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RÉSUMÉ 

 

La diversification des sources d’énergie en incorporant des technologies propres 

et renouvelables devrait jouer en rôle important pour s’affranchir du système 

actuel dominé par les énergies fossiles. L’hydrogène est un vecteur énergétique 

renouvelable prometteur, et l’électrolyseur d’eau à membrane échangeuse de 

proton (PEMWE) est une technologie reconnue pour produire du H2 de haute 

pureté. Néanmoins, et malgré les performances prometteuses, une utilisation à 

grande échelle de ce type d’électrolyseur est confrontée à des problématiques 

de coût et d’efficacité pour lesquelles le catalyseur anodique est l’un des 

principaux contributeurs du fait de sa composition (matériaux à base d’iridium) et 

des grandes surtensions nécessaires pour la réaction de production d’oxygène 

(OER) qui induisent une cinétique lente. 

 

Ce travail de thèse s’intéresse à l’étude électrochimique de différents catalyseurs 

à base d’iridium pour l’OER. Plusieurs stratégies ont été employées pour 

déterminer différentes propriétés comme la surface électroactive (ECSA) et la 

stabilité et la dégradation en condition d’électrolyse afin de pouvoir décrire, 

analyser et comparer les différents catalyseurs. Les dérivés d’oxydes mixtes de 

formule Ir1-xMoxO2 (x =0, 0.1, 0.3, 0.5, 0.7 and 1) ont été synthétisés par le 

procédé de spray-drying (déshydratation par atomisation) et calcinés à 

différentes températures entre 400 et 800 °C pour réduire le métal noble (Iridium) 

dans l'anode et d'améliorer la surface spécifique de l'oxyde d'iridium pur. Les 

électrocatalyseurs ont été caractérisés par diffraction des rayons X sur poudre 

(XRD), microscopie électronique à balayage (SEM), spectrométrie 

photoélectronique X (XPS) et spectroscopie d’absorption des rayons X (XAS). 

L’étude par SEM de ces matériaux a confirmé les morphonologies poreuses et 

amorphes à basses températures de calcination et les échantillons contenant 70 

% de Mo présentaient une morphologie supplémentaire sous forme de plaquettes 

dans 400 et 600 °C. L’analyse des spectres XRD a aussi pu établir que les 

catalyseurs contenant x = 0.1, 0.3 and 0.5 ne presentent qu’une seule phase et 

sont obtenus à partir des températures de frittage de 450, 500 et 550 °C, 

respectivement. Cela a montré que l'ajout de molybdène retarde la cristallisation 
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et que la taille des cristallites diminue avec molybdène. En revanche, les 

échantillons avec x = 0,7 présentent la coexistence des phases Ir1-xMoxO2 et 

MoO3 à basse température de calcination.  

 

En utilisant une électrode à disque tournant (RDE), les caractérisations 

électrochimiques par voltammétrie cyclique (CV) et chronoampérométrie, ainsi 

que des mesures de capacitance de double couche (Cdl) et d’électrodéposition à 

sous-potentiel de mercure (Hg-UPD) ont permis de s’intéresser aux mesures de 

surface électroactive de ces matériaux. Les CV de tous les oxydes mixtes a 

permis de comparer et d'observer l'influence de la température de frittage sur les 

performances vis-à-vis de l'OER. Pour observer l'influence de l'état d'oxydation 

de l'iridium sur les performances des OER iridium - oxydes de molybdène, les 

spectres XPS et XANES ont montré que lors de l'observation de l'état d'oxydation 

de l'iridium dans les températures sélectionnée, toutes les compositions ont mis 

en évidence Ir4+ ou la transition de Ir3+ à Ir4+. Ainsi il a pu être démontré que l’état 

d’oxydation de l’iridium n’influence pas les performances électrocatalytiques de 

ces oxydes mixtes. De plus, les deux techniques démontrent que le même état 

d'oxydation est présent dans la surface comme et au cœur des matériaux. Trois 

des composés de la série Ir1-xMoxO2 (x = 0,1, 0,3, 0,5) calcinés à 450, 500 et 550 

°C, respectivement, ont présenté les meilleures performances OER et ont été 

étudiés pour leur stabilité comme matériaux anodiques, où les trois composés 

ont maintenu un potentiel constant pendant plusieurs heures, suggérant que ces 

séries d'oxydes possèdent une bonne stabilité au cours du processus OER 

 

La détermination de la surface électrochimique (ECSA) par différentes approches 

électrochimiques telles que la méthode de capacitance à double couche (Cdl) a 

permis d'obtenir une tendance du comportement du courant de charge de 

l'électrocatalyseur en fonction de la température de frittage, tandis que le 

méthode Hg-UPD permettait d’obtenir des résultats comparables aux mesures 

BET pour ces matériaux ultraporeux pur et poreux mixte. Enfin, malgré la 

méthode les trois compositions principales ont montré la plus grande surface sont 

aux températures de calcination optimales. 
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ABSTRACT 

 

Diversifying energy sources by incorporating cleaner technologies i.e., renewable 

energy sources, are expected to play an important role to move from the current 

non-renewable dominated energy system. One of the promising energy carriers 

for renewable energy systems is hydrogen, and proton exchange membrane 

water electrolyzer (PEMWE) is one of the technologies known to produce highly 

pure H2. Regardless the promising performances, large-scale use of such device 

faces efficiency and cost issues, among which the anode catalyst material is one 

of the main contributors due to its composition (Ir-based materials) and high 

overpotential towards the oxygen evolution reaction (OER) (slow kinetic). 

 

This thesis work aimed to electrochemically study several Ir-based OER catalysts 

by different strategies since properties such as electrochemical surface area 

(ECSA), stability/degradation tests and catalytic processes are critical 

characteristics to describe, analyze and compare electrocatalysts. The mixed 

oxides derived from Ir1-xMoxO2 (x =0, 0.1, 0.3, 0.5, 0.7 and 1) were synthesized 

by the spray-drying process and calcined at different temperatures in the range 

400 – 800 °C to address the challenge to reduce the noble metal content (Iridium) 

in the anode and enhanced the surface area of pure iridium oxide. The 

electrocatalysts were characterized by X-ray powder diffraction (XRD), scanning 

electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and X-ray 

absorption spectroscopy (XAS). The SEM study of these materials confirmed the 

amorphous - porous morphologies at lower calcination temperatures and 

samples with 70%Mo exhibited an additional morphology in the form of platelet 

the range 400 – 600°C. XRD Rietveld refinements indicated single phases 

compounds were obtained for x = 0.1, 0.3 and 0.5 starting from the sintering 

temperatures of 450, 500 and 550 °C, respectively. This showed that the addition 

of molybdenum delays the crystallization, and the crystallite size decreases with 

molybdenum content. In contrast, samples with x = 0.7 present the coexistence 

of Ir1-xMoxO2 and MoO3 phases at low calcination temperature.  
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The electrochemical characterization using rotating disc electrode (RDE) 

technique consisted of cyclic voltammetry (CV) and chronoamperometry, as well 

as double layer capacitance (Cdl) and Hg underpotential deposition (Hg-UPD), 

which allowed to investigate their ECSA. The CV of all the mixed oxides allowed 

to compare and observed the influence of the sintering temperature on the 

performance towards OER. To observe the influence of iridium oxidation state on 

OER iridium – molybdenum oxides performance, XPS and XANES 

measurements showed that when observing the oxidation state of iridium at the 

selected temperature range, all compositions evidenced Ir4+ or the transition from 

Ir3+ to Ir4+. Thus, iridium oxidation state does not rule over iridium – molybdenum 

oxides OER performance. Furthermore, both techniques demonstrating that the 

same oxidation state is present in the surface as in the bulk. Three of the 

compounds of the series Ir1-xMoxO2 (x = 0.1, 0.3, 0.5) calcined at 450, 500 and 

550 °C, respectively, exhibited the best OER performance and were selected to 

be further studied in view of the stability, where the three compounds maintained 

a constant potential over the course of several hours, suggesting that these oxide 

series possess a good stability during the OER process.  

 

Electrochemical surface area (ECSA) determination by different electrochemical 

approaches such as double layer capacitance (Cdl) method allowed to obtain a 

trend of the charging current behavior of the electrocatalyst as function of the 

sintering temperature, while the Hg underpotential deposition (Hg-UPD) method 

results prove its relevancy and applicability for ultraporous and porous Ir-mixed 

oxides when tested in RDE giving consistent ECSA values in agreement with BET 

measurements. Finally, despite the method the three main compositions 

exhibited the largest surface are at the optimal calcination temperatures.  
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GENERAL INTRODUCTION  

In recent years, the energy crisis has become one of the biggest challenges the 

world has to face. Major changes have to be made in energy systems to diversify 

energy sources incorporating cleaner technologies, leading to better use of 

energy. As a result, renewable energy sources are a great hope, however, these 

technologies present some issues including efficient energy storage. Therefore, 

water electrolyzers are possible solution to develop hydrogen as an energy 

vector. 

Among electrolysis technologies, proton exchange water electrolyzer (PEMWE) 

is one of the most promising technologies for energy storage. This device is 

producing highly pure H2, working at high current densities and pressures, and 

presenting high energy efficiencies comprised between 80 - 90%. Therefore, 

considering the relevance of the PEMWE technology for hydrogen production, 

this thesis proposes to investigate the issues presented by state-of-the-art 

catalysts for water oxidation in PEMWEs. These catalytic materials must be able 

to drive the catalytic reaction at low overpotentials and to present high catalytic 

activity and efficient mass transport of liquid and gases.1 Also, they ought to have 

more durability, higher thermodynamic efficiency and lower cost of interconnects, 

since the electrolyzers performance is impeded mainly by the catalyst at the 

anode that drives the oxygen evolution reaction (OER).2 For this reason, in recent 

years, research has focused on finding better catalysts than those according to 

the state-of-the-art, namely RuO2 and IrO2 derivatives.3 The latter is exhibiting 

good activity and stability towards the OER but reducing its loading in the device 

is crucial since its cost is too high to meet the long-term costs of PEMWE and 

large-scale development.  

However, new arrangements of Ir and Ru based oxides materials are still 

attractive as anode materials, and new routes of synthesis could also be 

investigated. As an example, extensive studies of Ru-Ir alloys and oxides have 

been carried out in order to enhance their activity and thermodynamic stability.4-

8 On the other hand, catalyst properties have been tuned by doping with Co,9-11 

K,12 Bi,13 Sn,14 Ta15 and Pt.16 These materials are amorphous oxides and have 
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been shown to be more active than single metal oxides. Our research focuses 

precisely on similar Ir-based oxide materials in order to find improved 

characteristics with respect to existing materials based on the achievements that 

have been obtained in recent years in this area. 

In this order of ideas, the present thesis is based on the substitution of iridium by 

molybdenum in the form Ir1-xMoxO2 to study the Ir-mixed oxides as anode 

materials for the oxygen evolution reaction.  As an example, IrO2-MoO3 hybrid 

composites were recently reported for OER by Tariq et al.,17 and showed a 70% 

mole fraction of noble metal content, good conductive network, excellent stability 

and activity in acid environments. The work presented here deals with the study 

of the Ir1-xMoxO2 (x= 0, 0.1, 0.3, 0.5, 0.7 and 1) series as an anode catalyst based 

on the relationship between their structural characteristics and the improvement 

of the electrochemical behavior in the cell. Chapter 1 describes the state of art 

(scientific context), the operation of PEMWEs and the general requirements of 

the main components (anode, cathode and electrolyte). Chapter 2 presents the 

structural characterizations of the Ir1-xMoxO2 series. Chapter 3 highlights the 

performances of the Ir-Mo oxides as catalysts for the oxygen evolution reaction 

and stability tests by cyclic voltammetry (CV). Chapter 4 concerns the comparison 

of the different techniques to evaluate the Electrochemical Surface Area (ECSA). 

Chapter 5 presents the main conclusions mentioned in the previous chapters and 

finally, Chapter 6 presents a resume of the experimental methods that have been 

used throughout this work. 

This work was carried out in collaboration with a research group at the laboratory 

ITODYS (group of Jennifer Peron and Marion Giraud, Université de Paris), 

providing us the Ir-Mo catalysts used for all the electrochemical methods 

performed by myself. SEM, XRD and BET characterization results presented in 

this thesis were performed also at the laboratory ITODYS.  
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CHAPTER 1. STATE OF THE ART  

1.1.  Introduction 

1.1.1. Environmental context 

Energy related issues such as renewable energy sources, dependency on fossil 

fuels and greenhouse gas emissions have become topics of global interest. The 

diversification in energy systems must be capable of providing security, 

profitability, and reliability to economic activities as well as to society of any 

country, since they present a high dependency on the currently most used 

source: fossil fuels.18 Nowadays, wind and solar technologies have been able to 

demonstrate their large scale use, despite being limited by the geography area, 

since its use has been growing over the years according to the statistics of the 

International Energy Agency (IEA) (Figure 1.1).19 This potential growth is strongly 

linked to the use of energy storage devices (Figure 1.2), however, those present 

some challenges such as modularization of the energy, cost of equipment, and 

energy storage efficiency.20 Nevertheless, even if CO2 emissions showed a 

stabilization in 2019 with 33.2 Gt 21 compared to the previous years, it is of 

primary importance to improve current renewable storage and usage 

technologies such as fuel cells and electrolyzers.  

 

Figure 1.1. Electricity generation by different renewable sources (taken from19). 
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Figure 1.2. Use of different energy storage devices on operational projects in 

2016 (taken from20).  

On this basis, hydrogen appears to be a suitable clean energy vector, however, 

its main source comes from natural gas reforming process. Therefore, producing 

hydrogen while implementing an efficient energy device from a clean source, 

opens an interesting approach on how to integrate durability, availability, and 

efficiency.22-25  

1.1.2. Hydrogen economy 

Hydrogen as an energy vector is based on the potential to provide energy in an 

economically, environmentally, socially, and financially manner to country’s 

services.26, 27 Molecular hydrogen (H2) can be obtained from different production 

methods such as photocatalytic, enzymatic, fermentative, steam reforming and 

electrolysis (Figure 1.3).28 Currently, 120 Mt of hydrogen are produced each year, 

generated mainly from natural gas and coal, and consuming around 2% of the 

global total primary energy demand for its production.29 It is expected that 

hydrogen by 2050 could meet 6 to 18% of the global energy demand, 20 to 25% 

of the transportation industry and ca. 10% of global building heating demand.26 

In order to accomplish those target numbers, the production systems currently 

available should transition to better resources, reinforcing the development of 

new hydrogen technologies and improving the current ones. 
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Figure 1.3. Main hydrogen production methods. 

Water splitting is considered as the most environmental friendly way of hydrogen 

production, since it uses an abundant resource (water) while carrying a simple 

electrocatalytic process resulting on high hydrogen purity.30 This hydrogen is 

generated in water electrolyzers by the process of electrolysis when a current is 

applied, and can be stored and then used for conversion in to electrical energy 

using fuel cells.22, 25 

1.2. Water electrolyzers 

The electrolysis of water is described in Eq. 1-1, where water is the reactant and 

splits into hydrogen and oxygen. The process happens in two half reactions 

known as hydrogen evolution reaction (HER, Eq. 1-3) and oxygen evolution 

reaction (OER, Eq. 1-2). 

Water splitting: 𝐻2𝑂 → 𝐻2 +
1

2
𝑂2  (Eq. 1-1) 

Anode: 𝐻2𝑂 → 2𝐻+ + 2𝑒− +
1

2
𝑂2  (Eq. 1-2) 

Cathode:  2𝐻+ + 2𝑒− →  𝐻2  (Eq. 1-3) 

Water electrolyzer devices may be classified in different types based on their 

operating conditions, electrolyte, and ionic agents.22, 31 As shown in Table 1.1, 

the four technologies are briefly resume with their corresponding operational 
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principles, operational temperatures, advantages, disadvantages, and ion 

exchange.31-33 

 

Table 1.1. Main characteristics of water electrolyzers. 

