced electro-

chemically, according to the patent of Janowitz et al. [11].  In this investigation, the 

following samples obtained from the same electrode roll were analysed:  GDE-

fresh (before electrochemical characterization), GDE-1 (after a 50-hour time- 

study), GDE-2 (after a 145-hour time-study), and GDE-3 (after a 526-hour time-

study). A standard chlor-alkali electrolyser (300g/l NaCl; 90°C) was used. A 

sodium chloride solution was fed to the anode, to produce chlorine gas (1); 

whereas, oxygen was fed to the cathode (2). The sodium hydroxide, formed at the 

cathode, was maintained separate from the sodium chloride solution present in 

the anodic compartment by a membrane made of a perfluorinated polymer 

containing anionic groups (i.e. DuPont N324). A more detailed description of the 

electrolyser and a design of this type of cell is illustrated in the figure 1 [1].  
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Figure 1. Membrane electrolysis cell 

 

Electrochemical deactivation phenomena were monitored by chrono-

amperometric tests at 3 and 4 kA m-2. The geometrical electrode surface was 0.16 

m2. Cell resistance was determined and monitored as a function of time by using 

the current interruption method. Morphology was investigated by using SEM-

EDX (FEI XL 30) instruments. Structural analysis was done by X Ray Diffraction 

(Philips X’Pert, diffractometer, Cu Kα source) (figure 2). 

 

 

1. the anodic shell; 2. the ion exchange 
membrane; 3. the anodic compartment; 4. 
anode of a perforated sheet; 5. Conductive 
supports; 6. the cathodic shell; 7. the 
cathodic compartment; 8. the peripheral 
gaskets; 9. the oxygen diffusion cathode; 10. 
caustic soda flows; 11. the frame; 12. 
conductive supports; 13. chambers; 14. 
dynamic pressure drop device; 15. 
accumulating liquid; 16. nozzle for the 
oxygen fed; 17. nozzle for the residual 
oxygen discharged; 18. nozzle for the 
caustic soda fed; 19. nozzle for the caustic 
soda discharged; 31. nozzle for the sodium 
chloride solution; 32. nozzle for the 
withdrawing the produced chlorine and 
the diluted solution [1].   
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Figure 2.  X-ray diffractiometer 

 

To investigate the surface chemical composition of gas-diffusion electrodes, 

XPS analysis was performed by using a PHI 5800-01 spectrometer with an Al Kα 

monochromatic source (Figure 3). An Ar+ sputtering procedure was used in order 

to obtain a qualitative depth-profile of electrode composition.  

 
Figure 3. X-ray photoelectron spectroscope 

 

Thermogravimetric analysis of gas diffusion electrodes was carried out by a 

Netzesch STA 409 Cell analyser. The thermal analysis yielded information about 

bulk composition with regard to PTFE and Ag content. Transmission Electron 
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Microscopy (FEI CM 12) was used to obtain qualitative information on the degree 

of hydrophobicity at the reaction pores (Figure 4).  

 

 
Figure 4. Transmission Electron Microscope 

2.3 Results and Discussion 

The variation of cell potential as a function of operational time under 

constant electrochemical conditions (3 and 4 kA m-2, 90°C, NaOH 33 % w/w) is 

given below for the first 120 hours  (Fig. 5). A significant variation in cell potential 

is observed during the first period of operation; whereas, only small changes are 

observed after prolonged operation. No relevant modifications in electrochemical 

behaviour were observed from 120 to 526 hours (not shown). Previous 

electrochemical studies have assigned an increase in cell potential vs. time 

primarily to the oxygen reduction process in gas diffusion electrodes (4), which 

represents the rate determining step for the overall process [14].  
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Figure 5. Cell voltage of chlor-alkali cell versus time. Lines represent curve fitting 
 according to equation 5 ( ⎯ ) and 6 ( - - - ) 

 
A very low overpotential at a current density of 4 kA m-2 was observed for 

the chlorine evolution (equation 1) in half-cell experiments [12,13]. Previous 

studies reported no change in the anodic overpotential in a time-test of more than 

2 years at a current density of 4 kA m-2 [12].  

A significant loss of potential in these electrochemical devices occurs by 

effect of the ohmic drop caused by the polymer membrane (about 400 mV at 4 kA 

m-2); yet, according to cell resistance measurements (not shown), the voltage loss 

due to the ohmic resistance does not significantly increase with time.  

The cell used in the present study demonstrated excellent stability during 

uncontrolled shut-down conditions (normal frequency 0.02 h-1, maximum 

frequency 0.05 h-1, during normal operation). The curve fitting shows that in the 

first 120 hours of operation, two main degradation phenomena occur on different 

time-scales. A dramatic increase in cell potential is observed at low operational 

times (up to 40 hours) that overlays with a smooth decay after more than 40-50 

hours have passed. The curve fitting related to an increase in overpotential (η) 

with operation time is mathematically expressed by equations (6) and (7) 

te
t

×+×−=
−

00029.010255.016157.2 766192.6
1η  (6) 

te
t

×+×−=
−

00023.007608.099568.1 39529.5
2η  (7)  
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The first phenomenon suitably fits a neperian exponential term with a 

negative pre-exponential factor and reflects a strong deactivation process. The 

second process is associated with a progressive decay that is approximated by a 

linear function. The first phenomenon is more significant and its effect also 

influences long-term electrochemical behaviour even if to a lesser extent than what 

was initially observed.  

This behaviour was quite reproducible, indicating that it is associated with 

physical-chemical changes in electrode properties at interface. To have a complete 

picture of the electrode changes, both bulk and surface analyses were carried out 

on electrodes discharged after specific operation times. 

Figure 6 shows a comparison of different atomic ratios for the GDE-fresh, 

GDE-1, GDE-2, and GDE-3 samples as derived from SEM-EDX. The atomic ratio of 

F/Ag and C/Ag decreased with time whereas the atomic ratio of O/Ag increased. 

This means that hydrophobicity decreased and the amount of hydroxides 

increased. A drastic decrease in the Hg/Ag ratio was observed in the first 50 

hours. 
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Figure 6. (a) (b) EDX analysis at GDE-fresh, GDE-1 (50 hours), GDE-2 (145 hours) 

 and GDE-3 (526 hours). Atomic ratios of different elements 
 

The decrease of hydrophobicity was further investigated by TEM analysis 

(Figures 7 a-b). It was observed that catalyst pores were properly coated with the 

PTFE polymer in the fresh electrode. Upon operation, this PTFE coating is 

partially lost due to a progressive flooding of the electrode surface.  
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Figure 7. TEM images of  GDE-fresh (a) and GDE-2 (b) 

 

In Figures 8 a-b, XRD patterns and the values of particle size for the main 

Ag peaks, i.e. 111, 220, and 200, are reported. There was no significant change in 

the particle size of the catalysts at different intervals of operation.  This indicates 

that the degradation of electrodes is not associated with an electrochemical 

sintering of the catalysts. In effect, the raw particle size of Ag is quite large, about 

25 nm; whereas, electrochemical sintering phenomena involving dissolution and 

reprecipitation in fuel cell catalysts used in the oxygen reduction process are 

usually associated with small particle sizes (<10 nm) [15]. 
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Figure 8. (a) X-ray diffraction patterns of GDE-fresh, GDE-1, GDE-2 and GDE-3 electrodes.   
(b) Comparison of the values of particle size of  main peaks of Ag fcc crystalline structure 

 i.e. 111, 220 and 200 reflections 
 

Figure 9 shows Ag 3d and Hg 4f XPS spectra of GDE-fresh, before and after 

sputtering. After sputtering, the binding Energy (B.E.) of Ag 3d does not change; 

whereas, a shift at lower B.E. values is observed for Hg 4f. This reveals that Hg  is 

partially oxidised on the surface; whereas, it is suitably alloyed in the inner layer. 

From the comparison of peak intensities before and after sputtering, it seems that 

the amount of Ag decreases from the inner to outer layers; whereas, Hg increases. 

If one combines  information about the electronic properties of Hg and its surface 

enrichment caused by segregation (see below), it appears that Hg is partially lost 
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from the surface during the first hours of operation. This speculation is confirmed 

below by the XPS and EDX analyses carried out at different operation times. 

 
Figure 9.  Ag 3d and Hg 4f  XPS spectra of GDE-fresh, before (a) and after (b) sputtering 

 

Figure 10 shows F 1s and C 1s XPS spectra of GDE-fresh, before and after 

sputtering. The peaks of fluorine and carbon decreased after sputtering and 

significantly shifted to lower B.E. values.  This indicates a degradation of the PTFE 

binder by effect of Ar+ ions with a consequent change of B. E. and, possibly, a loss 

of the insulating (charging) effect.  
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Figure 10.  F 1s and C 1s XPS spectra of  GDE-fresh,  before (a) and after (b) sputtering 

 

Figure 11 shows Ag 3d and Hg 4f XPS spectra of GDE-1 discharged after 50 

hours of operation, before and after sputtering. After sputtering, the peak of silver 

increased; whereas, the Hg 4f  did not change. By comparing these results to those 

of fresh electrodes and taking into account the EDX analysis, it appears that 

significant Hg loss occurs during the first 50 hours; subsequently, Hg dissolution 

proceeds at a lower rate than at the beginning of operation. From sputtering 

results, we may conclude that the Hg distribution content in the inner layers is 

homogeneous. 
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Figure 11.  Ag 3d and Hg 4f  XPS spectra of GDE-1 (50 hours), before (a) and after (b) sputtering 

 
Figure 12 shows C1s and F1s XPS spectra of GDE-1 (50 hours), before and 

after sputtering. After sputtering, the C1s signal at high B.E. values associated 

with PTFE (292 eV) and the F1s signal shifted toward lower binding energies as 

observed above. A comparison of fresh electrodes to GDE-1 showed the amount of 

adventitious carbon (284.6 eV) was significant due to an increased uptake of 

carbon compounds from the environment. 

 
Fig. 12.  C 1s and F 1s XPS spectra of GDE-1 (50 hours), before (a) and after (b) sputtering 
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Figure 13 shows Cl 2p and Na 1s XPS spectra of GDE-1, before and after 

sputtering,. A low Cl 2p signal indicates that there is no significant precipitation of 

AgCl after 50 hours; the Na 1s signal does not change significantly in intensity 

after sputtering. The shift is attributed to a charging effect. It is concluded that 

sodium hydroxides solidify in the catalyst pores during the electrochemical 

process. 