Among the devices presented in Table 1.1, the solid oxide electrolyzer (SOE) is 

the only one for which operation temperature is much higher than the others ( > 

800 °C). This system uses the same materials used in solid oxide fuel cells 

(SOFC), such as Yttria-stabilized zirconia (YSZ), lanthanum strontium manganite 

(LSM) and Ni-YSZ, as electrolyte, cathode and anode materials, respectively.22, 

25, 31 However, this high operational temperature causes degradation of the 

system and lack of stability on the long term. A recent approach on the low 

temperature, microbial electrolyzer based on the use of renewable biomass and 

wastewaters has been proposed.34 The process starts at the anode where the 

organic matter is oxidized by microbial organisms producing CO2, protons and 

electrons. Protons and electrons then combine at the cathode to produce H2.
22

 

This technology is still under development since stabilizing the operational 

temperature is crucial to maintain the organisms in optimum conditions for a long-

term operation.34 On the other hand, among these electrolyzers that operates at 

low temperatures, the alkaline electrolyzer is the most commercially available and 

well-stablished technology. For these devices, the electrolyte usually is a solution 

of KOH, and this alkaline medium improves the kinetics of the reactions at the 
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electrodes. However, major drawbacks of this electrolyzer are the low current 

densities (< 400 mA cm-2),22, 35 the high ohmic losses across the electrolyte and 

diaphragm, and the formation of insoluble carbonates when the electrolyte comes 

in contact with the gasses (i.e., air, CO/CO2).36 

To overcome the challenges presented in the latter electrolyzer, the introduction 

of a solid polymer electrolyte into the electrolyzer allowed to overcome the low 

current densities and pressure operation, and mixing of gasses, resulting in PEM 

water electrolyzers. This one, nowadays, is considered as the most promising 

technologies for the conversion of hydrogen, in terms of sustainability, 

environmental impact and being a compact system.1-3, 22, 24, 32, 37 

1.2.1. Proton Exchange Membrane Water Electrolyzer (PEMWE) 

A proton exchange membrane water electrolyzer (PEMWE) is a solid polymer 

based electrochemical device that converts water into hydrogen and oxygen by 

electrochemical reactions. The polymer membrane allows the conduction of 

protons, but also the separation of gases and the prevention of corrosion 

phenomenon. PEMWE uses a solid polymer electrolyte (SPE) and operates at 

temperatures in the range of 20 to 100 °C. The SPE main role is to achieve high 

current densities (> 2 A cm-2),22 values reachable since the membrane leads to 

lower ohmic losses. The operating temperature allows compact and stackable 

designs with minor safety issues,32 and the compact system allows to achieve 

high operational pressures (up to 700 bar, differential pressure).38  

The basic design of a PEMWE consists of two electrodes (cathode and anode), 

an electrolyte (the polymer membrane), bipolar plates, current collectors and gas 

diffusion layers (GDL). Figure 1.4 presents the cross-section of a PEM 

electrolyzer and detailed operational scheme. 
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Figure 1.4. Scheme of a) membrane electrode assembly (MEA) and b) 

operational principle of PEMWE. 

The simplified structure of a PEMWE presents a layer of a solid acidic polymer 

membrane (electrolyte) that lies between the two electrodes (anode and cathode) 

separating gas products and transport of protons. The anode and cathode are 

where the half reactions, oxygen evolution and hydrogen evolution, take place. 

The bipolar plates ensure the distribution of fuel and separates individual cell in 

a stack, and the mechanical stability. It also facilitates mass transport (i.e., water, 

gas) and heat management. The current collectors, on the other hand, allow the 

transport of two-phase fluid (liquid/gas) from the channels to the electrodes, and 

collects electrons.37, 39, 40   

The operation of a PEMWE involves the splitting of water electrochemically into 

hydrogen and oxygen at the cathode and anode, respectively. Water is pumped 

into the anode splitting into oxygen (O2), electrons (e-) and protons (H+). The latter 

travels via the polymer electrolyte (membrane) to the cathode section. The 

electrons are transported through the external power circuit in order to recombine 

with the protons to produce hydrogen (H2). For this process, some energy is 

required, which can be calculated from the Gibbs free energy (∆G), the standard 

free energy of reaction (∆G0; 25° C, 1 atm) and is equal to 237 kJ mol-1, 

associated to the theoretical cell potential in Eq. 1-4, where n is the number of 

electrons and F is Faraday’s constant:22  

                                              𝐸0 =
∆𝐺0

nF
= 1.23 V                                         (Eq. 1-4) 
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However, since some entropy (∆S) is generated, the change of enthalpy (∆H) 

becomes more suitable following Eq. 1-5, and at standard conditions ∆H0 equals 

to 298 kJ mol-1:  

                                              ∆H = ∆G + T∆S                                           (Eq. 1-5) 

Therefore, the required voltage, now called thermo-neutral voltage (VTN), results 

in 1.48 V (Eq. 1-6):   

                                             VTN =
∆H

nF
=

∆G

nF
+

T∆S

nF
= 1.48 𝑉                        (Eq. 1-6) 

The excess of energy produced by the process is transformed into heat (T∆S) 

during the electrolysis, which adds to the total energy requirement, then the need 

of Gibbs free energy (∆G) decreases as the temperature increases.38 Moreover, 

for the water electrolysis in the cell assembly it is necessary to take into account 

the resistances generated by the electrochemical reactions (anodic and cathodic 

overpotentials) as well as the ohmic resistance (IR drop) for the total cell voltage.   

1.3. PEMWE components 

1.3.1. Solid polymer membrane 

The membranes, in order to work efficiently, must have: (i) high strength, (ii) high 

efficiency and high oxidative stability, (iii) dimensionally stable with change of 

temperature, (iv) good durability, (v) high proton conductivity, (vi) high density 

(>90%) in order to avoid interconnected porosity, and (vii) operate at high current 

densities (2 A/cm2).41 The membranes for a PEMWE are mainly materials with 

perfluorosulfonic acid (PFSA) polymer, such as Nafion®, Aquivion®, Fumapem® 

or Flemion®.22 Some other polymer membranes can be also used based on 

polybenzimidazoles (PBI), polyether sulfones (PES) and sulfonated polyether 

ketones (S-PEEK).37 
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Figure 1.5. Chemical structure of Nafion. 

The most commonly used is Nafion® (117, 115, 112 and 105) from Dupont, the 

difference among them relays on the equivalent weight and material thickness 

(i.e., Nafion 117 = 1100 g EW and 0.007 inches in thickness).42 These 

membranes have shown good mechanical strength (yield strength between 1.82-

2.50 MPa),43 chemical and thermal stability ( > 190 °C), high proton conductivity 

( > 0.2 S cm-1),44 high resistance to gas-crossover and current densities ( > 1.5 A 

cm-2) and high durability.1, 37, 45 The main properties of Nafion membranes are 

water uptake, electro-osmotic drag coefficient and proton conductivity.45 First, 

PFSA membranes (Figure 1.5) contain sulfonic acid (SO3
- H+) chains, which are 

heavily related to proton conductivity and water uptake. The latter is strongly 

influenced by the pretreatment of the membrane, high temperatures (> 100° C) 

for drying resulting in lower water content, and thus low proton conductivity. 

Furthermore, the electro-osmotic drag coefficient depends on the water uptake. 

To overcome this, TiO2 and SiO2 have been added to reinforce the membranes 

in order to operate higher temperatures and pressures, since these oxides are 

known for their water retention properties.46, 47 Second, the 

polytetrafluoroethylene (PTFE) backbone provides robustness and stability while 

operating in acidic or alkaline environments.48 Knowing these parameters allows 

to fabricate good membrane electrode assemblies (MEAs) (Figure 1.4a), which 

are the core of the PEMWE, consisting in an ionomer solution, a membrane and 

electrocatalysts (anode and cathode). 

1.3.2. Electrocatalyst for PEMWE  

1.3.2.1. Requirements 
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The electrocatalysts main function is to speed up the reaction kinetics in all the 

electrolysis devices presented in Table 1.1. On a general level, a well performing 

electrocatalyst must present the following characteristics:22, 31, 32 

i. High electrochemical active surface area (i.e., porous material). 

ii.  Good chemical and electrochemical stability (i.e., catalytic activity and high 

corrosion resistance). 

iii.  High electrical conductivity (efficient electron transfer). 

iv. Excellent mechanical stability for operating at high temperatures and 

pressures.   

v. Reduce overpotential to carry out the cathodic and anodic reactions (i.e., 

good charge transfer kinetics for lower activation energy)  

vi. Low capital cost to compete with traditional energy sources. 

In the case of alkaline systems, the fulfillment of the above requirements is not 

as demanding as in proton exchange membrane water electrolyzers due to its 

acidic environment. Therefore, the electrocatalysts for PEMWE are usually 

expensive noble metals like iridium or iridium-ruthenium mixed oxide for the 

anode, and Pt black or Pt/carbon supported for the cathode, in contrast to the 

less expensive transition metals on alkaline electrolyzers.49-52 

1.3.2.2. Cathodes for hydrogen evolution reaction (HER)  

 

a) Hydrogen evolution reaction (HER) 

One of the most widely investigated electrochemical reaction is the hydrogen 

evolution reaction (HER), a two-electron process where protons are reduced to 

molecular hydrogen as written in Eq. 1-3. The mechanism in acidic environment 

follows first an electrochemical hydrogen adsorption (Volmer reaction, Eq. 1-7) 

reaction, and secondly an electrochemical hydrogen desorption (Volmer-

Heyrovsky or Volmer-Tafel reactions, Eq. 1-8 and Eq. 1-9, respectively) 

reaction:53, 54 
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Figure 1.6. Two mechanisms of HER on the surface of the electrocatalyst in acid 

solution. 

Depending on the kinetic that the catalysts present, the mechanism can be either 

a combination of Volmer + Tafel or a Volmer + Heyrovsky reactions, since 

adsorbed hydrogen is the only intermediate (Figure 1.6). Therefore, the 

challenges in PEMWE towards the HER were and are still focused on decreasing 

the cost of the well stablished electrocatalyst (Pt) as wells as increasing the 

performance and durability during operation. 

b) Noble metals (NMs) electrocatalysts 

Pt-catalysts are typical cathode materials in a PEMWE since Pt exhibits an 

excellent stability in acidic conditions while presenting very high HER activity. 

One of the strategies to reduce the cost of the catalyst is to use electrocatalytic 

supports, where nanoparticles (NPs) of Pt (or Pd, another active catalyst for HER) 

are spread. They should possess good resistance to corrosion, high conductivity, 

low cost and chemical stability with the loaded catalyst.55 Carbon materials are 

the most commonly used as support at the cathode (but not for the anode since 

carbon can be easily oxidized into CO2 at a low potential, 0.206 V vs RHE)37, 56 

and has a high electrochemical surface area.57 Therefore, Pt/C is the state-of-art 
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cathode material, where the loading of the NM is dispersed on the active phase 

(support) on gas diffusion electrodes on carbon nanotubes,58 graphene 59-61 or 

carbon black (Figure 1.7).62  

 

Figure 1.7. a) SEM image of CNT/Pt composite loaded with 5 wt% (taken from 

63) and b) TEM image of Pt/Vulcan carbon catalyst (taken from 56). 

It has been reported that Pt/C at low loadings (0.5-1 mgPt cm-2)64, 65 reached 

current densities around 1 A cm-2 or more at very low overpotential (ca. 50 mV)16, 

66, 67 while operating at temperatures in the range of 70-80 °C. However, carbon-

based supports used at the cathode usually present poor electrochemical stability 

on their own, then in order to be used as catalyst support they must be activated 

either chemically (oxidative pre-treatment by HNO3, H2O2, O2 or O3) or physically 

(thermal treatment under inert atmosphere at 800-1100 °C or in air at 400-500 

°C) to ensure good dispersion of the metal and catalytic activity.55, 68 Therefore, 

modifications and the used of different synthesis routes to produce new structures 

or enhancing interactions between the substrate and the NM has been center of 

focused recently. Among these, graphite spheres 69 and nanofibers 70, 71 (CNF) 

have reported an increase in stability due to the hollow structure that allows a 

“confinement” of the NPs and favorable interaction of the alloy PdNi-CNF.72 Also, 

core-shell catalysts, where a transition metal is the core and a Pt or Pd works as 

the shell, have resulted in an increase of the electrocatalytic efficiency due to the 

tunable properties of this technique to control the NM thickness(Figure 1.8). 73-75  
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Figure 1.8. Different morphologies on carbon-based support a) TEM image of 

Pt@HGS (taken from69), b) SEM image of Pd/CNFs (taken from72) and c) HAADF 

image of Pt monolayer shell on Pd core-NPs (taken from 73) 

Different route of synthesis such as chemical vapor deposition (CVD),76-78 

reactive spray deposition technology (RSDT),57, 79 physical vapor deposition 

(PVD) 80, 81 and others have been used to tune properties on the carbon-based 

supports. Overall, the most promising morphology light be graphene. On its own 

it possesses unique properties (low resistivity, microporous structure) that can 

offer high surface area (64 m2 gPt) such as the Pt/rGO (reduced graphene oxide) 

and an improve in stability while testing the oxygen reduction reaction (ORR).76, 

82-84 Despite all these advances on the carbon support, it is still necessary to 

make more cost-effective the HER, leading to a research on earth-abundant 

materials. 

c)  Non-noble metals (Non-NMs) electrocatalysts  

Sulfides, carbides, phosphides, oxides and nitrides composed of earth-abundant 

metals, usually named transition metal catalyst (TMC), haven been proposed as 

promising alternatives to platinum as HER electrocatalysts (Figure 1.9).31 

Sulfides, such as MoSx-based more precisely MoS2, exhibit a relatively high 

activity (overpotential in the range of 100-180 mV)85 but still low compared to 

platinum catalysts. Also, molybdenum its higher in abundance compared to 

platinum, 1.2 ppm versus the 0.01 ppm of the earth’s crustal rocks,86, 87 

respectively. This abundance makes MoSx-based a promising option, with 

numerous morphological arrangements such as NPs,88, 89 films,90, 91 sheets 92 and 

composites.93-95 However, these materials still present poor stability, but it has 

been demonstrated that by enhancing the active sites on the nanostructures, 

mentioned previously, is possible to surpass that throwback.96 



 

15 

 

 

Figure 1.9. Different crystal structures of Non-NMs electrocatalysts. Crystal 

structures of Mo2S (taken from97), Mo2C (taken from98), CoP2 (taken from99) and 

Pt/TiN (taken from100). 

On the other hand, carbides (TMCs, transitional metal carbides) are formed by 

adding carbon atoms into the transitional metals interstitial sites such as Mo,101 

W,31 Ti 102, 103 and others.104 They present a high resistance to corrosion (ionic 

interaction), strong interaction with NMs (high conductivity due to the metallic 

interaction) and suitable adsorption properties (covalent interactions).55, 102 

Therefore, they are often use as a support for Pt-NPs like WC hollow spheres,105, 

106 TI3C2 nanowires 107 or Mo2C nanotubes.108 The latter, as in the sulfide series, 

stands out among the carbides due to its d-band electronic structure which is like 

the platinum one. Therefore, the adjustable electronic structure makes it an 

attractive approach for HER catalysts.109 Other common carbides are WC and 

Cr3C2, and both have reported good HER activity.110 Furthermore, Ti carbide has 

attracted attention for possessing a conductivity in the range of 300-800 S m-1 

and better corrosion resistance compared to other carbides (i.e., WC) in the 

potential window for HER (potential window between 0.8 V to 1 V vs SHE).111 
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However, more investigation is needed in terms of synthesis for expanding its 

applicability.55, 102, 112  

Additionally to the TiC, among the transitional metal nitrides titanium nitride (TiN) 

has become a well-known supporting material, and its best performance is 

exhibited in the nanofiber morphology.113 The graphite carbon nitride, because of 

its graphene like structure and large number of active binding sites, is suitable for 

the dispersion of Pt-NPs.114 Recently, among the nitrides mesoporous materials, 

Pd/NiCo2S4 and NiMo nanosheets have improved the exposure of active sites 

enhancing the electrocatalytic HER with reasonable overpotentials (70-90 mV) 

and small Tafel slopes (70 mV dec-1 and 35 mV dec-1, respectively).115, 116 Lastly, 

phosphide ions have brought interesting electron transfer kinetic contribution 

when coupled to transition metals like Fe, Co, Ni and Mn.117, 118 FexP and NiP 

phosphides exhibit sites with great affinity for proton adsorption.119-121 Moreover, 

metal alloys phosphides are presenting low metal dissolution in acid solution and 

excellent corrosion resistance.67, 122 

1.3.2.3.  Anode for oxygen evolution reaction (OER)  

 

a) Oxygen evolution reaction (OER) 

Opposite to HER, the oxygen evolution reaction (OER) is more complex with four 

electron-proton coupled reactions that makes the kinetics much slower than the 

HER. It requires higher driving force to surpass the energy barriers with larger 

overpotentials to drive the O2 evolution (Eq. 1-2). Several reaction mechanisms 

have been proposed,123 but overall the OER reaction in acidic solution follows the 

oxidation of two water molecules to produce one of oxygen molecule through four 

electron-proton coupled steps (Figure 1.10).123-126 
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Figure 1.10. OER mechanism in acidic conditions (blue arrows) with peroxide 

intermediates (red arrows). 

The equations mechanism that follows Figure 1.10 are based on metal oxide 

(MOx):123, 124, 126-129 

𝑀 +  𝐻2𝑂(𝑙) → 𝑀𝑂𝐻 + (𝐻+ + 𝑒−)  (Eq. 1-10) 

𝑀𝑂𝐻 → 𝑀𝑂 + (𝐻+ + 𝑒−)  (Eq. 1-11) 

𝑀𝑂 +  𝐻2𝑂(𝑙) → 𝑀𝑂𝑂𝐻 + (𝐻+ + 𝑒−)  (Eq. 1-12) 

𝑀𝑂𝑂𝐻 →  𝑂2(𝑔) + 𝑀 + (𝐻+ + 𝑒−)  (Eq. 1-13) 

The first step (Eq. 1-10) is the formation of absorbed •OH species at the surface 

of M, then this metal-hydroxide follows a further oxidation (proton-electron 

coupling) to form an oxo species (Eq. 1-11). On Eq. 1-12, a nucleophilic attack 

by another water molecule leads to the hydroperoxide intermediate (MOOH), 

which then releases an oxygen molecule to regenerate the initial M active site 

(Eq. 1-13).126, 129 The major difference among the different mechanisms proposed 

is on the last step, the formation of molecular oxygen. MO produced at Eq. 1-11, 

can undergo a different route to form O2 by the combination of two MO molecules 

(Eq. 1-14).124, 127 

                                                  2𝑀𝑂 → 2𝑀 +  𝑂2(𝑔)                               (Eq. 1-14) 
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Despite the differences mentioned above, for a general electrocatalytic ability it 

has been established that the formation of the intermediates M-O, M-OH and M-

OOH are crucial for the electrocatalysis of OER.124, 127, 129 Moreover, the 

mechanism is strongly dependent on the nature of catalyst, therefore creating a 

universal mechanism for the different types of electrocatalyst is challenging. 

 

Figure 1.11. a) Volcano shaped curve for the OER activity of different oxides as 

function of their enthalpy (modified from130) and b) activity trends towards the 

OER for rutile and anatase oxides (taken from131). 

However, Trasatti associated the overpotential with the change of enthalpy of the 

lower to higher oxide of the intermediates giving a volcano shaped curve as a 

useful tool with predictive character (Figure 1.11a)130 or a recent one of Isabela 

et al.,131 based on rutile and anatase phases from different oxides (Figure 1.11b). 

As observed in Figure 1.11, metal oxides such as RuO2 and IrO2 are the ones 

presenting the lowest overpotential (100-200 mV) to drive a current density of 10 

mA cm-2 (ƞ10 = overpotential at 10 mA cm-2), since their oxidation potential are 

close to the oxygen evolution equilibrium potential.131, 132 Figure 1.12 presents 

how OER electrocatalyst can be classified nowadays such as alloys, 

diversification in morphology, mixture of oxides, low-cost transitions metals (TMs) 

and others. 
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Figure 1.12. Classification of OER electrocatalyst materials based on metal 

content. 

b) Noble metals (NMs) electrocatalyst 

IrO2 and RuO2 are the establish oxides for OER catalysts due to their electron 

conductivity and acceptable stability towards the corrosion from the acidic 

conditions of the membrane.5, 133, 134 

 

Figure 1.13. Strategies towards NMs based catalysts for OER. 
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On the other hand, Pd, Rh and Pt have shown high performances due to their 

structural durability,134-136 but to date Ir and Ru are the most extensively studied 

in a variation of arrangements such as metal/alloys and oxides (Figure 1.13). 

Moreover, recent advances have been undertaken towards crystal 

structure/morphology to tune the properties as well as to the increase the surface 

area to enhance the catalytic activity in order to reduce the cost of the catalysts 

in the MEA.31, 67, 125 

Iridium based materials. Diverse iridium metal/alloys and oxides have been 

developed for OER, since iridium offers an excellent compromise between activity 

and durability under strong acidic conditions. Ir-metal nanomaterials can work 

under harsh conditions, and in order to take advantage of the stability and activity 

that it offers a variety of strategies have been developed. For instance, the control 

of the size and the morphology as well as the elaboration of heterostructures with 

other electroactive nanomaterials (synergic effects).137, 138 Ir-NPs such as IrFe-

NPs (Figure 1.14a) have shown an ƞ10 = 240-290 mV for 12h, probably thanks to 

the different sizes of Ir atoms dispersed that are protected by the structure that 

helps as well to protect Fe-Ir from oxidation, resulting in durable catalysts in harsh 

catalytic conditions.139 A similar approach has been done with nickel in the form 

of Ir-NiO with an ƞ10 = 215 mV as a results of the synergic effect of the excess 

electrons of iridium on the surface of NiO.140 By improving the dispersion of the 

metal, the size of the metal can also be controlled. For this, supports such 

graphene,141, 142 nanotubes,143, 144 nanobowls,145 silica,146 and others 94, 147 are 

used to confine the particle size as well as to increase the surface area.148 

Moreover, Ir-metal hybrids have been elaborated with transition metals such as 

cobalt 149 in the form of nitrides 150 and hydroxides.151  The metallic cobalt nitride 

interaction with the Ir NPs enhances the OER performance. 



 

21 

 

 

Figure 1.14. a) OER performance of commercial IrO2 and Ir-Fe NPs tested in O2 

purged 0.5 mol L-1 H2SO4 solution (taken and modified from139) and b) LSV curves 

for OER performance of Ir-Ni alloys in N2-saturated 0.5 mol L-1 H2SO4 solution at 

5 mV s-1 (taken and modified from152) 

Alloying with NMs (i.e., Pt, Ru) by using synergetic effects, and transition metals 

(i.e., Ni, Co, Fe, Cu, Mn, Te, Cr) thanks to their 3d electronic structure, have 

proven to be a way to minimize the amount of iridium loading. Among the Ir-NMs 

alloys, Ir-Pd 153, 154 and Ir-Ru 8, 155 present the most favorable mix with design 

shapes that exposes active sites and surface configurations such as nanowires, 

nano-hollow spheres and nanocubes, where electron transfer between the 

metals allowed to lower the energy barriers of the OER.153 Other alloys, such as 

Ir-Rh are presenting a higher mass activity than pure Ir-NPs,156 and Ir6Ag9 NTs/C 

did not present any obvious potential change within 6 h of operating  at 5 mA cm-

2 and can reach low overpotential of ƞ10 = 285 mV.157 Despite these advances, if 

the use of Ir-NMs is still desirable, is crucial to maximize the efficiency of the NMs 

with mixture of TMs like IrRuMn,158 IrRu@Te,159 M-RuIr (M = Co, Ni, Fe),160 and 

NiIrRuAl.161 TMs are weakening the adsorption and desorption of oxygen 

intermediates (-OH, -O and -OOH), therefore enhancing the OER152, 162 as 

observed in Figure 1.14b. Besides element composition, different nanostructures 

(i.e., nanocages,163 nanowires,164 and nanocrystals 165) of Ir-TMs are playing a 

role in the catalytic activity, especially regarding anticorrosion properties due to 

the species that are produced at the surface or the grain boundaries of these 

structures.166 
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Additional to the synergetic effects and electronic structure, the crystal structure 

plays a crucial role in the activity and durability of iridium oxides. The latter 

changes from one to another due to the variations in crystal structure as 

compared with the state-of-art catalyst, rutile IrO2. This crystalline form, despite 

of having a lower catalytic activity compared to its counterpart, amorphous IrO2, 

is more stable in terms of iridium dissolution. Therefore, morphology plays a key 

role in introducing metals into the rutile structure to enhance the efficiency such 

as noble metal Ru (i.e., Ru0.5Ir0.5O2,5 Ir0.7Ru0.3O2 133) and low-cost TMs like Cr,167 

Mn,168-170 Co,10 Fe,171 and Mo.17 The common characteristic among them is the 

porosity achieved, thanks to the route of synthesis such as spray-drying (Figure 

1.15b) and spray pyrolysis. To date, 1D nanotubes/nanowires, 3D and 

hierarchical structures are the morphologies that exhibit abundant active sites 

and good structural stability. To achieved this, knowing which TM is less stable 

(low resistance to corrosion) enables building a structure that protects it and at 

the same time allows the efficient OER activity.162, 172, 173 

 

Figure 1.15. a) Perovskite structure of 6H-SrIrO3 (taken from174) and b) schematic 

representation of the hierarchical structure obtained by spray-drying (taken 

from175) 

On the other hand, Ir-based perovskites 176, 177 are a good approach to reduce 

iridium loading since it is possible to make full or partial substitutions of the 

cations thanks to the flexibility that IrO6 offers. Overpotentials around ƞ10 = 250-

270 mV have been reported for perovskites SrIrO3
174 (Figure 1.15a), and double 

layered Ba2PrIrO6.
176

  Moreover, as mentioned above, amorphous IrOx does 

present higher catalytic activity than the crystalline rutile IrO2. This is due to 
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random oriented bonds and flexible structures that makes it easier to get oxidized 

during OER, in addition to the large electrochemical surface area and electrolyte-

electrocatalyst interface 178 (i.e., perovskite-like catalysts179). Overall, previous 

results can lead to more ideas to design better catalysts or enhance the recent 

ones to be more active electrocatalysts. However, a better understanding of the 

porosity, the chemical composition, the surface area and the atomic 

arrangements needs to be investigated for Ir-based materials. 

Ruthenium based materials. As iridium, ruthenium is one of the rare metals, but 

with 0.0004 ppm of the earth’s crust 180 vs the 0.00003 ppm for iridium,181 it is 

considered to have slightly more abundant reserves. Ruthenium is known for its 

activity but low stability towards OER as compared to iridium.182 Based on that 

low stability, investigations towards Ru-based catalysts has move towards better 

durability with high catalytic activity preserved. Single ruthenium metal with 

oxygen-free coordination has been proposed to reduce dissolution in acidic 

media, such as Ru1-N4 with a nitrogen-carbon support and Ru1-Pt3Cu, both 

reported with low overpotentials (ƞ10 = 267 mV and 220 mV, respectively). Since 

then, theoretical calculations provided a coordination strategy for high OER 

performances (Figure 1.16).183, 184 As in Ir-based catalysts, the use of alloying is 

employed as an approach for Ru-based catalysts to provide higher stability. 

Ternary alloys like Pt-Pd-Ru185 showed a low dissolution of the metals in acidic 

media as compared to the metallic form of Ru. Binary alloys such as Ru-M (M = 

Pd, Cu, Ir, Co, Cr, Ni, Re), in particular Ru60Co40 mixed phase exhibited an 

improved catalytic activity (203 mA mgRu
-1) versus the pure Ru NPs (100 mA 

mgRu
-1).186 
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Figure 1.16. OER performance of a) Ru-N-C in 0.5 mol L-1 H2SO4 electrolyte 

(taken from183) and b) Ru1-Pt3Cu in O2-saturted 0.1 M HClO4 solution (taken 

from184). 

 

Figure 1.17. Doping strategies of a) chromium-ruthenium electrocatalyst 

preparation (taken from187); b) octahedral distortion by sodium doping (taken 

from188); c) crystal structure representation of the perovskite CaCu3Ru4O12 (taken 

from189) 

The favorable binding energy of ruthenium oxides towards the OER 

intermediates (-OH, -O and -OOH), results in high OER activity. As mentioned 

previously, the properties that rutile and perovskite oxides present in iridium are 
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also favorer with ruthenium. Rutile RuO2 performances depend on the synthesis 

method. This is exemplified with mesoporous RuO2 which presents an ƞ10 = 266 

mV when synthesized by nano replication (a mesoporous silica template is used 

for then being impregnated with the metal oxide, which is later removed by wet-

etching process),190 while the one synthesized by Adams method (fusion of the 

metal chloride precursor with NaNO3 in air at elevated temperatures)191 shows 

ƞ10 = 326 mV.192 In addition, improved strategies as deposition of the catalyst 

such as films,193-195 and morphologies such as hollow porous structures,196 have 

reported that based on the orientation of the film like Roy et al.,193  (i.e., (100), 

(001), (101), and  (111) orientations) it is possible to control the corrosion of the 

oxide, and Su et al.,196 by creating defects on the structure by doping while 

controlling the morphology, more active sites can be obtained. This latter has 

attracted attention and the doping with different TMs such Cu,196 Mn,197 Co,198 

and Cr 187 have improved the catalytic performances due to the electronic 

structure as well as the doping induced defects that generate oxygen vacancies 

(Figure 1.17a). These vacancies can also be generated in perovskites oxides, 

among them SrRuO3 188 with Na doping (Figure 1.17b) and CaCu3Ru4O12 (Figure 

1.17c).189 These materials are showing better structural stability as well as the 

influence of displaced of the d-band center that optimizes the binding energies 

towards the reaction intermediates. In addition to these advances, more efforts 

are needed to develop nanostructures with beneficial chemical components with 

rutile and perovskite oxides.  

Other NMs. Ir- and Ru-based catalysts are the most studied, but other NMs 

arrangements present high performance for OER, such as NMs chalcogenides. 

Those materials are bringing unique structures with a good number of vacancies 

like Li-IrSe2,199 where the ion intercalation between lithium, iridium and selenium 

provide a high porosity material resulting in an overpotential of ƞ10 = 180 mV. 

Also, amorphous chalcogenides with favored electronic properties that enhances 

the electron-transfer have shown reasonable OER activity.200 Moreover, Pt- and 

Rh-based catalysts have been proposed such as RhCu nanotubes and 

PtNi/CNFs with overpotentials around ƞ10 = 300-400 mV.201, 202 These examples 
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are showing that other NMs can be promising candidates and more research is 

encouraged to design materials in this field.  

c) Non noble metal (Non-NMs) materials 

Noble metal free electrocatalysts have attracted attention towards OER with the 

aim of developing catalysts based on earth abundant elements like Mn, Fe, Co 

and Ni.  

 

Figure 1.18. Schematic representation of how non-precious metals combine with 

design strategies result in efficient OER catalyst. 

However, most of them are unstable under OER conditions (high oxidative 

potentials) and in order to surpass this challenge research has moved towards 

the design of the catalysts in the form of alloys, oxides, chalcogenides and others 

(Figure 1.18).126, 203 

Transition metals (TMs). Different route of synthesis, designs, and 

characterizations have been used to study electrocatalytic performances of TMs. 

These catalysts can be classified as well by alloys/metals, single metal or mixed 

metal oxides, hydroxides, chalcogenides and phosphides.204 The affordable price 

of TMs oxides makes single metal or mixed oxides very attractive materials. Their 

stability properties and tunable structures can be modulated by controlling the 

morphology, the composition and the electronic structure, usually using doping 

strategies.  
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Figure 1.19. a) Potential dependence of Mn3+ accumulation (blue squares), OER 

current (black line), and 𝑀𝑛𝑂4
−  generation (red circles) (taken and modified 

from205) and b) chronoamperometry of Fe-TiOx LNWs/Ti vs SCE for 20h (taken 

from206). 

Single metal oxides such MOx (M = Mn, Fe, Co and Ni) have resistant corrosion 

properties and very good OER activity in acid media. Among them MnOx is the 

most stable one in acid electrolytes due to its metal-oxygen bond strength, and 

is also the most studied due to the different existing oxidation states and crystal 

structures.207 Among the MnO2 crystal structures -MnO2 presents a high activity 

between the four polymorphs.208 Based on this, studies have reported the change 

of induced phase transformation from -MnO2 to -MnO2.207 However, the main 

issue is the formation of MnO4
−  so research nowadays has moved toward 

stabilizing the oxide more precisely the stabilization of Mn3+ (Figure 1.19a).205  As 

the stability decreases as the first row of TMs advances, then it is expected that 

Co/Fe oxides activity in acidic conditions decreases. However, elaborated 

designs of these oxides have shown promising catalytic performance, which is 

the case for CoOx supported on FTO (fluorine-doped tin oxide),209 CP (carbon 

paper),210 and NPs,211 where the strong interfacial and formation of oxygen 

vacancies act as active sites (CoOx/NPs showed a ƞ10 = 295 mV). On the other 

hand, iron oxides are not widely studied since they dissolve rapidly in OER 

conditions. Few studies are focusing on improving these oxides by either doping 

or using hybridization. For instance, CoxFe1-xOy 
212 with 5% Co-doping showed a 

balanced catalytic activity and a durability up to 50 h at 10 mA cm-2, and Fe-TiOx 
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LNWs/Ti 206 presented as well a stable current density for 20 h with only a 

decrease of 18.7% in activity (Figure 1.19b). 

The above results open an insight into mixed oxides in the idea of taking 

advantage of the acid stable TMs oxides such as MnOx, PbOx and SbOx, and 

active compounds CoOx and FeOx in acid conditions. In this regard, binary and 

ternary oxides are design such as cobalt and manganese doping in Sb2O6 
213

 and 

CoFePbOx 
214

  showed a negligible change in potential for 24 h to 50 h while 

maintaining a current density of 10 mA cm-2 and 1 mA cm-2, respectively. 

Nevertheless, high overpotentials are still needed to achieve such activities. 

Another interestingly combination is NixMn1-xSb1.6-1.8Oy, since antimony offers a 

great thermodynamic stability , manganese provides structural stability and nickel 

offers active surface to enhanced OER, reporting a negligible increase in 

overpotential during 150 h at 10 mA cm-2. 215 Moreover, cubic perovskites oxides 

such as CaCoO3 and SrCoO3, and the double perovskite LaFexNi1-xO3 (LFNO) 

showed to be good catalysts for OER. The first one due to its smaller lattice 

constant, and LFNO for its increased in surface area and strong interaction Ni-

O.203 

 

Figure 1.20. Overview of OER onset potential or potential required to reach 10 

mA cm-2 of Non-NMs catalysts in comparison with IrO2 (taken and modified 

from67). 