  
Figure 13.  Cl 2p and Na 1s XPS spectra of GDE-1, before (a) and after (b) sputtering 

 

XPS analysis was also carried out on electrodes discharged after 145 and 526 

hours of operation. The results of Ag 3d and Hg 4f were qualitatively similar to 

those observed after 50 hours of operation. The C1s and F1s profiles were 

somewhat different from that in electrodes tested for 50 hours. Figure 14 shows 

the C 1s and F 1s XPS spectra of GDE-2 (145 hours), before and after sputtering. 

After sputtering, carbon and fluorine signals associated with PTFE decreased due 

to degradation.  
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Figure 14.  C 1s and F 1s XPS spectra of GDE-2, before (a) and after (b) sputtering 
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In this sample, it was observed that adventitious carbon peak (284.6 eV) 

prevailed with respect to the C1s signal associated with PTFE (292 eV). This is due 

to a large uptake of contaminants from the environment after prolonged 

electrochemical operation. Figure 15 shows Cl 2p and Na 1s XPS spectra of GDE-2 

(145 hours), before and after sputtering. After sputtering, Cl 2p decreased whereas 

Na 1s increased. Both AgCl and sodium hydroxide species precipitated in the 

pores. It seems that sodium hydroxide precipitation in the inner layers is more 

significant than that of AgCl. 
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Figure 15.  Cl 2p and Na 1s XPS spectra of GDE-2, before (a) and after (b) sputtering 

 

The surface characteristics of GDE-3 (526 hours) were similar to those of 

GDE-2 (145 hours). This is in agreement with the absence of any significant 

variation in electrochemical properties after 120-150 hours (not shown). 

A quantitative determination of the various elements was made from XPS 

spectra. Relative concentrations were normalised to the silver content and 

reported as a function of operation time in a chlor-alkali cell. 

Figure 16 shows the variation of relative XPS concentrations for the various 

elements versus operation time.  
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Figure 16. Comparison of relative concentrations for GDE-fresh, GDE-1, GDE-2 and GDE-3 

electrodes derived from XPS before sputtering 
 

The atomic ratio of F/Ag and C/Ag decreased with time while O/Ag 

increased. This means that hydrophobicity decreased and the amount of 

hydroxides increased. The most significant variation in surface properties occured 

in the first period of operation. A drastic decrease is observed in Hg in the first 50 

hours according to the EDX analysis. The precipitation of sodium hydroxide and 

AgCl is also confirmed by the plot of Na and Cl concentrations normalized to Hg 

versus time (Fig. 17). As observed above, it seems that the formation of hydroxides 

prevails with respect to AgCl. 
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Figure 17. Variation of Na/Ag and Cl/Ag ratios vs. operation time as derived from XPS 

 

Interestingly, the decrease of Hg content from the inner layers (Fig. 18a), as 

determined by XPS analysis of the sputtered electrodes, is not as drastic as that 

observed in the outer layers by both XPS and EDX.  



Chapter 2 

 46

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200 250 300 350 400 450 500 550

Operation Time / h

A
to

m
ic

 R
at

io
 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

A
to

m
ic

 R
at

io

O/Ag
Hg/Ag

a

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200 250 300 350 400 450 500 550

Operation Time / h

A
to

m
ic

 R
at

io
 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

A
to

m
ic

 R
at

io

O/Ag
Hg/Ag

a

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200 250 300 350 400 450 500 550

Operation Time / h

A
to

m
ic

 R
at

io
 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

A
to

m
ic

 R
at

io

O/Ag
Hg/Ag

a

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 50 100 150 200 250 300 350 400 450 500 550
Operation Time (h)

A
to

m
ic

 R
at

io

Na/Ag
Cl/Ag

Operation Time / h

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200 250 300 350 400 450 500 550

Operation Time / h

A
to

m
ic

 R
at

io
 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

A
to

m
ic

 R
at

io

O/Ag
Hg/Ag

a

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200 250 300 350 400 450 500 550

Operation Time / h

A
to

m
ic

 R
at

io
 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

A
to

m
ic

 R
at

io

O/Ag
Hg/Ag

a

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200 250 300 350 400 450 500 550

Operation Time / h

A
to

m
ic

 R
at

io
 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

A
to

m
ic

 R
at

io

O/Ag
Hg/Ag

a

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 50 100 150 200 250 300 350 400 450 500 550
Operation Time (h)

A
to

m
ic

 R
at

io

Na/Ag
Cl/Ag

Operation Time / h

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 50 100 150 200 250 300 350 400 450 500 550
Operation Time (h)

A
to

m
ic

 R
at

io

Na/Ag
Cl/Ag

Operation Time / h
 

Figure 18. Qualitative comparison among GDE-fresh, GDE-1, GDE-2 and GDE-3 versus  
atomic ratio of different elements using XPS after sputtering: 

(a) O/Ag and Hg/Ag;  (b) Na/Ag and Cl/Ag 
 

This indicates that there is a progressive migration of Hg from the bulk to 

the surface, followed by dissolution into the electrolyte. The precipitation of 

sodium hydroxide and AgCl is observed in the XPS data on sputtered electrodes 

(Fig. 18 b). 

Careful observation of electrodes by SEM and by using EDX allowed the 

identification of a local formation of sodium hydroxide, AgCl, and Hg particles on 

the surface resulting from precipitation and Hg segregation, respectively. This is a 

qualitative confirmation of what is derived from EDX and XPS analyses (Fig. 19). 
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Figure 19. SEM pictures of the electrode surface: a) panoramic view of the electrode 

 surface evidencing PTFE fibres; b) evidence of sodium hydroxide particle;  
c) Evidence of Hg particles segregated in the surface 

 
Figure 20a shows a comparison of mass change versus temperature in GDE-

fresh, GDE-1, and GDE-2. The result of thermal analysis carried out on the 

electrodes discharged after 526 hours were similar to those of the electrodes 

discharged after 145 hours. 

The TG-DSC analysis of the various electrodes allowed the identification of 

three main mass-change regions associated with a loss of volatile compounds (up 

to 150°C), PTFE degradation (up to 320°C), and an Hg loss in bulk (Fig. 20 a). The 

Hg loss in the thermal analysis experiments decreased progressively as a function 

of operation time, indicating a reduction of Hg content in electrodes as the length 



Chapter 2 

 48

of time of operation in a chlor-alkali cell increases (Fig. 20 b). This is a further 

confirmation that Hg diffuses from the bulk to the interface, segregating on the 

surface as observed by SEM; subsequently, it dissolves into the solution. 

 
Figure 20. (a) TG-analysis of GDE-fresh, GDE-1 and GDE-2. (b) Hg mass change 

 in the bulk vs. operation times 
 

Previous studies concerning the use of oxygen cathodes in chlor-alkali cells 

have shown there is a high potential of reducing the power requirements of these 

devices [10]. Life-time operation of more than 1200 days has been demonstrated 

for carbon black supported Ag electrodes. Cell voltages between 2.2 and 2.4 V @ 3 

kA m-2 were observed for Ag loading as small as 2.6 mg cm-2 [10]. The role of Ag 

in the ORR in a 32% NaOH electrolyte at 80°C was attributed to the promotion of 

the four-electron oxygen reduction to OH- while avoiding H2O2 as reaction 

intermediate [8]. 
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In our experiments, we recorded cell voltages of 2 V @ 3 kA m-2 but only in 

the presence of a large excess of Ag catalyst. This catalyst layer differs from the 

carbon supported Ag catalysts previously reported in the literature on large Ag 

loading and Hg addition. Large Ag loading allows the proper protection of a 

current collector and ensures long-term stability. This reaction occurs at the 

interface with the electrolyte; thus, only a small fraction of the total amount of Ag 

is involved in the electrochemical process. Despite higher costs, this approach 

reduces the risks of process interruption over several years of operation. From 

previous reports on fuel cells [16], we preferred to avoid a carbon support since it 

is oxidized into CO2 by the oxygen feed over long periods of operation. This 

usually causes irreversible degradation of the catalyst. Hg is reported to stabilize 

Ag against corrosion [12]. However, the present analysis shows that this 

protection is less effective during the first period of operation, in which Hg 

migrates towards the surface causing a small segregation. This phenomenon, is 

possibly responsible for a rapid increase in overpotential at the beginning of 

electrochemical testing. Yet, it does not continue as significantly over time as 

revealed by our physico-chemical analyses. After the first 40 hours, cell voltage 

shows only a small, steady decay over time. The present physico-chemical analysis 

shows a small loss in hydrophobicity with time. This improves the wetting 

properties of the catalyst surface but causes constraints on oxygen mass transport 

at interface. 

Electrodes prepared in accordance with this approach show the capacity to 

operate for two decades in chlor-alkali cells; however, it is imperative to reduce 

the initial decay that affects overall performance. The identification of the 

constraints that determine  cell voltage increase vs. time  is the first step towards 

this goal. 
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2.4 Conclusions 

The purpose of the present study was to investigate the cathodic properties 

for the oxygen reduction at gas-diffusion electrodes (GDEs) for electrolysis in  

chlor-alkali cells at 90°C. 

Gas diffusion electrodes were analysed before and after different operation 

times in a chlor-alkali cell [17]. Electrode stability was investigated by life-time 

tests. The surface of gas diffusion electrodes was analyzed for both fresh and used 

cathodes by scanning electron microscopy (SEM-EDX) and X-ray photoelectron 

spectroscopy (XPS). The bulk of gas diffusion electrodes was studied by X-ray 

diffraction (XRD) and thermogravimetric analyses (TG-DSC). Two main 

degradation processes occurring on different time-scales have been identified and 

attributed to a segregation and loss of Hg at the interface and a decrease in 

hydrophobic properties with time. The Hg loss at the interface was identified in 

both EDX and XPS analyses and qualitatively observed by SEM. This process is 

quite significant in the first 50 hours of operation. The dramatic (logarithmic) 

increase in overpotential is most likely associated with Hg segregation on the 

surface and dissolution at interface. Subsequent to the first 50 hours, this process 

proceeds less rapidly with time, involving a slow migration from the bulk (TG 

analysis). The decrease of hydrophobic properties occurs progressively during all 

periods of operation as evidenced by EDX and XPS analyses and qualitatively 

corroborated by TEM. This latter process, together with progressive Hg loss from 

the bulk, could be associated with the linear decay on a large time-scale. 