Furthermore, the incorporation of anions to manipulate the electronic structure 

can result in excellent electrochemical properties, therefore TMs sulfides and 

phosphides have emerged as electrocatalysts for OER. Some advances in this 

area have been made with Co3S4/NPs,216 Co-doped MoS2,217 NiAlP,218 and 
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amorphous NiFeP.219 In addition to the above non-NMs based catalyst, other 

earth abundant compounds can be found, such as polyoxometalates, Prussian 

blue analogues and TMs-nitrogen-carbon moieties.124-126, 203, 204 Overall, the 

catalytic performances of these non-NMs catalysts are still inferior to the NM-

based catalysts, and more efforts are needed to enhance the catalytic activity 

and stability by surface, compositional, and structural engineering. A resume is 

presented in Figure 1.20. 

1.4.  Conclusion and objectives of PhD thesis 

This chapter has provided an insight into proton exchange membrane water 

electrolyzer function principle, main reaction mechanisms and electrocatalysts 

currently used for HER and OER. One of the main obstacles highlighted for 

PEMWE is for the anodic part where the OER takes place, from which major 

energy losses are observed. In addition, the high-cost of the state-of-art anode 

electrocatalyst, iridium, as well as the complexity mechanism of OER makes the 

development of these devices limited when considering a large-scale use of those 

devices.  

Generally, to improve the electrocatalyst or reduce its loading, two approaches 

are largely used: increasing the intrinsic activity or increasing the number of active 

sites by enhancing the surface area. This has been proven to be possible with 

low-cost abundant earth metals that by a well-designed catalyst favorable OER 

performance can be achievable, such as the case of molybdenum as a hybrid 

composite in IrO2-MoO3.17 Considering the latter, this thesis focuses on the 

electrochemical characterization of amorphous and crystalline Ir-Mo 

electrocatalysts, with the aim to enhance the OER with reduced iridium content. 

The underlying idea is indeed the use of a material able to work at very high 

current density under high pressures while operating, with a specific porous 

morphology that will promote water and gas transport. The above bibliographic 

analysis serves as a basis for preparing possibly new materials, expecting that 

they have electrocatalytic properties suitable to be used as an electrode 

material at the anode in PEMWE.  
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Therefore, to carry out this, the following objectives were implemented by taking 

into account the achievements reported in the literature for alternative catalysts: 

✓ Study the influence of the synthesis technique to produce porous catalyst 

compositions. 

✓ Study the impact of the catalyst composition during OER activity and 

stability by cyclic voltametric and chronoamperometry. 

✓ Study the underpotential deposition of metals as a technique to measure 

the electrochemical surface area, with the aim to observe the influence of 

the catalyst content to enhance the specific surface area in order to 

maximize the activity by lowering the metal. 
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CHAPTER 2. STRUCTURAL STUDY OF Ir1-xMoxO2 

The materials presented in this chapter follow the general formula Ir1-xMoxO2 

where x = 0, 0.1, 0.3, 0.5, 0.7 and 1. The catalysts were developed using a cost-

effective synthesis route by creating a mix in water of IrCl3, MoCl5 and PMMA 

beads (template polymethylmethacrylate), followed by a thermal treatment in 

order to remove organic material, and annealed at different temperatures to form 

Ir-Mo phases. XRD analysis revealed a single phase with rutile IrO2-type structure 

for samples with less than 70%Mo and SEM images showed porous 

microspheres with a variety of shapes.  

The catalysts were synthesized by Mateusz Odziomek at LCMP (group of Cédric 

Boissiere, Sorbonne Université). X-Ray and Scanning Electron Microscopy 

(SEM) characterization techniques were performed at ITODYS (group of Jennifer 

Peron and Marion Giraud, Université de Paris) by Marine Elmaalouf. All the 

results presented in this chapter were analyzed, summarized and reviewed with 

the relevant colleagues in order to introduced the electrochemical experiments 

presented in chapters 3 and 4. 

2.1 Introduction 

In recent years, the interest of developing new catalysts for the OER have 

become a crucial point in fundamental and applied research with the aim of 

increasing the PEMWE commercialization. To date, IrO2 is the only catalyst that 

combines both activity and stability for the OER, however, iridium being one of 

the rarest elements on earth with 0.000037 ppm in the earth crust,1 the cost of 

such materials is high. Therefore, it is necessary to reduce or replace the amount 

of NM, in this case iridium, on the anode side of the electrolyzer. One of the 

approaches is by using Non-NMs in order to produce active mixed oxides with 

interesting morphologies, structures, stoichiometries, and other characteristics 

(i.e., conductivity, stability and activity).2-4 These materials usually present higher 

electrochemical activity compared to state-of-art IrO2, despite the lack of long-

term stability due to iridium leaching, which can also probably enhances the O2 

evolution by the modification of the structure or the morphology. Understanding 

morphology changes makes it possible to develop new synthesis techniques that 
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can allow to achieve novel materials with new morphologies while retaining main 

characteristics that are crucial for the reaction (nature of the material and 

stoichiometry). 

 

Figure 2.1 Illustration comparing main characteristics between crystalline and 

amorphous catalysts. 

The different routes of synthesis to produce iridium oxide nanoparticles 

(crystalline or amorphous) are hydrothermal method,5 sol-gel, thermal 

decomposition,6 Adams fusion method7 or polyol route,8, 9 all of which are 

allowing the control of the morphology. From this, Ir-based materials, especially 

amorphous oxides (Figure 2.1), have been reported to be more active than their 

crystalline form,10 and other non-NMs catalysts that contains amorphous phases 

are reported repeatedly to be better performing OER electrocatalysis in acid 

media.11 IrO2-Ta2O5 was one of the first amorphous Ir-based oxide where an 

accelerated oxygen evolution was achieved and a significant increase in active 

surface area was reached by only changing the thermal decomposition 

temperature.6, 12 However, amorphous IrOx are usually obtained without mixing 

with another metal, therefore these oxides are usually in the form of thin films13-

15 presenting only an overpotential of 220 mV at 10 mA cm-2.15 Also, Kim et al.,4 

have successfully reported an iridium oxide shell on a metallic iridium core that 

exhibited a great balance between activity and stability. Hierarchical structures 

such as the one presented by Faustini et al.,10 reported a versatile process to 

produce highly porous Ir-based and mixed oxides with an increase of surface 

area with high accessibility to active sites. 
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Moreover, other amorphous electrocatalysts based on Non-NMs such as Co, Ni, 

Fe and Mo have been proposed. However, these materials have been mostly 

developed for alkaline systems, but they still show the importance of 

amorphization in oxides.16 Among them, molybdenum in the form of sulfides, 

carbides and phosphides have been extensively studied17-19 mostly for HER but 

not extensively in the form of oxides.20 So far Cheng et al.,7 and Tariq et al.,21 

have reported mixed Mo oxides for OER in acidic conditions, Ir0.4Ru0.6MoxOy and 

the hybrid composite IrO2-MoO3. The latter presented a high activity-stability 

compared to state-of-art IrO2 by almost doubling the performances (25.2 mA cm-

2 vs 11.7 mA cm-2) as well as an overpotential of 110 mV at 10 mA cm-2. 

Additionally, molybdenum is an abundant element in the earth’s crust, with a 

variation of oxidation states that makes it interesting and suitable to undergo 

OER. Also, the strong binding interaction of Non-NMs oxides with NMs-NPs is a 

promising way of reducing the use of NMs, therefore, this combination is suitable 

to reduce costs since a balance in activity can be achivable.22, 23 

Based on the above and to the best of our knowledge no pseudo-amorphous or 

poor crystalline Ir-Mo oxides have been synthesized by a cost-effective synthesis 

route. Therefore, in this chapter we report the synthesis and characterization of 

Ir1-xMoxO2 compounds (x = 0, 0.1, 0.3, 0.5, 0.7 and 1) by the spray-drying 

technique,10, 24 and the formation of a pure mixed oxide phase evidenced by XRD 

as well as SEM as complementary characterization techniques. 

2.2. Synthesis and characterization 

The main goal of this section is to study the maximum solubility of Mo in the IrO2 

matrix. The structural characterization of the synthesized materials by the spray-

drying method were performed by SEM and X-ray diffraction in order to confirm 

the formation of single phases at the corresponding calcination temperatures. 

2.2.1. Experimental section 

2.2.1.1. Material synthesis 

Different routes of synthesis can be applied to synthesized metallic iridium or 

amorphous iridium oxide materials.7, 9, 25 The disadvantage of these methods is 
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that they lead to irregular morphologies, they use of high temperatures synthesis 

and they are not scalable for industrial preparation. On the other hand, the spray-

drying method which is a low cost, water-based and scalable process is widely 

use in the production of powder milk in the food industry and in pharmaceutical 

industry,26 and has been proved as well that allows the production of porous 

catalysts.27, 28 

In this work, the spray-drying process was used to tune the crystallinity and 

porosity of the materials in order to enhance the catalytic surface area and the 

diffusion of reactants and products. Ir1-xMoxO2, were prepared at different values 

of x (x =0, 0.1, 0.3, 0.5, 0.7 and 1), using IrCl3.xH2O (98%, Alfa-Aesar) and 

MoCl5.xH2O (98%, Sigma-Aldrich) as inorganic precursors. These were 

hydrolyzed in water, and PMMA beads were latter introduced while maintaining 

a constant stirring. The process is illustrated graphically in Figure 2.2. 

 

Figure 2.2 Graphical representation of spray-drying process of Ir-Mo oxides. 

After stirring, the precursors solution is first sprayed to form microdroplets which 

are then transported by an air flux in a drying chamber where evaporation of water 

takes place. During the evaporation, is where the importance of the PMMA beads 

is noticeable since they provide the pore formation thanks to the quenching effect 

that takes place. This effect is the one that allows metal species to surround the 

beads. After evaporation, the powder is then collected in a glass vessel by a 

vortex separator. The collected powder is then calcined in the range 400 - 800°C 
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increasing every 50°C. Full description of the components of the spray-drying 

technique is presented in chapter 6.  

2.2.1.2. Structural characterization 

a) SEM 

The morphology of the compounds was observed using scanning electron 

microscopy (Zeiss SUPRA 40 FESEM). The images were recorded based on 

backscattered electrons with an accelerating voltage of 5 Kv and are presented 

in section 2.2.2.  

b) XRD 

As prepared Ir1-xMoxO2 where characterized by means of X-ray, and their 

diffractograms are shown in section 2.2.2. ITODYS group is using a Panalytical 

X’pert pro diffractometer working in Brag Brentano geometry with Co K radiation 

and a multichannel X’celerator detector. The diffractometer was operated over 

the angular range 2 = 15 – 120 ° for Rietveld analysis. The qualitative 

identification of phases was performed by comparing the XRD profile reflections 

with diffraction profiles reported in the Inorganic Crystal Structure Database 

(ICSD). Based on that, structural information was extracted by Rietveld 

refinement using MAUD program 29 allowing the determination of a,c parameters, 

and crystallites sizes for each diffraction peak.  

2.2.2. Results and discussion 

2.2.2.1. Morphology and structural properties 

The mixed oxides are labelled as x-Mo, where x corresponds to the mole 

percentage content of molybdenum in the sample. The synthesis of Ir1-xMoxO2 

was carried out at different compositions of x (0, 0.1, 0.3, 0.5, 0.7 and 1) and 

calcined at the following temperatures 400, 450, 500, 550, 600 and 800 °C in 

order to determine the doping limit of molybdenum in the IrO2 matrix, as well as 

to observe at what temperature single phases of each composition are obtained. 
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However, 70-Mo compositions calcined in the range 400 – 600° C were not 

obtained as single phases as shown in Figure 2.3. 

 

Figure 2.3 XRD patterns of Ir0.3Mo0.7O2 after calcination at different temperatures 

in air. 

The XRD analysis in 70-Mo showed the mixture of oxides, MoO3 and Ir1-xMoxO2. 

The additional peaks in the range of 2 = 23 – 28°, which correspond to the 

indexed planes (100), (002), and (011), are congruent with the secondary phase, 

MoO3 (ICSD 98-015-2314, orthorhombic unit cell with Pnma space group), and 

overlap the desired formation of the Ir-70%Mo oxide. Similar behaviour was 

presented in the hybrid composite IrO2-MoO3 with 70% Mo calcined at 450 °C 

prepared by hydrothermal method.21 However, it was only possible to obtain a 

single phase of Ir0.3Mo0.7O2 with no impurities at 800 °C in our case. 
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Figure 2.4 SEM micrographs of 70-Mo after calcination at different temperatures 

in air. 

SEM images of the as-synthesized 70-Mo oxides are shown in Figure 2.4. In 

these micrographs, the plate-like particles were assigned to MoO3, as previously 

reported by Tariq et al.,21 and recently by Zhang et al.,20 at sintered temperature 

of 550 °C. The different porous microspheres with various shapes like spheroidal 

or donut-like morphology were assigned to Ir0.5Mo0.5O2 particles since they are 

also present in single phases of 10, 30 and 50-Mo compounds. Also, the 

formation of MoO3 is reported to occur above 300 °C,30 explaining the presence 

of this in sample 70-Mo, and the absence of the plate-like morphology at 800° C 

can be attributed to the fact that sublimation of MoO3 in air starts at temperatures 

between 500 and 700 °C,30, 31 therefore at 800 °C single phase Ir0.3Mo0.7O2 is 

formed. On the other hand, the surface morphology and XRD patterns of 10, 30 

and 50-Mo sintered at different temperatures are shown in Figure 2.5. Overall, 

the materials showed high porosity and present different shapes like spheroidal, 

donut-like and buckled morphology as in 70-Mo, which is a main characteristic of 

porous materials prepared by spray drying.10, 24, 32 Also, the cavities around 200-

300 nm constitute the spheres walls with large pores in the center, and those vary 

as the temperature increases. 
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Figure 2.5 SEM and XRD patterns of a) 10-Mo, b) 30-Mo and c) 50-Mo samples 

calcined at different temperatures in air. 
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XRD patterns exhibited the formation of single phase as shown in Figure 2.5, and 

the corresponding SEM micrograph at each temperature are presented. All XRD 

patterns were indexed in a rutile IrO2-type structure (ICSD 98-008-4577) with a 

tetragonal unit cell with P42/mnm space group when possible since amorphous 

structures were present at low temperatures (400 and 450°C) where XRD 

patterns do not present any distinguishable peaks. This behaviour is independent 

from the synthesis route, since Liu et al.,33 reported the transition from amorphous 

to rutile phase of IrO2 obtained by Adams fusion around the same temperatures. 

At a first look, the introduction of molybdenum into the mixed oxide delays the 

crystallization temperature. In the 10-Mo series, the samples heated at 450 and 

500 °C presented the formation of needle-like particles. This particle formation 

was not associated to the formation of any secondary phase, on the contrary, it 

was determined the coexistence of amorphous and crystal particles in 10-Mo 

series since is at 450 °C reported by Faustini et al.,10 that pure IrO2 forms and 

exhibits the formation of needle-like particles. Also, these were no longer present 

in the range 550 - 800°C.  

The series of 30 and 50-Mo are presenting a higher porosity which is reflected by 

broader and distorted peaks above 70° in the XRD patterns. For 30 and 50-Mo 

series, the crystallization of iridium-molybdenum oxide starts at 500 and 550 °C, 

respectively, since characteristic peaks only appeared at these temperatures. No 

crystal particles were detected on these samples as observed in the SEM 

micrographs in Figure 2.5b and c. Moreover, SEM micrographs at low calcination 

temperatures are presenting a homogeneous surface (i.e., soft, flat) and as 

temperature increases it is possible to observe roughness (i.e., crystallites). In 

the case of samples calcinated at 800 °C, in all compositions, the walls of those 

porous microspheres are slightly damaged with respect to other temperatures, 

probably due to the growth of needle-like morphology in the walls since IrO2 tends 

to crystallize in this form.  
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Figure 2.6 Comparison of SEM micrographs at 550° C between a) IrO2
10, b) 10-

Mo, c) 30-Mo and d) 50-Mo. 

In addition, when comparing the SEM images with pure IrO2 at 550 °C from the 

paper of Faustini et al.,10, the morphology of the Ir1-xMoxO2 particles differs 

drastically to pure IrO2. IrO2 crystallizes into strongly anisotropic structures 

(nanoneedles) surrounding isotropic nanoparticles which compose the walls of 

the porous microspheres, these isotropic nanoparticles are present in our mixed 

oxide suggesting isotropic shape (Figure 2.6). This isotropic shape is also 

observed when comparing XRD patterns of the samples at the same calcination 

temperature (Figure 2.7d) where broader peaks are obtained with higher Mo 

content (yellow and purple lines). Also, a shift of the characteristic peaks (2 = 

30° - 45°) to the left or right against pure IrO2 suggests an isotropic shape as well. 

For instance, Figure 2.7d highlights the shift of the (110) and (011) reflection 

peaks of 10, 30 and 50-Mo catalyst with increasing Mo content at 550° C when 

comparing to pure IrO2. The arrows are indicating the shift direction in the peak 

position, (110) peak shifts towards lower values of 2θ values as the molybdenum 

content increases in the mixed oxide, while the (011) peak shifts towards higher 

values of 2θ. This change is clearly evidenced by an increase of the a-parameter 

associated to a decrease in the c-parameter as depicted in Figure 2.7a and b. 
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Figure 2.7 a-c) Evolution of cell parameters of Ir1-xMoxO2 (x = 0, 0.1, 0.3, 0.5), 

and d) Zoom of XRD patterns of samples calcined at 550° C highlighting the (110) 

and (011) reflection peaks. 

The evolution of the cell parameters of 10, 30 and 50-Mo samples as temperature 

is increased is displayed in Figure 2.7, while taking as a reference pure IrO2.10 As 

observed in Figure 2.7a and c, the a-parameter and lattice volume progressively 

increase with the molybdenum concentration, while the c-parameter decreases. 

The main oxidation state present on the mixed oxides regarding iridium is 

depicted in Figure 2.8 and is obtained by XPS (focus on the surface) and XANES 

(focus on the bulk) spectra, both techniques demonstrating that the same 

oxidation state is present in the surface as in the bulk. Based on this, the slight 

change of the parameters and lattice volume as the calcination temperature 

increases (despite the molybdenum content) can be explained by the substitution 

of Ir3+/ Ir4+ or Ir4+ (𝑅𝐼𝑟3+
𝑉𝐼  = 0.82 Å; 𝑅𝐼𝑟4+

𝑉𝐼  = 0.765 Å34) for Mo6+ (𝑅𝑀𝑜6+
𝐼𝑉  = 0.55 Å34), 

Mo5+ (𝑅𝑀𝑜5+
𝐼𝑉  = 0.60 Å34) or Mo4+ (𝑅𝑀𝑜4+

𝑉𝐼  = 0.79 Å34).  
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Figure 2.8 Graphical representation of Ir main oxidation state and identification of 

amorphous and crystalline samples for the x-Mo content as a function of 

calcination temperature. 

Overall, the percentage of variation of a-parameters with respect to pure IrO2 for 

10-Mo is in the decrease in the range 0.8-0.5%, for 30-Mo an increase between 

0.1-0.5%, and for 50-Mo an increase of 2.1-0.9% as temperature increases. On 

the other hand, the percentage of variation of c-parameters are all in a decrease 

with respect to pure IrO2 for 10-Mo in the range 0.7-0.5%, for 30-Mo between 2.2-

1.2%, and for 50-Mo between 2.6-1.1% as temperature increases (Table 2.1). 

However, the decrease in the volume as temperature increases (despite the 

molybdenum percentage), is mainly influenced by the slight decrease of the a-

parameter, for instance at 10-Mo from 4.52 to 4.50 Å, while the c-parameters 

remain almost constant. This behaviour is congruent by the previously reported 

material by Faustini et al.,10 In the case of 70-Mo (Table 2.1), despite of 

presenting the coexistence of two phases in the range 400-600° C the a and c-

parameters remain constant, except at 800° C where an increase of 0.45% in the 

a-parameter, and a decrease of 1.3% in the c-parameter are observed with 

respect to pure IrO2. 
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a-parameter (Å) 

    Temperature (°C) 

Samples x 450 500 550 600 800 

IrO2
10 0 4.565 4.5576 4.5505 4.5438 4.5308 

10-Mo 0.1 4.525 4.514 4.51 4.511 4.507 

30-Mo 0.3 - 4.56 4.559 4.562 4.548 

50-Mo 0.5 - - 4.645 4.559 4.543 

70-Mo 0.7 4.505 4.505 4.505 4.505 4.551 

a-
parameter 
variation % 

0.1 0.88 0.96 0.89 0.72 0.53 

0.3 - 0.05 0.19 0.40 0.38 

0.5 - - 2.1 0.3 0.3 

0.7 1.31 1.15 1.00 0.85 0.45 

       
c-parameter (Å) 

    Temperature (°C) 

Samples x 450 500 550 600 800 

IrO2
10 0 3.1793 3.1683 3.1669 3.1664 3.164 

10-Mo 0.1 3.156 3.144 3.146 3.14 3.149 

30-Mo 0.3 - 3.102 3.099 3.106 3.125 

50-Mo 0.5 - - 3.099 3.083 3.129 

70-Mo 0.7 3.159 3.159 3.159 3.159 3.123 

c-
parameter 
variation % 

0.1 0.73 0.77 0.66 0.83 0.47 

0.3 - 2.09 2.14 1.91 1.23 

0.5 - - 2.14 2.63 1.11 

0.7 0.64 0.29 0.25 0.23 1.30 

        
Volume (Å3) 

  Temperature (°C) 

Samples x 450 500 550 600 800 

IrO2
10 0 66.25 65.81 65.58 65.37 64.95 

10-Mo 0.1 64.62 64.06 63.99 63.90 63.97 

30-Mo 0.3 - 64.50 64.41 64.64 64.64 

50-Mo 0.5 - - 66.86 64.08 64.58 

70-Mo 0.7 64.11 64.11 64.11 64.11 64.68 

Table 2.1. Structural parameters for Ir1-xMoxO2 (x = 0, 0.1, 0.3, 0.5, 0.7) calculated 

by Rietveld refinement from X-ray diffraction data (space group P42/mnm). 

Figure 2.9 presents the crystallite size, determined from Rietveld refinement 

when possible, for each composition and each calcination temperature. As 

mentioned earlier, when comparing samples at the same calcination temperature, 

broader peaks are obtained with higher Mo content, i.e. broader peaks are 
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equivalent to smaller crystallites. Therefore, for a same calcination temperature, 

smaller crystallites are expected as the molybdenum content increases. For 

instance, at 500 °C, the crystallite size decreases with increasing molybdenum 

content as follow: 9.9 > 7 > 2 > 1 ≥ 1 nm for IrO2, 10-Mo, 30-Mo, 50 and 70-Mo, 

respectively. This was also reported by Cheng et al.,7 where a decrease in 

crystallite size from 4.2 nm to 2.1 nm was obtained when molybdenum was 

introduced to the Ir0.4Ru0.6O2 composite. On the other hand, in the whole range 

of temperature studied, as the temperature of calcination increases the crystallite 

size increases as well, since diffraction peaks become narrow due to sintering 

effects, as in the case of 10-Mo passing from 2 nm at 450 °C to 11 nm when the 

temperature reaches 800 °C. In addition, to understand the behavior of 70-Mo, 

the crystallite size was compared to the one of the single phases MoO3 sintered 

independently in the range of temperatures 400 – 600 °C. These temperatures 

were selected since the MoO3 phase forms when sintering 70-Mo at these 

temperatures. From Figure 2.9b, both materials present almost the same 

crystallite size suggesting that the molybdenum in excess present in the IrO2 

phase exhibits the same crystallite behavior as the 100-Mo. 

 

Figure 2.9 a) Evolution of the crystallite size of Ir1-xMoxO2 phase as a function of 

temperature. b) MoO3 crystallite size evolution as function of temperature. 

2.3. Conclusion 

In this chapter, a series of Ir1-xMoxO2 oxides across the composition range x = 0, 

0.1, 0.3, 0.5, 0.7 and 1 have been prepared using an aerosol route synthesis, the 

spray-drying technique. XRD Rietveld refinements indicated that the oxide 
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powders are presenting a single rutile phase with space group P42/mnm, except 

70-Mo where an additional phase of MoO3 appears in an orthorhombic unit cell 

with Pnma space group. Single phases compounds were obtained for x = 0.1, 0.3 

and 0.5 starting from the sintering temperatures of 450, 500 and 550 °C, 

respectively. This showed that the addition of molybdenum delays the 

crystallization while, in contrast, samples with x = 0.7 present the coexistence of 

Ir1-xMoxO2 and MoO3 phases at any sintering temperature. In addition, SEM 

analysis showed that all compositions presented a smooth transition from 

amorphous surface at low temperatures with high porosity, to particle-like 

morphology at high temperatures. Samples with Mo > 10% do not present needle 

like particles, and clear MoO3 crystals (platelet form) are observed only at 70-Mo 

in the range 400 – 600°C. Finally, XRD analysis also showed that the crystallite 

size increases with temperature but decreases with molybdenum content. 

 
The success in producing single phases in the Ir1-xMoxO2 series and the physical 

characterizations allowed to continue with the electrochemical measurements 

presented in chapter 3 and chapter 4 allowing to understand the behavior when 

subjecting the samples to electrochemical characterizations. 
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CHAPTER 3. ELECTROCATALYTIC PERFORMANCES OF Ir1-xMoxO2 AS 

ANODE MATERIAL 

Following the structural and morphological study of the Ir1-xMoxO2 (x = 0, 0.1, 0.3, 

0.5, 0.7 and 1) family presented in chapter 2, this chapter describes the 

electrochemical performances of all Ir-Mo oxides as electrocatalyst materials for 

proton exchange water electrolyzers. The first part concerns the description of 

the electrochemical characterization techniques and parameters, as well as a 

brief description of the rotating disk electrode (RDE) device as a tool to run these 

techniques. In the second part, cyclic voltammetry (CV) and chronopotentiometry 

tests are used to evaluate the electrochemical behavior of Ir-Mo oxides in acidic 

solution as function of the catalyst calcination temperature and composition.  

3.1. Introduction 

Research on PEMWE is extensive, and their development has been continuous, 

firstly because such technology offers a high efficiency in H2 production for further 

being used in electricity storage and generation applications. However, despite 

some remarkable advantages, the large-scale development of PEMWE as 

commercial devices depends strongly on the costs of the electrolyzer and 

reducing them is necessary. Therefore, to improve the devices it is important to 

go further in technological advances, such as the field of material science (i.e., 

electrocatalysts), to understand the catalytic reactions and to design new 

catalysts in order to offer more durability and develop cost-effective PEM 

electrolysis.1, 2 

One key problem is the performance of the electrocatalysts, and notably the 

materials that carries out the OER, since the anode reaction is kinetically much 

slower than the cathode reaction, requiring greater overpotentials to drive the 

OER. The thermodynamics presented on chapter 1 give only the minimum 

potential required to carry out the process, but due to the reaction kinetics (i.e., 

mass transfer of reactants/products, electron transfer, chemical reaction, etc.) a 

higher potential is required for the reactions to carry on. This excess of energy is 

called the overpotential (ƞ). Furthermore, the electrolyte presents ohmic voltage 

drops which arise from different factors: limitations in the cell design, electrolyte 



 

60 

 

conductivity, distance between the electrodes.3 The overpotential as well as the 

ohmic drop vary with current density, the ohmic losses increase linearly with the 

applied current, and the overpotential depends on both the slow mass transfer of 

reactants/products in the electrolyte and electron transfer limitations.4, 5  

 

Figure 3.1 a) Schematic representation of a polarization curve in a water 

electrolyzer, and b) Graphical comparison of the optimal polarization curve of 

OER (red dotted line) with real polarization curves (brown, green and black lines). 

Figure 3.1a represents a typical polarization curve for a water electrolyzer, where 

voltage (E) versus current density (j) of an electrochemical system is depicted.  

As the potential is applied, no current is detected up to 1.23 V (theoretical 

electrolysis voltage for water oxidation). At this point an additional voltage is 

required to overcome the resistances present in the system such sluggish 

reaction kinetics, losses due to ionic/electronic conduction (ohmic resistance) and 

mass transport. As ƞ increases, the activation energy barrier is crossed, and the 

polarization curve becomes linear.6, 7 On the other hand, in Figure 3.1b the blue 

square filled with black dashed lines represent the anodic overpotential. The 

current taken as reference to know this overpotential is 10 mA cm-2, which is used 

as a requirement since it is the current density expected at the anode in a 10% 

efficient solar water splitting device.8 Minimizing the overpotential value is crucial 

and is directly linked to the catalyst activity (i.e., catalyst type, loading, 

electrochemical surface area and stability). Then, the easiest way to compare 

different catalyst materials is to compare their polarization curves as in Figure 

3.1b. A good catalyst will exhibit higher current density values, which translates 
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as being more active at the desired potential for the electrode process.6, 7, 9 Thus, 

accurate measurements for the OER activity of different materials is necessary. 

3.1.1. Rotating disk electrode (RDE) 

A powerful way for evaluating electrochemical reactions in a liquid environment 

that involves mass transport is by forcing convection under control conditions 

while rotating the electrode used. This device is called a rotating disk electrode 

(RDE), and it can provide a steady-state mass transport regime.10, 11 

 

Figure 3.2 Scheme of a rotating disk electrode (RDE) and solution flow pattern 

near the disk electrode surface. 

In a RDE experiments, as in Figure 3.2, the electrode surface is submerged in 

the electrolyte solution, and as the electrode starts to rotate the electrolyte is 

dragged up and by centrifugal force the solution flushed radially outwards across 

the surface of the disk.12 This dragging motion and centrifugal force assures 

reproducibility of measurements since the convection, which depends on the 

rotation rate, makes it possible (only if the rotation rate is the same for each 

measurement). Another advantage is that by rotating the electrode the removal 

of gas products (i.e., bubbles of O2 in our case) is efficient. However, if the gas 

bubble is not removed an effect of it is visible in the overpotential, which is 

attributed to an ohmic resistance, since the bubble is blocking the active surface 

area and results in limiting the current.13 Electrochemical measurements using 

the RDE device involve steps such as electrode preparation, data collection and 

analysis as described in the following sections.  
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3.1.1.1. Electrode preparation for OER measurements 

 

To evaluate the activity of the catalysts for OER, a glassy carbon (GC) electrode 

is usually employed, on which an electrocatalytic film is deposited from an ink, 

and a three-electrode cell setup is employed. 

 

Figure 3.3 Schematic representation of the three-electrode cell 

In a RDE electrochemical cell, the working electrode (WE) is rotating at the 

desired rotation rate and located in the middle of the electrolyte container. The 

cell presented in Figure 3.3, has three electrodes: (1) a GC working electrode 

coated with the catalyst of study, (2) a counter electrode (CE), typically platinum, 

and (3) a reference electrode (RE) such as normal hydrogen electrode (NHE), 

saturated calomel electrode (SCE) and others. All three electrodes are electrically 

connected through the potentiostat.12, 14 The WE needs to be carefully prepared 

since a smooth surface is desired to deposit the electrocatalytic film. This is 

achieved by conscientious polishing (see chapter 6 for further explanation and 

detailed procedures).  

a) Ink formulation, preparation, and deposition on WE 

 

There are two major steps to coat the RDE: the preparation of the catalyst ink, 

followed by the coating of the catalyst on the surface of the glassy carbon 

electrode. The catalyst ink is the most important component when using RDE 

since the measurements depend strongly on the composition and quality of the 

film despite the functioning of the device. Typically, the catalyst ink contains the 

catalyst, the perfluorosulfonic acid (PFSA) ionomer, and a mixture of water and 

alcohol (dispersion solvent).15 In order to formulate a proper ink, factors such as 
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viscosity, evaporation rate, surface tension and homogeneity have to be taken 

into account to achieve the ink stability and obtain an homogenous film surface. 

The stability of the colloidal suspension is crucial for the particles to remain 

dispersed in the solvent, and this will be dictated by the concentration of ionomer, 

since a total coverage of the surface of the GC is needed. Interestingly, when 

comparing electrochemical performances that presented same ink components 

but different dispersion solvent showed that nature of the solvent affects the 

electrochemical response of the catalyst.16 Once the catalyst ink complies with 

the aforementioned, a small amount of ink is pipetted and drop-casted onto the 

disk electrode surface. Then the coated electrode is left to dry under the 

conditions desired.17 

3.2. Electrochemical techniques 

When studying electrochemical reactions, a wide range of characterizations 

techniques can be used in order to obtain certain information such as kinetic 

parameters, thermodynamic of the reaction, redox couple actives, stability and 

activity as function of time, among others. The techniques used to obtain those, 

as mentioned previously and discuss in this thesis, are usually conducted in a 

three - electrode cell configuration. 

3.2.1. Cyclic voltammetry (CV) 

CV is one of the most frequently electrochemical technique employed in catalyst 

activity characterization, since it offers a wide range of experimental information. 

Furthermore, it is one of the most accessible techniques to employ since the 

acquisition and interpretation of the data only requires just a modest amount of 

time and ability.18 For instance, it can quickly provide qualitative information such 

as the interaction of the catalyst with the electrolyte, reversibility of reactions, 

electrocatalytic processes, and others. The application of this technique in OER 

is very common as it can drive the reaction under different experimental 

conditions.19 Figure 3.4a presents the potential wave of a CV measurement as 

function of time. The potential is swept linearly over time creating a slope, the 

scan rate, as the potential is swept between a lower potential, E1, and an upper 

potential, E2, while the current is recorded at the same time. For completing one 

cycle, the scan is reversed in order to reach E1 again.20 
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Figure 3.4 a) Typical waveform of the variation of potential as function of time 

during a CV and b) General CV of a species in solution (taken and modified from21) 

Figure 3.4b is the resulting graph, called cyclic voltammogram, of the current at 

the WE during the potential scans where the forward scan (left to right) and 

backward scan (right to left) curves are observed. In this case, the plot 

corresponds to a reversible oxidation-reduction system with electroactive species 

in solution, in which the upward peak indicates the oxidation of species and the 

downward peak indicates the reduction process.20, 21 In addition, CV can also be 

used to characterize materials that are deposited on the surface of the WE. In 

this case, the cyclic voltammogram will show the current for double layer charging 

as well as the formation and dissolution of hydride and oxide layers on WE 

surface. Figure 3.5, gives an example of cyclic voltammograms of materials used 

for OER, such as IrO2, RuO2 and mixed Ir-Ru oxides.  