Furthermore, an increase in the precipitation of products from the reaction process 

also contributes to a decrease in performance resulting from the occlusion of 

reaction pores. Such an effect should influence, primarily, mass transport 

properties at high current densities.  The effects of this phenomenon are not 

clearly envisaged from the electrochemical experiments carried out at practical 

current densities. These phenomena may cause electrode blocking after prolonged 

operation. There is no significant change in the particle size of the catalysts at 

different intervals of operation; this indicates that the degradation of electrodes is 

not associated with any electrochemical sintering of the catalysts. 
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CHAPTER 3 

Preparation and characterization of RuO2 catalysts for oxygen 

evolution in a solid polymer electrolyte electrolyzer 
 

3.1  Introduction 

Water electrolysis is traditionally carried out in alkaline media with several 

commercial electrolyzers available on the market. Water electrolyzers using a solid 

polymer electrolyte (SPE) are less common and generally utilize expensive 

materials such as noble metal electrocatalysts and sulphonated polymers with 

perfluorocarbon chains as proton exchange membranes (Nafion®)[1]. The first 

electrolyzers using a polymer membrane as electrolyte were developed by General 

Electric Co. in 1996 for space applications [2]. 

The oxygen evolution reaction (OER) occurs at a suitable reaction rate on 

noble metal electrodes (e.g., Pt, Au, Ir, Rh, Ru, and Ag); however, metal oxides are 

generally more active electrocatalysts for this reaction than metal electrodes [3-5]. 

The most active oxides for the OER are RuO2 and IrO2 [6-14]. IrO2 exhibits high 

corrosion– resistance properties, but slightly lower activity than RuO2 [15]. From 

the point of view of electro-catalysis, it is important to consider the crystal-field 

stabilization energy, the dispersion, the crystallinity, and the crystallite size of 

these oxides. RuOx is generally prepared by thermal decomposition of RuCl3 [16], 

which is applied as thin coating on a metallic substrate, usually titanium. The 

properties of the oxide layer depend on several factors: technique of applying the 

salt solution, concentration of solution, temperature of calcination, time of heating, 

etc. 

Various methods were developed for the synthesis of noble metals based 

oxides [17, 18], i.e. the Adams fusion method [19], sol-gel methods [20-24], polyol 

methods [9, 25]. The different methodologies can affect the properties of the 

obtained oxide materials. Furthermore, various steps are necessary to complete the 

oxide powder synthesis. In the present study, a simple, fast and low cost method 

of preparation of a RuO2 electro-catalyst, compared to the literature [26-28], was 

used. A similar procedure was developed by Zheng et al. [29] for electrochemical 
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capacitor applications; yet, in that case, the particle size was about 20 nm. This 

synthesis allowed us to obtain a crystalline phase with a suitable particle size 

(about 10 nm) at low temperatures with a yield of 95%. As reported by H. Ma et al. 

[28], particle sizes and heat treatment of the material influence the catalytic 

performance of RuO2 for OER and the stability. Calcined RuO2 with large particle 

sizes showed higher corrosion resistance than uncalcined and low-temperature 

treated materials [28]. For this reason, in the present study, the synthesized RuO2 

was subjected to different calcination temperatures and investigated in half-cell 

and single-cell experiments. 

 

3.2  Experimental 

3.2.1 Preparation of RuO2  electrocatalysts 

0.01 mol of RuCl3·3H2O (Aldrich) was dissolved in 100 mL of deionized 

water. The aqueous solution was then heated (100°C) under air atmosphere and 

magnetically stirred for 10 min. 1 ml of sodium hydroxide (1 M) was added to the 

solution in order to obtain the precursor Ru-hydroxide. The reaction mixture was 

maintained under stirring and heat (100°C) for 45 min. Afterwards, the solution 

was centrifuged for 10 minutes and filtered. The precipitate was washed several 

times with deionized water to remove the remaining chlorides. The Ru-hydroxide 

was dried for 5 h at 80°C. The dry paste was calcined in air at three different 

temperatures: 200, 300 and 350 °C for 1 h, using a heating ramp of 5 °C/min. 

Another sample was treated at 300°C for 3h.  

 

3.2.2 Physico-chemical characterization  

XRD was performed on the dry electrocatalytic powders using a Philips X-

Pert diffractometer that used as radiation source the Kα line of the copper (CuKα). 

The diffractometer was operated at 40 kV and 20 mA, a step time of 0.5 2θ min-1, 

and an angular resolution of 0.005° 2θ . The diffraction patterns were fitted to the 

JCPDS (Joint Committee on Powder Diffraction Standards) and the crystalline size 

distribution was calculated using LBA (line broadening analysis). The TG/DSC 

analysis was carried out in an STA 409C of NETZSCH - Gerätebau GmbH 
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Thermal Analysis. The sample was heated from room temperature up to 550 °C at 

a heating rate of 5 °C/min under air atmosphere.  

The morphology of catalysts was investigated by transmission electron 

microscopy (TEM) using a Philips CM12 instrument. Specimens were prepared by 

ultrasonic dispersion of the catalysts in isopropyl alcohol depositing a drop of 

suspension on a carbon-coated grid. 

 

3.2.3 Preparation of working electrode for half-cell measurements 

An aqueous solution (100 μl) of catalyst (5 mg) was prepared and mixed in 

an ultrasonic bath. 2 μl of aqueous solution of catalyst was deposited on a glassy 

carbon substrate; afterwards, the electrode was coated with 1 μl of Nafion® 

solution (5% Aldrich). The behaviour of the various catalysts for oxygen evolution 

reaction was investigated by linear voltammetry (LV). 

 

3.2.4 Half-cell electrochemical characterization 

The electrochemical analyses were carried out at room temperature in a 

conventional three-electrode cell consisting of the ruthenium oxide electrode 

(working electrode), a reference electrode (Hg/HgSO4 sat.) and a platinum grid 

(counter electrode) (0.07 cm2 geometrical area). The electrolyte solution was 0.1 M 

H2SO4. A inert gas was fed to the solution for 30 min before the test. The cell was 

connected to an AUTOLAB PGSTAT 302 Metrohm potentiostat/galvanostat. To 

evaluate catalysts activity for OER, a linear voltammetry in a potential range from 

1.20 V to 1.65 V vs. RHE was carried out.  

 

3.2.5 Preparation of membrane and electrode assembly (MEA) 

A Nafion 115 (Ion Power) membrane was used as solid polymer electrolyte. 

The oxygen evolution catalysts were directly deposited onto one side of the 

Nafion 115 by spray technique at 80°C. Catalytic inks were composed of aqueous 

dispersions of catalyst, deionised water, Nafion® solution (5% Aldrich) and 

anhydrous Ethylic alcohol (Carlo Erba); the anode catalyst loading was about 3 

mg/cm2. A Ti/Pt (95:5) grid was used as backing layer. A commercial 30% 
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Pt/Vulcan XC-72 (E-TEK, PEMEAS, Boston, USA) was used as catalyst for the H2 

evolution. The cathode electrode was prepared by directly mixing in an ultrasonic 

bath a suspension of Nafion ionomer in water with the catalyst powder. The 

obtained paste was spread at room temperature on carbon cloth backings (GDL 

ELAT from E-TEK) with a Pt loading of 0.6 mg cm-2. The ionomer content in both 

electrodes was 33 wt.% in the catalytic layer after drying. MEAs (5 cm2 geometrical 

area) were directly prepared in the cell housing by tightening at 9 N·m (70 

Kgcm−2) using a dynamometric wrench. 

 

3.2.6 Electrochemical characterization of MEA 

The SPE electrolyzer performance was evaluated at 80°C. Heated deionised 

water, which was circulated by a pump at a flow rate of 2 ml/min, was supplied 

to the anode compartment. The water temperature was maintained at the same 

cell temperature. Measurements of cell potential as a function of current density, 

electrochemical impedance spectroscopy (EIS) and chrono-amperometry were 

carried out by using an Autolab PGSTAT 302 Potentiostat/Galvanostat equipped 

with a 20 A booster (Metrohm).  

 
3.3  Results and Discussion 

XRD analyses were carried out on the anode catalysts. Figure 1 shows XRD 

patterns of the precursor powder before and after calcination at 200, 300 and 350°C. 

The XRD peaks were assigned to RuO2 in a tetragonal crystallographic structure. 

No presence of Ru in a metallic form was found. The mean crystallite size was 

estimated from the broadening of main peaks by the Debye-Scherrer equation. The 

crystallite size found was in an interval from 8 to 12 nm and it was similar for the 

powders calcined at  the different temperatures. In order to investigate the 

precursor calcination process, a thermal analysis was carried out. The results of 

TGA and DSC measurements are shown in Figure 2. 
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Figure 1. X-Ray diffraction patterns of RuO2  as-prepared and calcined powders at various 

temperatures 
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Figure 2. TGA and DSC curves of RuOx as-prepared powder 
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The first weight loss was assigned to physical dehydration (below 120°C); 

whereas, the second one was attributed to chemical dehydration (in the range 120-

210°C). An  endothermic peak was observed in the range 180-260°C due to an 

amorphous to crystalline structure phase transition of RuO2 as confirmed by XRD. 

Above 260°C a slight oxygen loss was recorded. Total weight losses of 14 wt.% 

were observed after treatment at 550°C. 

Figure 3 shows the half-cell I-V curves for uncalcined and calcined samples. 

The best performance for the oxygen evolution reaction at ambient temperature 

was obtained for the RuO2 powder calcinated at 300°C. The maximum current 

density was 180 mA cm-2 at 1.65 V. This catalyst was selected for the further 

investigations in an SPE electrolyzer. In order to evaluate the effect of duration of 

the thermal treatment, a RuO2 calcined at 300°C for 3 h was also prepared for 

comparison.  

 
Figure 3. Linear Voltammetry of RuO2 powder-based electrodes, synthesized and calcined 

at various temperatures, in 0.5 M H2SO4  half – cell at 25°C 
 

In order to determine the morphology of the powders, TEM analysis was 

carried out on the amorphous precursor and on the most promising catalyst 

(sample calcinated at 300°C). Images are shown in Figures 4-5. 
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Figure 4. TEM micrographs of RuOx synthesized: (A) and (B) at different magnifications 
(C) Particle size distribution analysis 
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Figure 5. TEM micrographs of RuO2 calcined at 300 °C/1 h: (A) and (B) at different magnifications 
(C) Particle size distribution analysis 

A 

B 

C

N
um

be
r 

Diameter / nm 



Chapter 3 

 60

 
From this analysis, agglomerates of small size appear to be present mainly 

in amorphous powder with a particle size of 1.8 nm; whereas, for the 300°C 1 h 

calcined powder, a crystalline structure with a particle size of about 9 nm was 

clearly observed. Processing of this TEM image by Fourier transformations and 

using Carine crystallography software allowed to confirm the tetragonal crystal 

phase of RuO2; a scheme representation of the crystal structure is presented in 

figure 6. The powder calcined for 3 h showed a similar morphology of the sample 

calcined for 1 h (not shown).  