 

Figure 3.5 Typical CVs for IrO2 and RuO2, and mixed oxides IrxRu1-xO2 in 0.5 M 

H2SO4 at a scan rate of 50 mV s-1 (taken and modified from22) 
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The materials in Figure 3.5 were prepared by hydrolysis method in alkali medium 

and deposited as thin-film layers onto the GC electrode to be tested in the 

potential range from 0 to 1.5 V vs NHE. The oxidation region also called catalytic 

region is found at potentials higher than 1.2 V vs NHE, where OER occurs. In 

addition, the peaks observed between 0 to 1.2 V vs NHE are consequences of 

the redox transitions of the iridium or ruthenium oxygen species adsorbed on the 

surface which leads to the ejection of protons and electrons.22 Furthermore, it can 

be observe that cyclic voltammograms depend strongly of the material 

compositions as well as of the nature of the electrolyte in which they are 

submerged and the pH value of the media.  

3.2.2. Polarization curves 

Polarization curves are usually obtained by linear sweep voltammetry (LSV), as 

in a CV measurement, a constant potential sweep rate is applied, and the current 

is recorded. In contrast to CV, LSV commonly works at slow scan rates since 

steady-state conditions are desired.18 The potential in this case starts where no 

electrode reaction occurs and moves towards catalytic potentials. Figure 3.6a 

shows as in CV that the potential changes linearly with time from E1 to E2, and 

the current-potential curve displays the shape of an exponential curve as in 

Figure 3.6b.23 

 

Figure 3.6 a) Typical waveform of the variation of potential as function of time 

during a LSV and b) General LSV current-potential plot (taken and modified 

from23). 

LSV curves, as mentioned previously in section 3.1, are useful to compare 

different catalyst materials as in Figure 3.7a. An extension of LSV, is the Tafel 
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equation. It is obtained when the net current follows the Butler-Volmer equation 

(Eq. 3-1), meaning that the kinetics of the reaction are determining the 

overpotential:24 

                                       𝑖 =  𝑖𝑐 + 𝑖𝑎 = 𝑖0 (𝑒−
𝛼𝑐𝑛𝐹

𝑅𝑇
ƞ − 𝑒

𝛼𝑎𝑛𝐹

𝑅𝑇
ƞ)                      (Eq. 3-1) 

The subscripts c and a refers to cathodic and anodic, respectively, and  is the 

charge transfer coefficient. When large overpotentials are present, the smaller 

contribution of either part cathodic or anodic currents can be neglected. For 

instance, the anodic reaction total current can be written as Eq. 3-2 and simplified 

to Eq. 3-3:24 

                                                  𝑖 =  𝑖𝑎 = 𝑖0 (𝑒
𝛼𝑎𝑛𝐹

𝑅𝑇
ƞ)                                 (Eq. 3-2) 

                                                 ƞ = 𝑏 log |
𝑖

𝑖0
| = 𝑎 + 𝑏 log|𝑖|                       (Eq. 3-3) 

Eq. 3-3 is the Tafel equation, and can be used in a LSV since in the linear part 

present on the polarization curves follows Eq. 3-3.25 This equation is a linear 

correlation between log |i| and the overpotential (ƞ), where b is the Tafel slope. 

Thus, the Tafel slope can be easily determined, and plotted as potential versus 

the logarithm of the current (Figure 3.7b). Also, 𝑖0  or 𝑗0 , is a measure of the 

catalytic activity, a high value of 𝑖0 corresponds to high electrocatalytic activity. 

However, sometimes it can be difficult to determine. 

 

Figure 3.7 a) LSV curves for OER performance and b) Tafel plots of different 

iridium-based multimetallic alloy (taken and modified from26). 
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From Figure 3.7, the LSV curves and Tafel slopes correspond to the OER activity 

of different iridium-based metal alloys compared versus state-of-art IrO2 

materials. It can be seen from Figure 3.7a that IrNiCu and IrCu are the ones 

presenting the lowest ƞ10 = 262 mV and highest ƞ10 = 296 mV overpotentials, 

respectively. Also, all the materials exhibit a better performance than that of 

commercial IrO2 (ƞ10 = 326 mV). As complementary in Figure 3.7b, IrNiCu exhibits 

the lowest Tafel slope of 71.4 mV/dec. Therefore, it can be easily implied that 

among all, IrNiCu confirms its high OER electrocatalytic activity since it presents 

low Tafel slope value and high exchange current densities at low overpotential.26 

On the other hand, as a limitation, Tafel slopes are only reliable for comparison if 

the materials are measured under the same conditions (i.e., electrolyte 

composition, electrode geometry, etc).25 

3.2.3. Step voltammetry technique 

In step voltammetry, chronoamperometry (CA) and chronopotentiometry (CP) are 

used in electrochemical characterization of catalysts to observe their activity 

and/or stability as function of time while applying a constant current or potential 

as they operate under OER (or HER) conditions. In CA, the current is measured 

as function of time as the potential step takes place (Figure 3.8a), which means 

holding the potential of the WE constant. For CP, as a current step is applied, the 

current is maintained and the change of potential is recorded with time (Figure 

3.8b).27 The desired potential to apply during a CA should be extracted from 

CV/LSV measurements while for CP the current to apply is presumably known 

and should be able to deliver a potential without forcing the electrodes (i.e., 10 

mA cm-2 for OER).28  
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Figure 3.8 a) Waveform of a potential step with its respective chronoamperometry 

response, and b) Waveform of a current step with the corresponding 

chronopotentiometry response. 

 

Figure 3.9 Chronopotentiometry curves of different iridium-based multimetallic 

alloy at constant current density (taken and modified from26). 

Chronoamperometry and chronopotentiometry find their applicability in 

processes like electrolysis, and study of stability over time of electrochemical 

systems. However, most of the stability measurements in literature are performed 

by CA, but CP is still used as well.28 The use of each technique relays on the 

information that wants to be extracted such for how long the catalyst can hold a 

potential to show a desired current or for how long the catalyst can exhibit the 
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same voltage while holding a known current. An example of chronopotentiometry 

is presented by Zhang et al.,26 in Figure 3.9 to show the stability of some 

catalysts. It is shown that after 20 h it is possible to observe that the voltage is 

increased for IrCu and IrNi as compared to IrNiCu, which can be interpreted as 

IrNiCu exhibits acceptable durability in the solution (acidic conditions in this case).  

3.3. Electrochemical characterization 

Based on the above, this section presents the following experimental conditions 

that were taken into account to test the performance of the synthesized materials 

presented in chapter 2, Ir-Mo oxides, as anode materials for PEMWE. The 

electrochemical characterizations were performed by CV and 

chronopotentiometry tests to determine the best catalyst among the Ir1-xMoxO2 

family. 

3.3.1. Experimental section 

For all electrochemical measurements, a three-electrode set up was employed 

with a RDE. The WE was a glassy carbon (GC) electrode with a surface are of 

0.1963 cm2 (5 mm in diameter), a saturated calomel electrode (SCE) as the RE 

and a Pt wire as the CE. All three were submerged in a 0.05 mol L-1 H2SO4 

solution as supporting electrolyte. The collection of data was done using a 

potentiostat Autolab PGSTAT 12 (see chapter 6 for further specifications). All 

graphs are reported in V vs normal hydrogen electrode (NHE) applying a 

correction of +0.242 V as compared to the measured potential vs SCE. 

3.3.1.1. Ink formulation and electrode coating 

The inks for coating the electrode were prepared by mixing the corresponding Ir1-

xMoxO2 powder (1 mg) with (2 mg) Vulcan carbon, (250 µL) deionized water and 

(250 µL) nafion solution. This solution is mixed in an ultrasonic bath for 30 

minutes to form a homogenous suspension. 8 µL of the ink was drop-casted onto 

the GC electrode surface by a volumetric pipette and left to dry in air until no wet 

finish was observed. Finally, the electrode was placed in an oven at 60 °C for 30 

minutes. Prior to the ink coating, the GC electrode was polished to a mirror finish 
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with different diamond suspensions and washed in an ultrasonic bath between 

experiments. 

3.3.1.2. CV measurements 

For each catalyst, the following experimental procedure was employed: 

i. iR-drop compensation was measured by potential feedback. A value of ca. 

30 Ω was obtained and compensated in all cases. 

ii. The catalyst was cycled between -0.2 and 1.2 V vs NHE at a scan rate of 

200 mV s-1, typically 50 times. 

iii. A forward scan, following the 50th scan, between 1.24 and 1.54 V vs NHE 

at scan rate of 10 mV s-1 was obtained to measure the OER. 

iv. Step (i) and (ii) were repeated until the CV curve started to drop. 

During these measurements, the electrode was rotate at 1600 rpm, and for 

reproducibility, the measurements were done at least 4 independent times for 

each sample.  

3.3.1.3. Stability measurements 

The chronopotentiometry technique was used as stability test. A constant current 

of 1 mA (corresponding to a current density of 5.09 mA cm-2) was held for 12 

hours for catalysts that exhibit favorable OER responses. 

3.4. Results and discussion 

3.4.1. Influence of catalyst ink parameters towards OER. 

The OER catalytic activities of new electrocatalysts are usually screened by drop-

casting thin-films on RDE. The usefulness of this methodology is that small 

amounts of catalyst can be rapidly tested and compared with different materials. 

Therefore, obtaining reliable results are necessary, which are strongly depending 

on the uniformity of the thin-films. Then, producing high quality catalyst films onto 

the surface of the WE are essential. The electrocatalytic films are made by 

casting a suspension of the catalyst onto a GC disk electrode and dried by a 

stationary method (i.e., covering with a beaker, drying under low flow of N2, or 
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placed directly in an oven). As the ink is drying, properties such as evaporation 

must be taken into account since it is link to the solvent content of ink.29  

Based on the above and on the components that make up an ink mentioned in 

chapter 6, to achieve high quality catalyst films of Ir1-xMoxO2 the following 

parameters were considered: solvent/Nafion ratio, drying temperature, and time 

in the oven. These parameters were chosen based on the conditions used by 

Faustini et al.,30 since the Ir-Mo particles were obtain by the same route of 

synthesis. Thus, these conditions are used as a reference: 1 mg of catalyst, 2 mg 

of Vulcan carbon XC72R, 250 µL of Nafion solution, and 250 µL of deionized 

water. The latter was then sonicated, and 8.8 µL of this suspension were 

deposited on the electrode surface, let dried in air and placed for 30 minutes at 

100 °C in an oven.  

 

Figure 3.10 a) Surface of GC with nafion ink and b) Comparison between 

reference ink30 and the ink that contains isopropanol. 

As a first approach since catalysts are typically dispersed in a 

water/alcohol/ionomer,31 the first test was to disperse the commercial IrO2 in just 

250 µL of Nafion. Isopropanol was not considered since the Nafion solution 

already contains some, however, it was not possible to perform any measurement 

due to the cracking and peeling off the film while it was drying as observed in 

Figure 3.10a. This proved that the addition of a solvent is compulsory, thus, 250 

µL of isopropanol was added in order to maintain the same ratio as found in the 

literature. From Figure 3.10b, while keeping drying conditions the same, the ink 

that contains the alcohol exhibit a lower OER performance compared against the 
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original ink from Faustini et al.,30. Therefore, the ink formulation was not modified 

and was kept the same for further measurements. 

 

Figure 3.11 Cyclic voltammograms recorded at 10 mV s-1 of commercial IrO2 a) 

different drying temperatures and b) comparison at 60 ºC with different drying 

time. 

Based on those conclusions, the second test was to determine the optimum 

drying temperature and time of the electrode in the oven. For this, the 100 ºC/30 

min employed by Faustini et al.,30 was used as a reference. Firstly, the 

temperature was increased every 20 ºC starting from 40 ºC until reaching 120 ºC, 

and the time in the oven was increased from 30 min to 1 hour. As observed in 

Figure 3.11a, from all the measurements the films dried at low temperature such 

as 40 and 60 °C were the ones that exhibit the best performance towards OER. 

These temperatures are commonly used for drying films and agrees with Garsany 

et al.,31 while other authors let the electrode dry at room temperature.26, 32 In 

addition, to observe the influence of the drying time in the oven, the 60 ºC 

temperature was selected to be tested for 30 min. As observed in Figure 3.11b 

with less drying time in the oven an enhance of the OER was obtained decreasing 

at least in 12 mV the overpotential. 
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Figure 3.12 a) Comparison at 3 days of aging between five inks with the same 

composition and electrode preparation and b) Comparison between the first day 

preparation, 3 and 35 days of aging using the same ink and electrode preparation. 

In addition, the aging of the ink to make reproducible tests was studied. For this, 

five inks were prepared the same day and measured after 3 days (Figure 3.12a) 

and one of them after 35 days (Figure 3.12b). This procedure was used to know 

how many times an ink could be used to make measurements and be comparable 

to each other, thus a daily ink preparation would not be necessary. From Figure 

3.12, is possible to observe that a fresh ink is good to be used up to for 3 days in 

row to ensure good reproducibility. Therefore, using these experimental 

parameters we proceeded to test the Ir1-xMoxO2 samples using the ink formulation 

by Faustini et al.,30 and for reproducibility tests the ink was used within 3 days. 

3.4.2. Electrochemical evaluation 

As in chapter 2, the mixed oxides are labelled as x-Mo@T, where x corresponds 

to the mole percentage content of molybdenum in the sample, and T represents 

the calcination temperature that corresponds to that x content. Commercial IrO2 

(IrO2, 99.99%, Alfa Aesar) and pure IrO2 prepared by spray drying were selected 

to provide a baseline for studying the performance of the Ir-Mo oxides catalysts. 

In the first part of the study, CV was used to characterize the current-voltage 

performance of the catalysts towards OER. The focus of the second part was on 

constant current electrolysis on the best catalysts from the CV analysis with the 

aim to determine their stability. 
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3.4.2.1. CV analysis 

All the samples are compared to the OER activity of commercial IrO2 since it is 

widely used for PEMWE as well as pure IrO2 spray material calcined at 450 °C.30 

When studying OER, the lower the potential at a current density of 10 mA cm-2 

the better the catalyst performance is as mentioned in section 3.1.  

 

Figure 3.13 Cyclic voltammograms forward scan recorded at 10 mV s-1 of Ir1-

xMoxO2 samples obtained after calcination in air at different temperatures. 

All catalysts used in this part were characterized in 0.05 M H2SO4 by cyclic 

voltammetry. Cyclic voltammograms for all four molybdenum compositions are 

all given in Figure 3.13. The behavior observed in Figure 3.13a is in agreement 

with Faustini et al.,30 for pure iridium oxide, where the calcination temperature 

strongly influences electrochemical performances, the lower calcination 

temperature leading to more active materials. In this case, the pure IrO2 porous 

microspheres calcined at 400 and 450 °C were the ones that showed the highest 

activity towards OER. Furthermore, it is possible to observe that among all the 
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samples, 10-Mo (Figure 3.13a) resembles the behavior reported for pure IrO2 

being 10-Mo@450 the one with the highest activity, and that at higher calcination 

temperatures the catalytic performance lowered gradually. Cherevko et al.,33 

reported the same trend for IrOx films onto Ti substrate when calcined between 

250 and 550 °C, and in this case the one calcined at 250 °C was found to be the 

most stable and active. 

On the other hand, when observing 30-Mo (Figure 3.13b), 50-Mo (Figure 3.13c) 

and 70-Mo (Figure 3.13c), the trend changed compared to 10-Mo. The best 

performances in these cases are not the samples calcined at 400 or 450 °C, it is 

the opposite where the temperature at which each molybdenum content (above 

10%) exhibited high activity was found to increase every 50 °C. Therefore, for 

samples 30, 50 and 70-Mo the best performances are at 500, 550 and 600°C, 

respectively. When observing carefully the samples calcined at 400 °C, for 30, 50 

and 70-Mo, the activity dropped drastically when compared to 10-Mo@400, these 

samples performing poorly not even reaching 10 mA cm-2. All samples calcined 

800°C, despite the molybdenum content, did not reach either this value of current 

density. Thus, these samples were discarded for further studies.  

When looking at each temperature individually it is visible that they behave 

differently as molybdenum content is increased. For instance, samples heated at 

600 °C with Mo > 10%, performed better than at lower molybdenum content, 

reaching at least 10 mA cm-2 or higher. On the other hand, 500 and 550 °C seem 

to be temperatures at which mostly all the samples showed a good or acceptable 

activity towards OER.  

To further understand the above behavior, and continuing with 10, 30 and 50-Mo 

series, we compared the OER activity at 1.5 V vs NHE as function of calcination 

temperature as depicted in Figure 3.14a. No further analysis was done on 

samples with 70-Mo, despite the good performances towards OER, since those 

materials present a mixture of phases as mentioned previously in chapter 2. 
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Figure 3.14 a) Evolution of the current densities values recorded at 1.5 V for 

samples prepared with 10, 30 and 50% Mo as a function of temperature of 

calcination and b) Mass activity at the optimal calcination temperature at 1.5 V. 

From Figure 3.14a, we can observe that as the sample reached the optimal 

calcination temperature the activity of the various materials decreased with 

increasing Mo content. However, the activity reported to the actual mass of iridium 

remains almost constant, and even higher than commercial IrO2 by almost the 

double as depicted in Figure 3.14b. This can be explained by the fact that 

molybdenum does not affect the intrinsic activity that iridium exhibits by itself, but 

it rather modifies the crystallization temperature at which iridium oxide is the most 

active. Now, as observed in Figure 3.15a when comparing all the samples at 

which they performed best, it is possible to deduct that lower temperature 

treatment enhance the oxygen evolution reaction activity as discussed above. 

Taking 10 mA cm-2 as reference, based on section 3.1, samples showed an 

overpotential between 260 – 273 mV, a significant improvement of 40 to 30 mV 

as compared to commercial IrO2 which overpotential is ƞ10 = 300 mV. Notably, 

those materials compare very favorably with values reported in the literature, 

such as pure IrO2 ( ƞ10 = 280 mV) by spray-drying technique,30 Ir-Ru alloys (ƞ10 = 

294 - 338 mV),34 or related materials reported by Tariq et al.,35 with molybdenum 

contents of 70% (ƞ10 = 270 mV).  
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Figure 3.15 a) Ir1-xMoxO2 as a function of Mo content at the best OER 

performance (inset catalytic wave) and b) Tafel slopes of Ir1-xMoxO2 at the best 

OER performance. 

In addition, as mention in section 3.2.2, a Tafel plot can be obtained from 

polarization curves as in Figure 3.15b which presents the Tafel slopes extracted 

from Figure 3.15a. From Figure 3.15b, the Tafel slopes are in the range of 75 to 

76 mV dec-1, these values are slightly higher than the ones reported for pure 

iridium oxide synthesized by anodic oxidation of metallic iridium (40 mV dec-1),36 

and iridium based alloys nanowires (56 to 70 mV dec-1).37 On the other hand, the 

Tafel slopes from the Ir-Mo mixed oxides are congruent with spray-drying pure 

iridium oxides (70 to 117 mV dec-1),30 and iridium based multimetallic alloys (71 

to 75 mV dec-1).26 However, knowing complexity of the 4-electrons transfer for 

water oxidation, and despite of the Tafel slope being considered as an important 

kinetic parameter to evaluate the OER activity, it is visible that its value is strongly 

influenced by the synthesis of the catalyst, ink formulation and electrolyte where 

the sample is assess. Therefore, other tests are necessary to further understand 

the electrochemical behavior of the mixed oxides and the underlying mechanism 

for OER.  

On the other hand, interestingly, 10-Mo@450 is the only one that showed a 

catalytic wave at  1.35 V ( inset Figure 3.15a) as for pure IrO2 30 by spray-drying. 

Also, Ahmed et al.,38 observed at 1.4 V this peak in IrO2 NRs and they attribute 

this to the transformation of Ir3+ to Ir 4+ since previously Lee et al.,39 and Smith et 

al.,40 presented it as well despite the electrolyte solution. This wave can be 
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associated to changes at the surface of the catalyst under the electrocatalytic 

conditions, and thus, XPS and XAS (in situ techniques) become useful to 

understand and establish structure, activity, and stability relationships. XPS 

technique is used to probe surface oxidation states while XANES follows the 

evolution of oxidation state in the bulk of the sample. In chapter 2, it was stated 

that both techniques demonstrated that the same oxidation state is present in the 

surface as in the bulk. However, is necessary to correlate those results with OER 

activity. All three samples at the different calcination temperatures were 

measured by both techniques.  

 

Figure 3.16 XPS spectra in the Ir 4f region of samples prepared with (a) 10-Mo, 

(b) 30-Mo and (b) 50-Mo calcined from 400 to 800°C. 

The Ir-Mo XPS spectra was divided into three regions: Ir-4f, O 1s, and Mo-3d. 

Firstly, in the 4f region (characteristic of rutile type structure) depicted in Figure 

3.16, main peaks located between 62.3 and 65.3 eV for Ir-4f7/2 and Ir-4f5/2, 

respectively, can be attributed to the presence of Ir3+ for all samples calcined at 

400 °C.41 At this temperature 10, 30 and 50-Mo samples are considered to be 

amorphous, therefore, the presence of Ir3+ is probably a result of surface 
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hydroxide species, which have been shown to be present in amorphous IrOx as 

reported previously by Pfeifer et al.42 and Smith et al.40 assigning this to the 

synthesis process. On the other hand, as the temperature of calcination 

increased, a shift (Figure 3.16) is detected and the peaks are located now at 61.7 

and 64.7 eV for Ir-4f7/2 and Ir-4f5/2, respectively. These positions have been 

reported for pure IrO2 materials sintered by different routes calcined in the range 

450 – 800 °C 35, 41, 43, 44 as well as commercial IrO2,45 Moreover, other studies of 

mixed oxides, such as Cu0.3Ir0.7O,44 Ir0.3Mo0.7O,35 RuxIr1-xO2,46 and others,47 

have attributed this shift to the change of Ir3+ to Ir4+ or mainly the presence of 

species of Ir4+.48 In the case of this study, 10, 30 and 50-Mo samples, the only 

iridium species present is Ir4+ when the samples are calcined at 500 °C.  

 

Figure 3.17 XANES spectra at Ir LIII edge and the corresponding first derivative 

of samples prepared with (a,b) 10- Mo calcined from 400 to 800°C, and (c,d) best 

OER samples. 

In addition, when analyzing the O 1s region at the samples calcined at 400 °C 

and 450 °C (where the transition from Ir3+→ Ir4+ takes place), the change in the 
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peak intensities located at 531 eV (M-OH bonds) and 530 eV (M-O bonds) might 

be influenced by the transition of Ir oxidation state. These binding energies are in 

good agreement with the literature for pure IrO2 materials, but they have also 

been associated with the presence of OI- and OII- electrophilic species in mixed 

oxides where these species by electrophilic attack improve the electrochemical 

nature of the samples.35, 42, 49, 50 However, as the calcination temperature is 

increased the ratio of intensity of those two peaks does not change significantly. 

Therefore, they cannot be related to the OER performance of Ir-Mo oxides. Lastly, 

from XPS measurements, in the Mo-3d region, the two peaks located at 232.5 

and 235.7 eV which are attributed to 3d5/2 and 3d3/2, respectively, are 

characteristic of binding energies of Mo6+ when samples are calcined at low 

temperatures,35, 51 in our case 400 °C. Upon heating, the two peaks move to 

slightly lower values, more precisely 231.5 eV (3d5/2) and 234.7 eV (3d3/2), and 

these values are associated with Mo5+, as previously reported by Vasilopoulou et 

al.,52 for molybdenum oxides. Thus, this shift suggests a reduction in oxidation 

state and is attributed to the change of Mo6+ to Mo5+ when passing from 400 to 

500 °C up to 600 °C while at 800 °C a very small peak corresponding to 230 eV 

for 3d5/2 is associated with Mo4+ along with a higher contribution of Mo5+ peaks.52  

As complementary, XAS measurements (Figure 3.17) were considered to 

observe the behavior in the bulk. In this case, despite molybdenum content, the 

Ir-LIII revealed that the transition from Ir3+→ Ir4+ occurs between 450 and 500 °C, 

instead of 400 and 450 °C in XPS. Thus, iridium oxidation at the surface and in 

the bulk occurs almost simultaneously at the same temperature with a slight delay 

in XANES. Now, based on the above and incorporating the results with OER in 

Figure 3.13 the predominant oxidation state of iridium is Ir4+, whereas the most 

active electrocatalysts from the 30 and 50-Mo series are those calcined at 500 

°C and 550 °C, respectively. On the other hand, when observing Figure 3.15a, 

10-Mo@450 exhibits a better performance towards OER, however, this shows 

that mixture of Ir3+/Ir4+ or just the presence of Ir3+ species at the material surface 

does not affect the activity of the electrocatalysts.  

Following the results introduced in chapter 2 with the ones obtained in this 

chapter, curiously, the best OER performance of the Ir-Mo oxides does not 
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correspond directly to the lower calcination temperature. It rather moves towards 

higher temperatures as the Mo content in the material increases, similar to the 

behavior observed by XRD in chapter 2. Thus, to better understand this behavior 

it is necessary to relate the results found on chapter 2 regarding the morphology 

and the XRD data with the optimal calcination temperatures. 

 

Figure 3.18 Comparison of SEM micrographs at the optimal calcination 

temperature between a) IrO2@450 (taken from30), b) 10-Mo@450, c) 30-

Mo@500 and d) 50-Mo@550. 

Firstly, the morphology observed on the SEM images (Figure 3.18) from 10 to 50-

Mo, showed that the materials are very similar to pure IrO2 porous microspheres 

at the same low temperatures in terms of porosity, especially 10-Mo@450 since 

it shows the needle-like particle. Based on this comparison, is possible to 

associate the porosity of Ir-Mo oxides to the enhanced OER activity presented in 

this work. Similarly, Faustini et al.,30 have reported the influenced of the porogen 

to OER activity in which as the temperature increased the porogen size was lost, 

as observed in Ir-Mo oxides in Figure 3.19, leading to a decrease in OER activity. 
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Figure 3.19 SEM micrographs calcined at 800 °C between a)10-Mo, b) 30-Mo 

and c) 50-Mo. 

Now, when observing the OER results in Figure 3.13, it is clear that the 

electrochemical activity of the oxide during OER is strongly dependent on the 

calcination temperature, which may be due to an effect of the oxide structure, 

amorphous or crystalline.40 At high calcination temperatures, sintering effects 

begin to occur resulting in fully crystalline material (well-defined peaks in XRD). 

Meanwhile, at lower temperatures or when characteristic peaks appear in XRD 

pattern, the results are either not fully or full amorphous materials. Thus, as 

complementary, XRD results were considered.  

 

Figure 3.20 a) Evolution of the crystallite size of Ir1-xMoxO2 (x = 0.1, 0.3 and 0.5) 

phase as a function of temperature and b) Comparison between the XRD patterns 

at which the samples exhibited a good activity towards OER. 
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As observed in Figure 3.20a, when looking at the temperature at which each 

composition is more active (red circle), interestingly, small crystallite size of 2 nm 

is present in all. Also, a common feature when comparing the XRD patterns 

(Figure 3.20b) at the optimal calcination temperature, all present broader peaks 

(key characteristic to present small crystallite size) in contrast to the narrow peaks 

of pure IrO2. Moreover, the crystallite size of the Ir-Mo oxides is in agreement with 

Abbott et al.,41 where very active iridium oxide synthesized at 350 °C by modified 

Adams fusion method, small crystallite size was present (1.7 ± 0.4 nm) as well. 

Similar values and good activity, despite the different route of synthesis, reported 

small particle size such as IrxRuyTazO2,53 mesoporous IrOx films,54 among 

others.39, 55, 56  

In addition, it is noticeable that in samples such as 30-Mo and 50-Mo, calcined 

both at 400 °C, crystallite size is not present due to the fact that Rietveld 

refinement was not possible since at these temperatures those samples are fully 

amorphous. The full amorphization of those samples and the uncomplete 

formation of the mixed oxide at this temperature explains the poor performance 

towards OER in Figure 3.13b (30-Mo) and Figure 3.13c (50-Mo). On the other 

hand, the crystallite size increased in all samples when calcined at 800 °C, 

confirming that the crystallinity of the samples (also visible in SEM micrographs 

Figure 3.19) probably influences the catalytic activity resulting in a poor 

performance towards OER. In the literature, various reports indicated that alloys 

(i.e., Ni Fe),57 oxides (i.e., RuO2)58 and perovskites (i.e., CaCu3Fe4O12)59 have 

shown the amorphous versus crystallinity material performance towards OER, 

concluding that the amorphous forms of those materials outstand in performance 

their crystalline forms. A particular example for iridium is the one presented by 

Smith et al.,40 when comparing amorphous IrOx films with its crystalline form, 

showing that the amorphous films exhibited a better OER by decreasing the 

overpotential by 100 mV. In addition, SEM morphologies confirm the structural 

similarities between the most active materials, regardless of the composition, and 

agrees as well with how the activity of pure IrO2 works.30 
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3.4.2.2.  Stability test 

 

Figure 3.21 Chronopotentiometry measurements at 1 mA for 12 hours. 

As complementary, chronopotentiometry measurements (Figure 3.21) for 12 

hours were performed to 10, 30 and 50-Mo calcined at 450, 500, and 550°C, 

respectively, and the current was set at 1 mA (i.e., 5 mA cm-2). A couple of hours 

were generally necessary to reach a constant potential between 1.6 – 1.7 V over 

the course of a 12 h test.  This suggests that the porous Ir1-xMoxO2 phases 

possess a good stability while the OER process is taking place. 

In addition, even though there is a little difference between the potentials, it can 

be said that 10-Mo@450 needed a lower potential to maintain the current. This 

is due to the fact that the calcination temperature influences the stability of the 

oxide during OER. This behavior has been reported previously by various 

authors, for instance Cherevko et al.,33 showed that for IrOx/Ti films calcined at 

250 and 350 °C maintained the given current density (1 mA cm-2 followed by 2 

mA cm-2) at lower potential, around 1.4 V vs RHE, in contrast to the 1.6 V that 

samples 450 and 550 °C exhibited. On the other hand, when comparing Ir-Mo 

oxides to MoO3 stability, Zhang et al.,60 reported a chronoamperometry where 

porous MoO3 showed a good stability for 24 h at 1.68 V vs RHE while maintaining 

a current density at 4 mA cm-2, similarly to results in Figure 3.21. Also, Ir-Mo 

oxides stability behavior agrees with other iridium base materials such as IrNi or 

IrNiCu 26 with voltages around 1.5 – 1.7 V at a constant current density of 10 mA 

cm-2, and NiIrRuAl with similar values at 5 mA cm-2.61 
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Differently, chronocoulometry is another way of presenting chronoamperometry 

measurements, where the charge is plotted as a function of time.27 Recently, Wu 

et al.,62 have used of this technique on RuxSn1-xO2 to compare the passage of 

electric charge among the different catalysts. Moreover, tests on PEM water 

electrolysis cells under galvanostatic conditions (usually at 80 °C) where the cell 

voltage versus current density is plotted, is commonly  reported in the literature.63 

For instance, Faustini et al.,30 presented the polarization curves of pure IrO2 and 

Ir0.7Ru0.3Ox, showing the agreement with ex-situ electrochemical studies. 

However, testing materials stability in an electrolyzer, despite of being tested 

under real dynamic conditions, the results can be misleading and not reflect the 

actual performance of the electrocatalyst since several factors affect the 

measurements such as leaking, gas bubbles, not correct placement of the 

electrocatalyst coating onto the MEA, the need of higher amount of 

electrocatalyst to carry the stability test, not well stacking of the components, 

among others.64, 65 Thus, measurements by the three-electrode set up are useful, 

since lower quantities and less factors that can interfere in the measurements 

can be controlled. 

Furthermore, other ways for investigating the stability aspect of electrocatalysts 

involve the quantification by degradation/dissolution of products, this receives the 

name of accelerated durability tests (ADT), and a new independent metric called 

stability number (SN).66, 67 Delgado et al.,68 and Lee et al.,69 have made use of 

ATDs consisting on several dynamic conditions i.e., cycling of the electrode in the 

electroactive region, while Geiger et al.,66 presented the amount of dissolved 

metal in relation to the evolved oxygen as SN aiming at estimating the lifetime of 

the investigated materials i.e., perovskites, amorphous IrOx and others. However, 

further research in understanding dissolution and degradation processes is 

essential since assessing stability for the OER, has serious limitations that have 

arisen when comparing the performance in electrochemical cells to PEMWE 

assemblies, specifically the membrane electrode assemblies (MEAs).70 

3.5. Conclusion 

In this chapter, the series of Ir1-xMoxO2 oxides across the composition range x = 

0, 0.1, 0.3, 0.5, 0.7 and 1 have been tested by a typical three-electrode 
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electrochemical setup. The electrochemical study showed that the OER activity 

decreases dramatically when the sintering temperature is increased, due to 

crystallinity and loss in porosity when observing SEM images at higher 

temperatures. Samples heated between 450 – 550 °C presented the best 

performances as compared to commercial IrO2, and the intrinsic activity is similar 

among the different series since it depends strongly on the material structure (i.e., 

the crystallite size). Therefore, not fully amorphous materials are the most active. 