 
Figure 6. TEM image of RuO2 calcined at 300 °C/1 h: Scheme representation of  tetragonal RuO2 

crystal structure by Carine Crystallography Software 
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The three samples were analyzed in a SPE single cell electrolyzer (Figure 7).  

 
Figure 7. SPE single cell electrolyzer (5 cm2 active area) 

 

Series and charge transfer resistances were evaluated by means of EIS at 1.5 

V. Figure 8 shows the EIS spectra of electrolyzers with the above mentioned 

catalysts at 80°C under atmospheric pressure.  
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Figure 8. Impedance Spectroscopy of the SPE electrolyzer based on RuO2 electrocatalysts, as-

prepared and calcined at 300°C for 1 h and 3 h at 80°C and 1.5 V 
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The impedance plots (Nyquist) reveal a larger series and charge transfer 

resistance for the amorphous RuO2 than the calcined ones. The minimum in the 

series resistance was observed for the electrolyzer with the powder calcined at 

300°C for 1h with a value of 0.19 ohm·cm2; whereas, the lowest charge transfer 

resistance was obtained for the sample calcined for 3 h, i.e. 0.085 ohm·cm2. 

Figure 9 shows the I-V curves at 80°C under atmospheric pressure for the 

amorphous sample and for the powder after calcination at 300 °C for 1 h and 3 h.  

 
Figure 9. Linear Voltammetry of the SPE electrolyzer based on RuO2 powders, as-prepared 

 and calcined at 300°C for 1 h and 3 h at  80°C 
 

The electrocatalyst performance in the single cell is significantly larger than 

in half cell primarily due to the higher noble metal loading in the MEA electrodes. 

A contribution of sulfate anions adsorption in determining a poorer performance 

on half cell experiments is not discarded.  The cell equipped with RuO2 calcined at 

300°C for 3 h showed an onset for the OER more shifted towards lower potentials 

according to the lower charge transfer resistance obtained by the EIS analysis. This 

indicates a better catalytic activity of this catalyst probably due to a suitable 

crystalline structure. The cell based on RuO2 calcined at 300°C for 1 h showed a 

higher onset potential for OER than the previous one, but a better behavior in 

terms of ohmic characteristics, according to a lower series resistance recorded by 

EIS analysis for this cell.  Thus, the maximum current density at high potential (1.8 

V) was obtained using RuO2 calcined at 300°C for 1 h; it was about 1.4 A cm-2. 
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This performance appears to be comparable to the state of art [30-34] in this 

field and it appears promising if one considers that a simple catalyst preparation 

method, which can be subjected to further improvement, was used. 

 The ohmic-drop-corrected Tafel plots for oxygen evolution reaction at the 

RuO2 electrocatalysts calcined at 300°C for 1 h and 3 h are shown in Figure 10. 

Two Tafel slopes have been identified for the oxygen evolution process at 80°C in 

the PEM electrolyser. At low current densities, the Tafel slope is 65-75 mV·dec-1, 

whereas at large current densities it is 132-133 mV·dec-1. These values are similar 

to those already observed in the literature at room temperature for the oxygen 

evolution process with oxide based electrodes [15, 35-38]; i. e., 60 mV·dec-1 and 120 

mV·dec-1 in the low and high current density range respectively.  

 
Figure 10. Tafel  plot for oxygen evolution reaction in a SPE electrolyser for the RuO2 powder  

calcined at 300°C for 1 h and 3 h at  80°C 
 

A Tafel slope of 120 mV·dec-1 is generally attributed to the dissociative 

water adsorption with release of a proton and electron according to the following 

mechanism:  

          S + H2O → S – OH + H+ + e-                                                                   (1) 

The low Tafel slope can be attributed to the presence of adsorption 

intermediates involving OH species on the electrode surface with different energy 

states [15, 35]. It is not discarded a possible contribution to the rate determining 
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step of the electrochemical desorption of a proton from the adsorbed OH species 

as reaction intermediates at low current densities. 

Figure 11 shows the chronoamperometric measurements carried out at 80°C 

and atmospheric pressure for the RuO2 electrocatalysts calcined at 300°C for 1 h 

and 3 h. These experiments were performed at a potential of 1.6 V for 20 hours. 

The cell equipped with RuO2 calcined at 300°C for 3 h showed a higher current 

density compared to the cell equipped with RuO2 calcined at 300°C for 1 h. This 

evidence was in agreement with the I-E curves (Fig. 9). It was observed that the 

current density slightly decreased during the time for both measurements. This 

could be due to the presence of small particles in the catalysts that can be more 

subjected to corrosion, on the contrary of large RuO2 particles which appear to be 

sufficiently stable [28]. However, our evidences confirm the low stability of RuO2 

that was discussed in several papers in the literature [12, 13]. The largest loss was 

showed with RuO2 calcined at 300°C for 1 h. This could be due to the higher 

stability of RuO2 particles calcined for 3 h compared to RuO2 particles calcined for 

1 h. However, an increase of the RuO2 particle size causes a decrease of catalytic 

activity for oxygen evolution for the sample calcined at 350°C. Further studies are 

in due course to assess the stability of larger RuO2 nanoparticles. Another strategy 

to improve the stability of the RuO2 electrocatalyst relies on the use of IrO2-RuO2 

solid solutions. The aim is to reach a good compromise between stability and 

performance. 

 
Figure 11. Chronoamperometric measurement of the SPE electrolyser based on RuO2 calcined 

 at 300°C for 1 h and 3 h at  80°C 
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3.4  Conclusions 

A simple, fast and low temperature colloidal method for the obtainment of 

RuO2 nano-particles was developed [39]. Catalysts were prepared by colloidal 

deposition at  a temperature near to 100°C and, successively, calcined at different 

temperatures from 200 to 350ºC. The physico-chemical characterization was 

carried out by XRD, TG-DSC and TEM analyses. The electrochemical activity of 

these catalysts as anodes in an SPE electrolyzer was investigated. The maximum 

current density at high potential (1.8 V) was obtained using RuO2 calcined at 

300°C for 1 h; it was about 1.4 A cm-2. Yet, the best results were obtained for the 

RuO2 calcined at 300°C for 3 h in the chronoamperometric measurements with a 

higher current density at 1.6 V for 20 hours compared to the RuO2 calcined at 

300°C for 1 h. However, chronoamperometric measurements showed a slightly 

decrease of performances with time. A further optimization of the physico-

chemical proprieties of these materials is necessary in order to increase the 

stability and performance for application in a PEM electrolyzer. 
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CHAPTER 4 

Nanosized IrO2 electrocatalysts for oxygen evolution  

reaction in an SPE electrolyser 

 
4.1 Introduction 

Water electrolysis is one of the few processes where hydrogen can be 

produced from renewable energy sources such as the photovoltaic or wind energy 

without evolution of CO2. In particular, an SPE electrolyser is considered as a 

promising methodology for producing hydrogen as an alternative to the 

conventional alkaline water electrolysis. A PEM electrolyser possesses certain 

advantages compared with the classical alkaline process in terms of simplicity, 

high energy efficiency and specific production capacity. This system utilizes the 

well know technology of fuel cells based on proton conducting solid electrolytes. 

Unfortunately, electrochemical water splitting is associated with substantial 

energy loss, mainly due to the high over-potentials at the oxygen-evolving anode. 

It is therefore important to find the optimal oxygen-evolving electro-catalyst in 

order to minimize the energy loss. 

Typically, platinum is used at the cathode for the hydrogen evolution 

reaction (HER) and iridium or ruthenium oxides are used at the anode for the 

oxygen evolution reaction (OER) [1-2]. These metal oxides are required, compared 

to the metallic platinum, because they offer a high activity, a better long-term 

stability and less efficiency losses due to corrosion or poisoning [3-12].  

A high surface area is required for the anode electrocatalyst to increase the 

number of catalytic sites involved in the reaction. Accordingly, most preparation 

methods aim at obtaining nanosized primary particles. Moreover, being the 

oxygen evolution process a structure sensitive reaction, it is important to tailor the 

structural properties which determine the turnover frequency of the catalytic 

process. This work is mainly addressed to the synthesis and characterization of 

nanosized IrO2 catalysts. Various methods are reported in the literature for the 

synthesis of noble metal based oxides. The Adams fusion method [13] has been 
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widely used to produce fine noble metal oxide powders [10, 14-17]; it is based on 

the oxidation of metal precursors in a molten nitrate melt. Sol–gel methods have 

also proved useful in producing noble metal based oxides [18-22]. A very 

interesting approach was proposed by Marshall et al. [23-24]; it was based on a 

modified polyol method in which a glycol-precursor solution was heated under 

nitrogen atmosphere to the refluxing temperature in order to obtain a colloid. Also 

Song et al. [10] used this approach to synthesize IrO2 catalysts with a specific 

surface area of 203 m2 g-1. In our work, nanosized IrO2 catalysts were prepared 

from H2IrCl6·nH2O using a similar colloidal process; yet, in order to make it 

economically competitive and easily applicable, water was used as the solvent 

instead of ethylene glycol [23-24] and the process was simply carried out under air 

atmosphere at 100 °C. The resulting hydroxides were then calcined at various 

temperatures to tailor the structural properties. By using this approach nanosized 

crystalline particles in the range of 7–9 nm were obtained, allowing the attainment 

of a good compromise between catalytic activity and stability [25]. We focused our 

attention on the effect of thermal treatments on the crystallographic structure and 

particle size of IrO2 catalysts and how these properties may influence the 

performance of oxygen evolution electrode. Electrochemical characterizations 

were carried out by polarization curves, impedance spectroscopy and chrono-

amperometric measurements.  

 

4.2 Experimental 

4.2.1  Preparation of IrO2   electrocatalysts 

An H2IrCl6·nH2O (STREM Chemicals, Inc.) powder was first dissolved in 

deionised water. The aqueous solution was then heated (100°C) under air 

atmosphere and magnetically stirred for 45 minutes. A sodium hydroxide solution 

(1 M) was added in order to favour the formation of an Ir-hydroxide. Afterwards, 

the solution was placed in a centrifuge for 10 minutes and filtered. The precipitate 

was washed with deionised water to remove the chlorides. The Ir-hydroxide was 

dried for 5 hrs at 80°C. The dry powder was subjected to a thermal analysis, in 

order to investigate the processes occurring for the as-prepared catalyst as a 
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function of the temperature. Afterwards, it was calcined in air at different 

temperatures, 200, 300, 400 and 500°C for 1 hr, using a heating ramp of 5°C/min. 

The resulting powders were characterized by X-ray diffraction (XRD) to determine 

the crystallographic structure and particle size. Catalyst morphology and porosity 

were investigated by Transmission Electron Microscopy (TEM) and BET 

measurements, respectively. 

 

4.2.2 Physico-chemical characterization  

XRD was performed on the dry electrocatalytic powders using a Philips X-

Pert diffractometer that used as radiation source the Kα line of copper (CuKα). 

This diffractometer operated at 40 kV and 20 mA, step time of 0.5 2θ min-1, angular 

resolution of 0.005° 2θ. The diffraction patterns were fitted to JCPDS (Joint 

Committee on Powder Diffraction Standards) and crystalline size distribution was 

calculated using LBA (line broadening analysis). The TG/DSC analysis was 

carried out in an STA 409C of NETZSCH - Gerätebau GmbH Thermal Analysis. 

The sample was heated from room temperature up to 550 °C at a heating rate of 5 

°C/min under air atmosphere.  

The morphology of the in-house prepared catalyst was investigated by 

transmission electron microscopy (TEM) using a Philips CM12 instrument and 

compared to a commercial catalyst (IrO2 from SPECTRUM). Specimens were 

prepared by ultrasonic dispersion of the catalysts in isopropyl alcohol and 

depositing a drop of suspension on a carbon-coated grid. 

BET surface area, pore size distribution and pore volume characteristics for 

the in-house prepared catalyst were measured by a Thermoquest 1990 series 

Sorptomatic. The Barrett–Joiner–Halenda (BJH) method (C = 0.8) was used for the 

determination of cumulative area and pore size. Since the aim of this work was to 

obtain a nanosized catalyst characterized by high surface area, these properties 

were compared to those of a commercial catalyst to assess the progress beyond the 

state of art. 
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4.2.3 Preparation of membrane-electrode assembly (MEA) 

A Nafion 115 (Ion Power) membrane was used as the solid polymer 

electrolyte. The IrO2  catalysts were directly deposited onto one side of the Nafion 

115 by a spray technique. Inks were composed of aqueous dispersions of catalyst, 

deionised water, Nafion® solution (5% Aldrich) and Ethanol (Carlo Erba); the 

anode catalyst loading was 3 mg/cm2. A Ti/Pt (95:5) grid was used as backing 

layer. A commercial 30% Pt/Vulcan XC-72 (E-TEK, PEMEAS, Boston, USA) was 

used as the catalyst for the H2 evolution. The cathode electrode was prepared by 

directly mixing in an ultrasonic bath a suspension of Nafion ionomer in water 

with the catalyst powder. The obtained paste was spread on carbon cloth backings 

(GDL ELAT from E-TEK) with a Pt loading of 0.6 mg/cm2. The ionomer content in 

both electrodes was 33 wt.% in the catalytic layer after drying. 

MEAs (5 cm2 geometrical area) were directly prepared in the cell housing by 

tightening at 9 N·m (70 Kgcm−2) using a dynamometric wrench. 

 

4.2.4 Electrochemical characterization of MEA 

The SPE electrolyser performance was evaluated at 80 °C under 

atmospheric pressure. Heated deionised water, which was circulated by a pump 

at a flow rate of 2 ml/min, was supplied to the anode compartment. The water 

temperature was maintained at the same cell temperature. Measurements of cell 

potential as a function of current density, electrochemical impedance 

spectroscopy (EIS) and stability test were carried out by an Autolab PGSTAT 302 

Potentiostat/Galvanostat equipped with a 20 A booster (Metrohm). The series 

resistance was determined from the high frequency intercept on the real axis in 

the Nyquist plot. The charge transfer resistance was taken as the difference 

between the extrapolated low frequency intercept and the high frequency 

intercept on the real axis. 
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4.3 Results and Discussion 

In order to investigate the influence of temperature on the precursor 

modifications, a thermal analysis was carried out. The results of TGA and DSC 

measurements are shown in Figure 1.  

 
Figure 1. TGA and DSC curves of the as-synthesized IrOx precursor 

 

The first weight loss (I) was assigned to physical dehydration (below 140°C); 

whereas, the second one (II) was attributed to chemical dehydration (in the range 

140-240°C). A phase transition of IrO2 from amorphous to crystalline structure (III) 

was observed in the range 240 - 480°C as confirmed by XRD. This was also 

accompanied by a slight weight loss due to the decomposition of hydrophilic 

groups of the amorphous material. Above 480°C (IV) a slight oxygen loss was 

recorded, possibly forming a substoichiometric oxide. Total weight losses of 8 wt.% 

were observed after the treatment at 550°C.  

Figure 2 shows XRD patterns of the precursor powder before and after 

calcination at 200°, 300°, 400° and 500°C.  
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Figure 2. X-Ray diffraction patterns of IrO2 powders, as-synthesized and  

calcined at various temperatures 
 

The precursor and samples calcined at 200° and 300°C were characterized by 

an amorphous phase whereas those calcined at 400° and 500°C showed a 

crystalline phase with a tetragonal structure. The mean crystallite size for the 

powder calcined at 400° and 500°C was estimated from the broadening of main 

peaks by the Debye-Scherrer equation; it was 7 and 9 nm, respectively. No presence 

of metallic Ir was found in all samples.  

All calcined samples were investigated electrochemically for the oxygen 

evolution reaction in an SPE electrolyzer. A commercial IrO2 (SPECTRUM) 

catalyst was also studied for comparison. This catalyst is mainly characterized by 

an amorphous structure with the presence of a small amount of metallic Ir, as 

reported elsewhere [26-27]. Being the hydrogen evolution at the Pt/C electrode 

quite faster than the oxygen evolution at the IrO2 catalyst [28], the latter represents 

the rate determining step of the overall electrochemical process. Furthermore, the 

same Pt/C cathode was used in all experiments.  

Figure 3 shows I-V curves for the in-house prepared and commercial anode 

catalysts. The best performance at high current densities for the oxygen evolution 

reaction at 80°C was obtained for IrO2 powder calcined at 400°C. The cell based on 

the commercial Iridium oxide showed a performance similar to the best catalyst 

up to 1.6 V.  
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Figure 3. Linear Voltammetry at  80°C of the SPE electrolyzer based on IrO2 powders, 

 commercial and calcined at different temperatures 
 

The maximum current density reached at 1.8 V with the sample calcined at 

400°C was 1.32 A cm-2. The high performance obtained with this catalyst calcined 

at 400°C was probably due to the simultaneous presence of an amorphous and 

crystalline structure as an optimal compromise between surface area and specific 

activity (see Figure 2). A different behaviour in terms of the slope of the I-V curves 

was also observed for the various samples.  To investigate more in depth the 

electrochemical properties of these materials, impedance spectroscopy 

measurements were carried out on the different cells at 1.5 V (Figure 4).  
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Figure 4. Impedance Spectroscopy at 80°C and 1.5 V of the SPE electrolyser based on IrO2 

electrocatalysts, commercial and calcined at different temperatures 
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From this analysis, it appears that the sample calcined at 400°C showed 

both low series (Rs) and charge transfer (Rct) resistance compared to the other 

samples; this justify the best performance of the cell based on this catalyst.  

The cells based on the other in-house prepared catalysts showed a high Rct, 

indicating a low electro-catalytic activity for the oxygen evolution process. As 

discussed above, this was interpreted in terms of poor intrinsic activity or low 

active surface area as related to the structure and particle size. The cell based on 

the commercial catalyst showed lower charge transfer resistance compared to the 

sample calcined at 400°C, but larger series resistance possibly due to the 

amorphous structure similar to the samples treated at 200° and 300°C. Notably, an 

increase of series resistance is observed for the samples with crystalline structure 

treated at 500°C. The thermal analysis indicated for this sample an additional loss 

of oxygen and the onset of an exothermic peak above 450°C indicating the 

occurrence of structural changes at high temperatures. 

As observed from the I-V curves, the onset potential in terms of oxygen 

evolution for the commercial catalyst is slightly lower than that obtained for the 

best in-house catalyst. Yet, the latter showed lower series resistance than 

commercial catalyst. This explains the best performance of the in-house catalyst, in 

particular at high current densities. In fact, the slope of the I-V curves at high 

currents for the two catalysts reflects the differences in ohmic drop (Rs). Moreover, 

from the polarization curves of Figure 3, higher diffusion constraints were 

observed for the commercial catalyst. This could be due to the different 

morphology of the two catalysts.  

A TEM analysis was carried out on these samples (Figure 5).  
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Figure 5. TEM images of a) IrO2 calcined at 400°C and b) commercial IrO2 

 

The commercial catalyst (Figure 5a) showed the presence of agglomerates 

composed of fine particles attributed to the amorphous IrO2 and some big 

particles probably due to the presence of metallic Ir. The BET surface area for this 

catalyst was about 23 m2 g-1. This catalyst appears characterized by the occurrence 

of micro-pores as confirmed by the porosity measurements reported in Figure 6a. 

On the contrary of the commercial catalyst, the in-house prepared catalyst calcined 

at 400°C (Figure 5b) showed larger particles and the prevailing occurrence of 

meso- and macro-pores (Figure 6b).  
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Figure 6. Pore size distribution and cumulative pore volume of a) commercial IrO2 

  and b) IrO2 calcined at 400°C 
 

This may explain the lower mass transfer polarization of the cell based on 

this catalyst. The BET surface area for this in-house prepared catalyst was about 

100 m2 g-1, This was significantly larger than that measured for the commercial one 

(23 m2 g-1), although it was lower than that reported by Song et al. [10] concerning 

their IrO2 catalyst obtained by a colloidal method. As well known, the specific 

surface area is determined by both particle size and dispersion. The occurrence of 

very fine IrO2 particles as well as accessible pores for the OER is indicative of a 

large number of catalytic sites in this sample. This confirms the paramount 
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influence of the nanostructure and morphology of the anode catalyst in 

determining the performance of SPE electrolyzers. 

The Tafel plots related to the oxygen evolution reaction at the IrO2 catalyst 

calcined at 400°C and commercial catalyst are shown in Figure 7.   

 
Figure 7. Tafel  plots for oxygen evolution reaction in an SPE electrolyser at 80ºC for the IrO2 

powder calcined at 400°C (1hr) and the commercial one 
 

These curves were corrected for the ohmic drop  (iR) to extract electro-

kinetic parameters. The same Tafel slopes were identified for the two catalysts. 

The value was about 80 mV·dec-1, which reflects a Temkin adsorption condition 

[29].  

As envisaged from the ac-impedance results, the ohmic resistance at low 

overpotentials (1.5 V) contributes to more than 50% to the overall process for the 

best performing in-house catalyst. This aspect is more significant at high currents. 

On such basis, appropriate increase in performance at practical current densities 

can be achieved by using thinner or better proton conducting membranes than 

conventional ones. 

Figure 8 is related to the chrono-amperometric measurement carried out at 

80°C and atmospheric pressure for the IrO2 catalyst calcined at 400°C.  
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Figure 8. Chrono-amperometric measurement of the SPE electrolyser 

 based on IrO2 calcined at 400°C/1h 
 

The test was performed at a potential of 1.6 V for a period of 20 h. The 

current density remained constant throughout the test, at 460 mA/cm2, indicating 

a stable behaviour of the in-house prepared IrO2 electrocatalyst.  

 

4.4 Conclusions 

A cheap, simple and fast low temperature colloidal method was used for 

obtaining nanosized IrO2 catalysts characterized by a good compromise between 

catalytic activity and electrochemical stability [30]. These properties were achieved 

by a proper combination of nanostructure and morphology. A mean crystallite 

size of 7 nm, a suitable morphology and a BET surface area of 100 m2 g-1 were 

obtained for the best electrocatalyst. The preparation method consisted in a 

colloidal process carried out in aqueous solution at ∼100 °C and subsequent 

calcination at temperatures varying from 200 to 500 °C. The largest current density 

in an SPE electrolyzer at practical voltages (above 1.6 V) was obtained for the IrO2 

calcined at 400 °C for 1 h. In terms of electrochemical activity, the best anode 

catalyst achieved 1.32 A cm-2 at 1.8 V in an SPE electrolyzer. Chrono-amperometric 

measurements demonstrated a suitable stability of the in-house prepared Iridium 

oxide catalyst for the OER. 
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CHAPTER 5 

Preparation and Characterization of Titanium Suboxides  
as Conductive Supports of IrO2 Electrocatalysts 

 for Application in SPE Electrolyzers 
 

5.1  Introduction 

Ebonex® (Atraverda Ltd., UK), is the commercial trade of an electrically 

conductive ceramic material consisting of several suboxides of titanium, mainly 

Ti4O7 and Ti5O9, which are the most conductive compounds in the homologous 

series of crystallographic shear structures with the general formula TinO2n−1 

(4≤n≤10), collectively known as Magneli phase [1,2]. Ebonex® is an attractive 

material for the fabrication of electrodes in various technological applications that 

require an electrical conductor with excellent resilience to electrochemical 

corrosion and high oxidation resistance [3,4], such as chloro-alkali systems, 

sodium hypochlorite production, lead-acid batteries and cathodic current 

protection systems [5–8]. Sub-stoichiometric oxides of titanium are important 

candidates for oxygen electrodes in water electrolysers and unitized regenerative 

fuel cells (URFCs) [9]. The electrode materials used for the oxygen evolution by 

water electrolysis are mostly based on noble metals oxides [10–21]; consequently, 

it is important to reduce the amount of electrocatalyst loaded in the electrodes. 

This may be achieved by supporting the noble metal-based electrocatalyst on a 

high surface area conducting support. The support provides a physical surface for 

the dispersion of small particles of the active phase, which is necessary for 

achieving high surface area and to provide good electronic conductivity. In fuel 

cells, a common support for the oxygen reduction electrodes is carbon black [22, 

23]. The carbon material has good electronic conductivity and provides a suitable 

porous structure with high accessible surface area. However, this material is not 

stable at the anodic potentials where the oxygen evolution reaction occurs in the 

electrolysis process. This means that suitable support materials alternative to the 

common carbonaceous materials are necessary for electrolysers and URFCs. In the 

literature, supporting materials for electrocatalysts like boron carbide, tantalum 
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boride, titanium carbide and perovskyte type compounds were investigated [24, 

25]. Recently, conductive suboxides of titanium, such as Ebonex®, were studied 

for electrochemical applications [26–28]. The aim of this work concerns the 

development of a suitable process for preparing Ti-suboxides. The relevant 

characteristics of the materials were evaluated under operating conditions, in a 

solid polymer electrolyte (SPE) electrolyser, and compared to those of the 

commercial Ebonex®. The same IrO2 active phase was used in both systems as 

electrocatalyst. 

 
5.2 Activity 

5.2.1 Preparation of TinO2n−1 powder and electronic conductivity measurements 

TinO2n−1 ceramic powders were prepared from a commercial titanium (IV) 

chloride solution (TiCl4, Aldrich). TiCl4 was dissolved in water; a chelating agent, 

EDTA (Aldrich), was added. The reaction mixture was maintained at a pH ~ 5 at 

80 °C for 1 h. The Ti complex with EDTA was decomposed into a colloidal TiOx 

dispersion by adding hydrogen peroxide. After precipitation and subsequent 

filtering, an amorphous Ti oxide phase was obtained. A temperature-programmed 

reduction (TPR, CHEMBET-3000 apparatus) was carried out to analyse the 

thermal reduction profile of the amorphous material. TPR measurements were 

carried out on the amorphous TiOx at atmospheric pressure in a quartz 

microreactor placed in a ceramic tube furnace; it was heated from the room 

temperature up to 1050 °C at a heating rate of 5 °C/min under a controlled 

atmosphere of hydrogen (10%) in argon. The temperature of the catalyst bed was 

monitored with a thermocouple inserted into the reactor cuvette. Gases were fed 

with properly calibrated mass flow controllers. The total inlet flow was fixed at 20 

cc/min. The Ti-suboxide with Magneli phase was prepared by reduction of the 

amorphous TiOx (5 g) at 1050 °C for 2 h, in a tubular quartz reactor fed with a 10% 

H2/Ar gas stream. A commercial Ti-suboxide (Ebonex®) was purchased from 

Atraverda (UK). Both Ti-suboxide powders were ground in a planetary ball mill 

for 2 h. 
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Electrical conductivity measurements were carried out on Ti suboxide 

pellets. The powders were first pressed uniaxially in a cylindrical shape to form 

the pellets. Two gold foils were used as electrical contacts. The through-plane 

electronic conductivity of the pre-formed pellets (thickness 3 mm) was measured 

by using a four-probe method with an applied pressure of 7MPa that was 

corresponding to the tightening compression of the single cell electrolyser used in 

this work. The resistance of the gold foils was measured in a separate experiment 

under the same applied pressure and subtracted from the total resistance 

measured for the pellets. An Autolab (Metrohm) electrochemical apparatus 

equipped with an FRA was used for the four-probe ac-impedance spectroscopy 

measurement in the frequency range 100 kHz to 1 Hz. Surface area measurements 

of the commercial Ebonex® and Ti-suboxide support prepared in-house were 

made by a Thermoquest 1990 series Sorptomatic. The Barrett–Joiner–Halenda 

(BJH) method was used for the determination of cumulative area and pore size. 

 

5.2.2  Preparation of the oxygen evolution electrocatalysts 

A 30% IrO2/TinO2n−1 powder was used as oxygen evolution electrocatalyst. 

To prepare the catalyst, an incipient wetness procedure was employed. It 

consisted of the impregnation of a commercial amorphous IrO2 (Spectrum 

Chemical USA, 99.9%) in deionised water onto the commercial Ebonex® 

(Atraverda) support or the in house made TinO2n−1 at 80 °C. The nominal 

concentration of IrO2 in both catalysts was 30 wt.% corresponding to an Ir/Ti 

atomic ratio of 0.14. The catalysts were dried at 120 °C before use. 

 

5.2.3  Structural characterization 

X-ray diffraction (XRD) analysis was performed on amorphous IrO2, 

Ebonex® powder (ball milled), Ti-suboxide powders (reduced at 1050 °C) and 

IrO2/TinO2n−1 electrocatalysts. A Philips X-Pert X ray diffractometer was used with 

Cu Kα radiation source. The diffractometer operated at 40 kV and 20 mA. The 

diffraction patterns were fitted to the Joint Committee on Powder Diffraction 

Standards (JCPDS). 
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5.2.4  Chemical, surface and morphological characterizations 

X-ray fluorescence (XRF) analysis of the 30% IrO2/TinO2n−1 catalysts was 

carried out by a Bruker AXS S4 Explorer spectrometer operating at a power of 1 

kW and equipped with a Rh X-ray source, a LiF crystal analyzer and a 0.12° 

divergence collimator. Transmission electron microscopy (TEM) was carried out 

on both Ti-suboxides used as supports and on the complete catalysts by using a 

Philips CM 12 instrument. TEM analysis was made by first dispersing the 

powders in isopropyl alcohol. A few drops of these solutions were deposited on 

carbon film-coated Cu grids and analysed with microscope. The surface chemical 

composition of 30% IrO2/TinO2n−1 electrocatalysts was investigated by X-ray 

photoelectron spectroscopy (XPS). The measurements were performed by using a 

Physical Electronics (PHI) 5800-01 spectrometer. A monochromatic Al/Kα X-ray 

source was used at a power of 350W. Spectra were obtained with pass energies of 

58.7 eV for elemental analysis (composition) and 11.75 eV for the determination of 

the chemical species. The pressure in the analysis chamber of the spectrometer 

was 1×10−9 Torr during the measurements. Spectra were collected at a 

photoelectron take-off angle of 45° with respect to the sample surface. The 

quantitative evaluation of each peak was obtained by dividing the integrated peak 

area, after Shirley background subtraction, by atomic sensitivity factors, which 

were calculated from the ionization cross-sections, the mean free electron escape 

depth and the measured transmission functions of the spectrometer by using the 

PHI Multipak 6.1 software. 

 

5.2.5  Preparation of membrane and electrode assembly (MEA) 

A Nafion 115 (Ion Power) membrane was used as solid polymer electrolyte. 

The oxygen evolution catalyst was directly deposited onto one side of a Nafion 

115 by a spray technique. The powder suspension contained 67wt.% IrO2/TinO2n−1 

and 33 wt.% Nafion ionomer in alcoholic solution. The IrO2 loading in both anodes 

equipped with Ebonex® or support prepared in-house was 1mgcm−2. A titanium 

grid was used as diffusion layer and current collector at the anode to avoid 

corrosion phenomena. In order to favour the gas evolution, the titanium grid was 
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immersed in a water/FEP (1:1) (Dyneon FEP 6300 RG) solution for 1 min and then 

it was dried in an oven; subsequently, it was treated at 350 ◦C for 30 min. A 

commercial 30% Pt/Vulcan XC-72 (E-TEK, USA) catalyst was used for the H2 

evolution. The cathode electrode was prepared by directly mixing in an ultrasonic 

bath a suspension of Nafion ionomer in water with the catalyst powder 

(catalyst/dry ionomer = 2/1 wt.%); the obtained paste was spread onto a carbon 

cloth backing (GDL ELAT from E-TEK) up to reach a loading of 1mgPt cm−2. 

MEAs were assembled directly in the cell housing by tightening at 70 Kgcm−2 

using a dynamometric wrench.  

 

5.2.6  Electrochemical studies 

The electrochemical behaviour of the SPE electrolysers was evaluated in a 

temperature range from 30 °C to 80°C at atmospheric pressure. Deionised water, 

heated at the same temperature of the cell, was supplied to the anode 

compartment by a peristaltic pump at a flow rate of 4mlmin−1. Linear sweep 

voltammetry and electrochemical impedance spectroscopy (EIS) were carried out 

by an Autolab PGSTAT 302 Potentiostat/Galvanostat equipped with a 20 A 

booster (Metrohm) and an FRA. In situ cyclic voltammetry (CV) was carried out at 

room temperature with a sweep rate of 20mVs−1 by using the Autolab apparatus. 

In these CV experiments, humidified diluted hydrogen (10% in Argon) was fed to 

the Pt/C electrode and de-aerated water to the IrO2-based electrode; the hydrogen 

electrode was used as both counter and reference electrode [29]. 

 

5.3 Results 
5.3.1  Physico-chemical properties of catalysts and Ti-suboxide supports 

Fig. 1 shows a TPR analysis of the amorphous titanium oxide precursor up 

to 1050 ◦C. Five main processes were recorded during this experiment. These have 

been interpreted as follows: (i) loss of physically adsorbed water below 100 °C; (ii) 

loss of water from surface hydroxylic species (about 200 °C); (iii) TiO2 (Anatase) 

crystalline phase formation at about 300 °C; (iv) TiO2 (Rutile) crystalline phase 

formation at about 850°C; (v) chemical reduction of the TiO2 phase with formation 
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of a mixture of sub-stoichiometric Ti-oxides at 1050 °C. The occurrence of most of 

these processes was confirmed by XRD analysis or thermogravimetric analysis of 

the sample treated at specific temperatures (not shown). The sample was weighted 

after TPR analysis. A weight loss of about 30 wt.% was observed. 

 
Figure 1. TPR analysis of the as-prepared amorphous titanium oxide 

 

The diffraction pattern of the commercial Ebonex® in Fig. 2 was slightly 

different from that reported in the literature for the same material [30]. However, 

it was shown in the literature that the grinding procedure can cause slight 

structural modifications [30]. The main peaks of Ti4O7 (JCPDS: 18-1402), Ti5O9 

(JCPDS: 11-193) and Ti6O11 (JCPDS: 18-1401) phases are indicated in Fig. 2. The 

Ti4O7 structure was less evident in the present Ebonex® sample as compared to 

the literature [30]. For the Ebonex® powder ground in a ball mill, the prevailing 

crystallographic structure was Ti5O9 but also Ti4O7 and Ti6O11 were present. The 

XRD patterns of the support prepared in-house (Fig. 2) showed a prevailing 

occurrence at 24–24.5° of the Ti9O17 (JCPDS: 18-1405) structure. The Ti6O11 phase 

was also occurring in this sample. According to the XRD patterns, the degree of 

sub-stoichiometry in the bulk was larger in the commercial sample than in the 

support prepared in-house. No peaks related to Anatase or Rutile was observed in 

the XRD patterns of both samples. All the assigned reflections belong to the 

Magneli phase.  
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Figire 2. X-ray diffraction patterns of Ebonex® (Atraverda) and TinO2n−1 (in-house) 

 

The X-ray diffraction patterns of commercial IrO2, TinO2n−1 prepared in-house 

and corresponding 30% IrO2/TinO2n−1 catalyst are reported in Fig. 3. The 30% 

IrO2/TinO2n−1 showed an amorphous halo related to IrO2 and the typical peaks of 

TinO2n−1 (Magneli phase). The peaks at 41° and 48° 2 theta were attributed to the 111 

and 200 reflections of crystallographic structure of metallic Ir (JCPDS: 6-598). 

 
Figure 3. X-ray diffraction patterns of commercial IrO2, TinO2n−1 (in-house)  

and 30% IrO2/TinO2n−1 (in-house) 
 

Fig. 4 shows the X-ray diffraction patterns of commercial IrO2, Ebonex® and 

30% IrO2/Ebonex®. Also in this case the catalyst showed the amorphous IrO2, a 

small evidence of metallic Ir and the typical peaks of Ebonex®. 
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Figure 4. X-ray diffraction patterns of commercial IrO2, Ebonex® and 30% IrO2/Ebonex® 

 

The electrical conductivity was investigated for the two Ti suboxide 

samples in the pellet form by ac-impedance. An inductive response in the overall 

range of frequencies (not shown) was obtained for both pellets indicating the 

absence of significant contact resistances between the pellet and gold foils. The 

low frequency (1 Hz) intercept on the real axis of the Nyquist plot was used to 

determine the conductivity of these powders. Resistivity values of 0.0223 Ωcm for 

the in-house TinO2n−1 pellet and 0.0230 Ωcm for the Ebonex® pellet were recorded. 

The commercial Ebonex® and Ti-suboxide supports prepared in house were 

analysed by BET. The cumulative area and pore volume, calculated by using the 

BJH method (c = 0.8), were 26.6m2/g and 0.26cm3/g for the in-house prepared 

support, whereas, they were 1.17m2/g and 0.01 cm3/g for the Ebonex®. The 

observed cumulative area for the commercial support was lower than the BET 

surface area of 1.6m2/g reported in the literature [30]. The analysis of the pore size 

distribution (N2 desorption branch) indicated essentially the presence of 

macropores for the commercial sample whereas both macro- and meso-pores were 

observed for the TinO2n−1 support prepared in-house (not shown). The morphology 

of the ceramic supports was also investigated by TEM analysis (Fig. 5a–d). Both 

materials showed the presence of large particle agglomerates (500 nm). The 

surface roughness appeared larger for the support prepared in-house. At high 

magnification, the average crystallite dimension on the surface of these 
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agglomerates was about 50nm in the case of the Ebonex® and 25nm in the case of 

the TinO2n−1 prepared in-house. 

 
Figure 5. TEM micrographs at different magnifications: (a) and (b) Ebonex®;  

(c) and (d) TinO2n−1 (prepared in-house) 
 

 The XRF analysis revealed only the presence of Ir and Ti for both 

electrocatalysts. Light elements are not detected by this technique. The Ir/Ti 

atomic ratio was 0.17 in the IrO2/TinO2n−1 commercial catalyst; whereas, it was 

0.14 in the catalyst based on the support prepared in-house. This slight difference 

in composition was attributed to the washing treatment of the catalyst. However, 

the measured composition did not deviate significantly from the nominal 

composition (atomic Ir/Ti ~ 0.14). 

 

5.3.2  Electrochemical studies 

The performance of the MEAs based on the different oxygen evolution 

electrocatalysts, i.e. IrO2/Ebonex® and IrO2/TinO2n−1 (in-house) was evaluated at 

different temperatures for water electrolysis in an SPE electrolyser. The 

polarization curves of the cell equipped with the 30% IrO2/TinO2n−1 in-house 

prepared anode catalyst and 30% Pt/C (E-TEK) cathode catalyst are reported in 

Fig. 6.  
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Figure 6. Terminal voltage versus current density curves of the cells equipped 

 with IrO2/TinO2n−1 (in-house) and Nafion 115 membrane at different temperatures   
(from 30 °C to 80°C) and 1 bar abs pressure 

 

The electrolysis performance increased as a function of the temperature. The 

overpotential was mainly due to the oxygen evolution, this being the rate 

determining step of the overall electrolysis process [31]. The best performance was 

recorded at 80 °C; at a cell voltage of 1.8 V, the current density was 700mAcm−2, 

with a corresponding mass activity for the anode catalyst better than 700Ag−1. This 

could be further ameliorated if a proper crystalline IrO2 phase is used instead of 

the amorphous compound [10,16–18,21,29]. Fig. 7 shows the terminal voltage 

versus current density curves at different cell temperatures for the cell equipped 

with the 30% IrO2 supported on the commercial TinO2n−1 (Atraverda) as anode 

catalyst and 30% Pt/C (E-TEK) as cathode catalyst.  

 
Figure 7. Terminal voltage versus current density curves of the cells equipped with IrO2/Ebonex® 
and Nafion 115 membrane at different temperatures (from 30 °C to 80 °C) and 1 bar abs pressure 
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The achieved performance for the electrolysis process was significantly 

lower for the commercial support compared to the in-house made support. The 

current density for the electrolyser equipped with the catalyst containing the 

commercial support was 300mAcm−2 at 1.8V and 80 °C. In Fig. 8, a comparison 

between the polarization curves of the two MEAs, equipped with IrO2/TinO2n−1 

prepared in-house and IrO2/Ebonex®, at 80°C is reported.  

 
Figure 8. Comparison of terminal voltage versus current density curves of 

 IrO2/TinO2n−1 (in-house) and IrO2/Ebonex® at 1 bar abs and 80 °C 
 

The terminal voltage of the electrolysis cell was lower for the catalyst based 

on the support prepared in-house than that containing Ebonex® in the overall 

current density range. This difference increased remarkably above 1.45 V. Both 

electrocatalysts showed proper stability during several days of testing. Long-term 

duration experiments are currently underway. The impedance behaviour for both 

electrolysers was evaluated at 1.5V and 80°C (Fig. 9).  

 
Figure 9. Impedance spectra of the IrO2/TinO2n−1 (in-house) and  

IrO2/Ebonex® based cells at 1.5V and 80 °C 
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The series resistance (Rs)was determined from the intercept on the real axis 

of the Nyquist plot in the high frequency range. The Rs values were in the range 

0.25–0.31Ωcm2. The series resistance for the electrolyser based on the commercial 

support was 0.06Ωcm2 larger than that of the catalyst based on the support 

prepared in-house. Accordingly, the difference in terms of ohmic drop between 

the two MEAs at 0.3Acm−2 can be quantified in about 20 mV. Instead, the actual 

difference between the two terminal voltages was 150 mV. The impedance data 

were fitted by using an equivalent circuit Rs (Rct Qdl) (R1 Q1) [17]. Qdl is a 

constant phase element that includes both double layer capacitance and pseudo-

capacitance, Rct is the charge transfer resistance; the (R1Q1) circuit has been 

attributed to diffusion phenomena [17]. The capacitance values derived from Qdl 

were about 17mFcm−2 mg−1 and 8mFcm−2mg−1 IrO2 for the IrO2/TinO2n−1 prepared 

in-house and IrO2/Ebonex®, respectively. A significantly larger charge transfer 

resistance was observed for the electrolyser based on the commercial support 

compared to the support prepared in-house. This indicated an increase of the 

overpotential for the oxygen evolution process at the electrode–electrolyte 

interface in the presence of the commercial support. The charge transfer resistance 

was obtained from the large semicircles by the difference between low and high 

frequency intercept on the real axis of the Nyquist plot. The Rct was about 

1.4Ωcm2 at 1.5V and 80 ◦C for the catalyst based on the support prepared in house; 

whereas, it was 2.75 Ωcm2 under same conditions for the commercial support. 

The voltammetric surface charge was determined from the cyclic 

voltammetry at a sweep rate of 20mVs−1 [17]. The voltammetric surface charge is 

generally considered an indication of the electrochemical real surface area even if 

a conversion of the charge into surface area is difficult because the nature of the 

surface reactions is not known precisely [32]. Fig. 10 shows a comparison of the 

CV profiles for the two electrocatalysts. 
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Figure 10. Cyclic voltammetry of the IrO2/TinO2n−1 (in-house) and IrO2/Ebonex®-based  

electrodes at a sweep rate of 20mVs−1 and room temperature 
 

 These profiles were similar to those reported in the literature for annealed 

samples [17] even if the maximum temperature at which the present catalysts 

were treated was 120 °C. The voltammetric surface charge values were about 

8.9mCcm−2 mg−1 and 2.4mCcm−2 mg−1 IrO2 for the IrO2/TinO2n−1 prepared in-

house and IrO2/Ebonex®, respectively. The ohmic drop corrected Tafel plots 

obtained at 80 ◦C are reported in Fig. 11.  

 
Figure 11. Tafel plots of the IrO2/TinO2n−1 (in-house) and IrO2/Ebonex® 

 

It is assumed that the hydrogen electrode does not contribute significantly 

to the polarization behaviour, i.e. it may be considered as both counter and 

reference electrode in the single cell polarization experiments [31]. Furthermore, 

being the hydrogen electrode the same in both experiments, it does not play any 

role in determining the observed differences. Two Tafel regimes were observed for 
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the IrO2/Ebonex® electrocatalyst at low and high current density. These were 

characterized by a Tafel slope of about 71 and 133mV/dec. It is suggested that the 

charge transfer process occurring at low current densities is essentially governed 

by a Temkin adsorption isotherm, whereas Langmuir adsorption isotherm 

behaviour is prevailing at high current densities. This often occurs also for the 

oxygen reduction process in the presence of Nafion electrolyte [33]. The Temkin 

adsorption isotherm is characterized by a strong mutual interaction among the 

absorbed oxygen species that is prevailing in the potential region close to the 

reversible potential [33]. Such effect determines a low Tafel slope of 71 mV/dec at 

80 ◦C which accounts for a two-electron transfer rate determing step. At high 

current densities, an increase of Tafel slope (133 mV/dec) for the IrO2/Ebonex® 

was observed. A one-electron transfer rate determining step appears prevailing in 

the high current range for this catalyst. The IrO2/TinO2n−1 (in-house) catalyst 

showed a Tafel slope of 125mV/dec in almost the overall range of current 

densities (Fig. 11) excluding the region of the reversible potential where a 

deviation from the Tafel regime was observed for both catalysts. It is not 

discarded that a Temkin adsorption regime could also occur for this catalyst at low 

overpotentials. Although a larger slope in the low current density range was 

recorded for the catalyst based on the in house prepared support as compared to 

the other catalyst, the lower overpotential determined a better performance for the 

in-house support based electrode. This aspect may be related to the larger number 

of catalytic sites available for the reaction in the in-house catalyst compared to the 

catalyst based on the commercial support as determined from the voltammetric 

charge measurements [32]. Being the active IrO2 phase essentially the same for the 

two catalysts, the different behaviour could be related to the interaction between 

the active phase and the support. To investigate in detail these aspects, 

transmission electron microscopy and X-ray photoelectron spectroscopy analyses 

were carried out on the two catalysts. 

 

 

 



Chapter 5 

 98

 

 

5.3.3  Surface and morphology characterization 

The TEM micrographs for the two catalysts are shown in Fig. 12.  

 
Figure 12. TEM micrographs: (a) IrO2/Ebonex®; (b) IrO2/TinO2n−1 (in-house) 

 

The fine particles were related to the amorphous IrO2 phase. No relevant 

differences were envisaged in terms of particle size for this phase in the two 

samples. The IrO2 dispersion was better in the case of the catalyst based on the in-

house prepared TinO2n−1 possibly indicating a strong effect of support roughness. 

Furthermore, most of the IrO2 particles were allocated on the outer surface in the 

case of the in-house support. The surface analysis was carried out by XPS. A 

comparison of the survey spectra for the two catalysts is shown in Fig. 13. 
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Figure 13. XPS survey spectra of IrO2/TinO2n−1 (in-house) and IrO2/Ebonex® 

 

 By comparing the Ir4f and Ti2p photoelectron lines in the two samples, it 

clearly appeared that there was a significant enrichment of the IrO2 phase on the 

surface for the catalyst based on the in-house prepared support. The surface 

atomic Ir/Ti ratios were 0.45 for the commercial support based catalyst and 1.93 in 

the catalyst based on the in-house support, whereas, the atomic ratios in the bulk 

were close to the nominal composition (see XRF analysis). This could be explained 

in terms of distribution of the IrO2 phase on the outer surface for the in-house 

support and insertion of IrO2 in the inner pores in the case of Ebonex® as 

envisaged by TEM. The presence of smaller pores in the TinO2n−1 did not favour 

the penetration of the large amorphous IrO2 agglomerates into the support. Thus, 

the morphology was less packed with respect to the catalyst based on Ebonex® 

(Fig. 12). Of course, this aspect was mainly determined by the preparation 

procedure and morphological characteristics of the supports. However, there were 

also differences in terms of chemical properties which are of relevant interest. Fig. 

14 shows the high-resolution spectra for the two catalysts. The insets in Fig. 14 

show the XRF spectra for the two formulations.  
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Figure 14. XPS spectra of Ti2p and Ir4f: (a) Ebonex®; (b) TinO2n−1 (in-house) 

 

The Ir4f and Ti2p photoelectron lines occurred at slightly higher B.E. for the 

in-house support based catalyst (Fig. 14) [34]. This indicated an increased level of 

electron-vacancies for both Ir and Ti in such a system. This aspect may be 

considered favourable in terms of oxygen evolution at the Ir sites in the in-house 

support based catalyst since they can easily accept electron donation from water 

molecules; whereas, in the case of the Ebonex® based catalyst the lower B.E. of 

Ti2p reveals a larger degree of sub-stoichiometry. This evidence is in agreement 

with the XRD analysis that showed a prevalence of a crystallographic structure 

with an O/Ti ratio of 1.8 in the commercial support and 1.88 in the in-house 

prepared TinO2n−1. Yet, although the B.E. of Ti for the in-house support (459.3 eV) 
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is not much dissimilar from that of Rutile and Anatase (459.2 eV) [34], the 

electronic conductivity and bulk characteristics (see structural analysis) are those 

of Ti-suboxides. Such aspects are of relevant interest for what concerns the 

resilience to the electrochemical corrosion. It is preferable for the support a 

refractory behaviour on the surface such as that of the insulating TiO2 but also the 

presence of suitable electronic conductivity properties in the bulk. A 

deconvolution of the Ir4f photoelectron lines is shown in Fig. 15. 

 
Figure 15. Deconvolution of the Ir4f spectra. (a) Ebonex®; (b) TinO2n−1 (in-house) 

 

 The 4f7/2–4f5/2 doublet occurring at B.E. 62.2–65.2 eV and 62.3–65.3 eV for 

IrO2/Ebonex® and prepared in-house IrO2/TinO2n−1, respectively, was assigned to 

Ir4+ species [35]. These values are not significantly different from those reported in 

the literature for the Ir (IV) species of Ir-oxide in a Ti supported system, e.g. 62.5–

62.9 eV for 4f7/2 [36]. Another doublet with broader character is observed at B.E. 
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of 64.3–67.3 and 64.7–67.7 for IrO2/Ebonex® and IrO2/TinO2n−1 prepared in-house, 

respectively. These species are due to the presence of higher oxidation states, 

probably Ir (VI) species, on the surface [35]. Their relative content is larger in the 

IrO2/TinO2n−1 prepared in-house confirming an increased level of electron-

vacancies for the Ir sites in this sample. 

 

 

5.4 Conclusions 

The observed electrochemical performance for the catalyst based on the in-

house prepared Ti-suboxide support favourably compared to the catalyst 

containing Ebonex®. The commercial amorphous IrO2 phase used in the present 

work is generally considered 

less performing with respect to a crystalline IrO2 phase prepared at 400 ◦C. 

Thus, the supported catalysts could be further ameliorated in terms of specific and 

mass activity. The support prepared in-house revealed less degree of sub-

stoichiometry than the commercial Ebonex® but larger surface area and surface 

roughness. These properties allowed a better dispersion of the IrO2 phase on the 

support and a larger occurrence of the active sites on the surface. A larger 

voltammetric charge was measured for the catalyst prepared in-house with 

respect to the one based on Ebonex®. Such morphological characteristics together 

with the more favourable electrochemical properties determined a better 

electrocatalytic activity for the oxygen evolution in a SPE electrolyser for the 

catalyst based on the support prepared in-house with respect to the catalyst 

containing Ebonex®. 
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