Furthermore, XPS and XANES measurements showed that when observing the 

oxidation state of iridium at these temperatures (450 – 550°C) the three main 

compositions evidenced Ir4+ or the transition from Ir3+ to Ir4+. Therefore, it can be 

postulated that the oxidation state is not the one ruling over OER performances. 

Finally, Ir0.9Mo0.1O2, Ir0.7Mo0.3O2 and Ir0.5Mo0.5O2 compositions were selected to 

be further studied in view of the stability, where the three compounds maintained 

a constant potential over the course of several hours, suggesting that these oxide 

series possess a good stability during the oxygen evolution reaction process. 
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CHAPTER 4. DETERMINING ELECTROCHEMICAL SURFACE AREA ON   

Ir1-xMoxO2 OXIDES 

The electrochemical study of the Ir1-xMoxO2 (x = 0, 0.1, 0.3, 0.5, 0.7 and 1) family 

presented in chapter 3 gave an insight into the activity of the catalyst. This 

allowed to pursue the investigation with an important parameter regarding the 

porosity of the material and the surface area of the catalyst. This chapter 

describes the determination of the electrochemical surface area (ECSA) of Ir-Mo 

oxides with molybdenum content of 10, 30 and 50%. The first part concerns the 

description of the electrochemical methods used for the surface area 

determination. In the second part, the cyclic voltammetry (CV) technique 

combined with underpotential deposition of mercury and double layer 

capacitance tests are used to evaluate the ECSA of Ir-Mo oxides in acidic solution 

as function of the catalyst calcination temperature and composition. We are 

showing that double layer capacitance analysis only reveals tendency relating the 

calcination temperature and surface areas, and underpotential deposition tests 

revealed that a value of ECSA is achievable by this technique when tested on 

mixed oxides. Also, some difficulties in applying this method are discussed and 

some solutions are suggested. 

4.1 Introduction 

Electrocatalysts main function is to speed up the reaction kinetics in electrolysis 

devices. An important feature they must possess is high electrochemical active 

surface area which translates as a porous material. The performance of porous 

electrocatalysts depends strongly on the magnitude of the surface area as it 

provides more active sites or more storage capacity, leading to higher current 

densities.1 Therefore, the characterization and determination of surface area is 

essential for electrocatalyst study since it allows comparing the catalytic activity 

and degradation of different catalyst materials in different conditions as well as 

electrodes architectures (i.e., morphologies). 

OER electrocatalyst with noble metal content (Ir or Ru) and their diverse forms 

such as alloys, oxides, and others mentioned in chapter 1, usually possess the 

ability to absorb species on their surfaces facilitating the reactions for energy 
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conversion. Regarding porous catalysts in water electrolyzers, the active surface 

area refers to the surface area of the catalytic particles since these ones are the 

ones that are simultaneously in contact with the electrolyte and the current 

collectors. 

The determination of ECSA allows to know the number of sites that are 

electrochemically available to carry the OER, which can differ from the actual 

surface area of the material. Therefore, to enhance material activity more catalytic 

sites are necessary. Different methods allow this quantification, and an insight on 

how the different methods are working is presented in the following sections.  

4.1.1. Methods for the surface area determination  

A series of electrochemical methods for determining the electrochemical surface 

area such as CO stripping, hydrogen adsorption, oxygen adsorption, 

underpotential deposition (UPD) of metals, voltammetry, and others are known 

as in-situ methods, while ex-situ methods are Brunauer–Emmett–Teller (BET) or 

porosimetry among others and will give information about the surface area of the 

material.2-4 From these methods, BET is considered to be the one that gives a 

value of the real surface area and porosity, but it is not an actual measure of the 

number of electroactive sites. It requires a good amount of material ‒ in the order 

of several hundreds of milligrams ‒ to give reliable values which can be 

problematic when the route of synthesis does not produce high amounts of 

catalyst or if the catalyst is made of precious metals. On the other hand, low 

quantities of catalyst ‒ in the order of milligrams or less ‒ are required while 

running in-situ electrochemical methods. In addition, these methods allow a direct 

measurement of the electrochemical surface area despite of how the materials 

has been deposited onto the surface of the electrode. 

4.1.1.4 Brunauer–Emmett–Teller (BET) theory 

 

BET is a characterization technique for surface analysis in which the principle is 

the physical adsorption of gas molecules on a solid surface, from which is 

possible to obtain information such as surface area and pore size distribution. 

The technique follows the Eq. 4-1:5 
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𝑃

𝑉(𝑃0−𝑃)
=

1

𝑉𝑚𝐶
+

(𝐶−1)

𝑉𝑚𝐶
(

𝑃

𝑃0
)                       (Eq. 4-1) 

Where 𝑃0 is the vapor pressure of the gas employed at standard conditions, 𝑃 is 

the equilibrium pressure, 𝑉 is the volume adsorbed of gas at a relative pressure 

given by (
𝑃

𝑃0
), 𝐶 is a constant that depends on the temperature and is related to 

the enthalpies of adsorption of the mono or multilayers, and 𝑉𝑚 is the volume of 

gas required to cover a monolayer (monolayer capacity).5 From Eq. 4-1 a plot of 

𝑃

𝑉(𝑃0−𝑃)
 versus (

𝑃

𝑃0
), gives a straight line which intercept is 

1

𝑉𝑚𝐶
 with a slope 

(𝐶−1)

𝑉𝑚𝐶
. 

The latter plot is called BET isotherm, and there are five adsorption isotherms 

possible as shown in Figure 4.1.6 Type I known as the Langmuir adsorption 

isotherm, portrays a rapid rise as the vapor pressure increases which indicates 

the formation of monolayer adsorption. Type II called S-shaped isotherm 

presents a multiplayer adsorption (high pressures) with inflexion formation of 

monolayer at lower pressures while Type III exhibits rapidly a multilayer 

formation. Type IV is similar to type II in which both present an inflexion formation 

of monolayer adsorption however in this last one capillary condensation occurs 

or pore filling. Finally, Type V is common on flat and homogeneous adsorbents.7 

 

Figure 4.1 The isotherm plots the volume of gas adsorbed onto the surface of the 

sample as pressure increases (taken and modified from6).  
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The isotherms depend on the material and usually represent the pore size (d) 

when porous materials are subjected to this test. The three major categories are: 

micro- (d < 2nm), meso- ( 2< d <50 nm) and macroporous (d > 50 nm).8 For 

instance, microporous materials present Type I, Type IV is generated on 

mesoporous materials and macroporous/non-porous exhibit Type II isotherm.7 

 

Figure 4.2 Schematic representation of measuring surface area with BET. 

Thus, the area of the sample can be obtained from Eq. 4-2: 

                                             𝑆 =  𝑉𝑚 × 𝑁𝑎𝑣𝑜𝑔𝑎𝑑𝑟𝑜 × 𝐴                                (Eq. 4-2) 

Where Navogadro is the Avogadro number per unit of volume of gas (molecules m-

3), and A is the area of the adsorbed gas molecule (m2). However, values are 

reported based on the mass of sample used, then ECSA (m2 g-1) follows: 

                                                 𝐸𝐶𝑆𝐴 =  
𝑆

𝑚𝑎𝑠𝑠 𝑠𝑎𝑚𝑝𝑙𝑒
                                  (Eq. 4-3) 

For a measurement as in Figure 4.2, the samples are placed in glass cells to be 

degassed in a vacuum at a temperature that will not damage the structure of the 

sample ‘and analyzed by the BET equipment. Firstly, usually a dead-volume 

measurement using an inert gas such helium is carried out to correct the gas 

adsorbed later. Then, once again vacuum is applied to remove the dead volume 

gas. Here the cells are connected to the outgas port of the device and are 

maintain at a constant temperature to ensure the interaction between the gas 

molecules and the surface of the sample, and the gas is injected with a calibrated 

piston. Usually, the gases used for this technique cannot chemically react with 
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the material surfaces as the gas is adsorbed to quantify the specific surface area.9 

The probe gas most frequently used is nitrogen but argon and carbon dioxide are 

used as well. Therefore, BET surface area depends on the adsorbate molecule 

used and its adsorption cross section.10 

4.1.1.4 Double layer capacitance (Cdl) 

 

The double layer capacitance is a classical approach to determine the ECSA 

using electrochemical techniques such as CV mentioned in chapter 3. In this 

case, voltammetry curves (Figure 4.3a) are recorded in small potential range, 

corresponding to a non-Faradaic region of the CV, and are measured at multiple 

scan rates. If the only process occurring in that potential range is the double layer 

charging, then the resulting differential capacitance equals to the Cdl which is the 

slope of the straight line (Figure 4.3b).2, 3, 11  

 

Figure 4.3 a) CV curves at different scan rates and b) the difference between 

anodic and cathodic measured at a specific voltage as function of the scan rate 

(taken and modified from12). 

The double layer differential capacity obeys to the Eq. 4-4:2, 3  

                                         𝐶 =  
𝑑𝑄

𝑑𝐸
= 𝑖 ∙

𝑑𝑡

𝑑𝐸
=

𝑖
𝑑𝐸

𝑑𝑡⁄
=

𝑖

𝑣
                 (Eq. 4-4) 

Then, the capacitance obtained is compared to a reference capacitance (𝐶*) 

value in order to obtain ECSA as follows: (𝐶 / 𝐶*)(1 / mass sample). The 𝐶*, 

should be known and is where the limitation of this method relays since the value 

can varied, and various authors have reported values between 60 – 80 µF cm-2 
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for oxide surfaces and used in materials such as perovskites,13 SiO2
14 or Co3O4.2, 

15 These values strongly depend on the electrode potential, surface structure of 

the material and electrolyte, thus an independent experiment has to be done to 

ensure a reliable 𝐶* value otherwise high percentage of error could influence the 

ECSA.3  

In general, this method cannot be used for comparison with different materials 

(i.e., oxides vs alloys) since the reference value is empiric, then it is only useful 

for internal comparison for a given material. For instance, porous materials or 

oxides tend to show a dependence of the current with the scan rate due to the 

less accessible surface at higher scan rate.2 On the other hand, one of the main 

advantages is that this method is not destructive, enabling the use of the sample 

for other measurements such as OER or HER.16 

4.1.1.3.  Gas molecule adsorption methods 

 

Using a probe gas where a gas molecule followed by electrochemical stripping is 

adsorbed onto the surface of the material generating an exchange current during 

the process is one of the in-situ methods to determine ECSA. The commonly use 

probe gasses are hydrogen and carbon monoxide, and they are used mainly on 

metals.  

a) Hydrogen adsorption method 

 

Hydrogen adsorption measurements can only be applied when the surface of the 

material allows “underpotential” adsorption of hydrogen molecules. Metal 

surfaces such as platinum, iridium, and rhodium have been studied extensively 

by this method. To obtain the value of ECSA, the following assumption must be 

taken into account: a 1:1 relation where one metal atom can absorb one hydrogen 

atom.2, 17 Using CV as shown in Figure 4.4 the region where hydrogen adsorption 

takes place is characterized by different peaks. 
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Figure 4.4 a) Blank voltammogram of a Pt polycrystalline electrode and b) 

Development of hydrogen adsorption peak on Pt electrode (taken and modified 

from17).  

The voltammogram displayed in Figure 4.4a was recorded in 0.5 M H2SO4 and 

shows the two main regions ‒ the third one being the “oxygen region” ‒ identified 

as the “hydrogen region” where hydrogen adsorption/desorption takes place, and 

the “double layer region” where non-Faradaic processes are present. Figure 4.4b 

shows how an additional peak appearing and becoming more pronounced. For 

platinum, which is the example used here but as well for rhodium and iridium, the 

ECSA value can be calculated according to Eq. 4-5:2, 3 

                           ECSA =  
𝑄𝐻

𝑄𝐻
∗ ×

1

𝑚𝑎𝑠𝑠 𝑠𝑎𝑚𝑝𝑙𝑒
                       (Eq. 4-5) 

Where QH corresponds to the charge under the voltammogram peaks for 

hydrogen adsorption, and the charge associated to that 1:1 ratio per unit area 

where a monolayer of adsorbed hydrogen is form is labeled as QH*. This is 

calculated based on the assumption of a well-defined single crystal face. A crucial 

parameter to carry this measurement is to know at which potential the hydrogen 

monolayer is formed. However, determining this is difficult, then it has been 

proposed to use as reference the end point potential and place the potential just 

before HER takes places. This depends on the electrode surface roughness, 

temperature and scan rate.18, 19 In addition, this method presents some 

limitations: for instance when tested on highly porous electrodes using low 

potential scan rates such as 5 mV s-1 the voltammogram does not show reliable 
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data.2 Also, the nature of the electrolyte influences the height of the peaks and 

their position, and in the case of metallic particles using supports the hydrogen 

atoms tend to diffuse to surfaces where the support is not covered.2 Overall, this 

method is mainly used on d-metal electrodes mostly with a low error around 

10%.20  

b) CO adsorption method 

 

CO adsorption method, also called CO stripping voltammetry, is used by 

“poisoning” the surface of the materials.21 As in hydrogen adsorption method, in 

CO stripping a gas molecule is adsorbed at the surface at a potential where CO 

oxidation does not take place and is then removed resulting in a peak from which 

the underlying charge is calculated. As an example, Figure 4.5 shows different 

CO stripping curves for different materials.  

 

Figure 4.5 CO adsorption method of a) Pt, b) Ru and c) Ru@Pt in 0.5 M H2SO4 

at 50 mV s-1 (taken and modified from22). 

In CO adsorption a new parameter has to be considered, corresponding to the 

number of electrons n exchanged during the process (oxidation), then the 

determination of ECSA follows Eq. 4-6:21 



 

99 

 

                                 ECSA = 
𝑄𝐶𝑂

𝑛 𝐹 𝑆𝐶𝑂
 ×

1

𝑚𝑎𝑠𝑠 𝑠𝑎𝑚𝑝𝑙𝑒
                   (Eq. 4-6) 

where QCO corresponds to the charge under CO adsorption peak, F is Faraday’s 

constant and SCO is the saturation coverage of CO in mol cm-2 units. For a given 

material, the adsorbate monolayer depends on the adsorption potential, time, 

temperature, surface roughness and pretreatment and electrolyte solution. This 

is shown in Figure 4.5 where the same electrolyte solution and different materials 

showed a shift in the CO adsorption peak.3 Unlike, the hydrogen method, CO 

stripping can be used in many metals and alloys but also presents some 

limitations or uncertainties such as the kind of CO bonding at the surface and the 

charge correction with respect to other contribution (i.e., double layer charge, 

metal oxide formation).2, 23 A promising way to separate at least the Faradaic and 

non-Faradaic processes while using CO can be by infra-red (IR).24 In general, 

despite the limitations and risks (i.e. poisonous) of working with CO, this stripping 

voltammetry is used mainly in a qualitative way that enables comparison of 

different catalysts activities as reported by Souza et al.,25 and Ochal et al.,22 

4.1.1.4 Underpotential deposition (UPD) of metals  

 

Several electrochemical methods are used for characterizing the materials 

surface as the ones mentioned above, however, sometimes those methods 

cannot be applied or do not give acceptable results on some electrocatalysts that 

contain elements such as Ag, Cu or any other metal where hydrogen and oxygen 

adsorption does not take place (i.e., Ru).2 Thus, UPD has been proven to be a 

powerful tool for probing the surface of those electrocatalysts, and can be used 

on nanoparticles, single and polycrystalline surfaces.26 27 

UPD, as indicated by its name, refers to the deposition of a metal onto a foreign 

metal substrate at a potential (or a potential region) lower than the potential it 

would deposit onto itself. The deposition occurs at a potential less negative than 

the potential required for reduction of the metal.3, 26 As a reference, the potential 

predicted by the Nernst equation for bulk deposition is taken into account since 

no bulk deposition (multilayers) is wanted, a monolayer is desired (Figure 4.6).28 

Thermodynamically, in order to obtain a monolayer the binding energy between 
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the adsorbed metal and the substrate has to be greater that the affinity of the 

adsorb metal to itself.27, 29 

 

Figure 4.6 Scheme difference between bulk deposition and underpotential 

deposition. 

Different techniques such as radiotracer, twin-electrode thin layer and others 

have been used to carry out UPD, however, cyclic voltammetry is frequently used 

compared to the other techniques since it allows the deduction of the potential 

between monolayer formation and bulk deposition as shown in Figure 4.7 where 

Alia et al.,30 determined that potentials lower than 0.25 V bulk deposition of the 

metal occurs.31, 32 As mentioned in chapter 3, a potential is swept linearly between 

two fixed potentials with a constant scan rate, and as the current is recorded a 

forward and backward scan result in a cyclic voltammogram.33 Here, the forward 

and backward scans result in adsorption and desorption peaks, corresponding to 

the deposition and dissolution of the deposited metal, as represented in Figure 

4.7.26 
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Figure 4.7 Voltammograms at variable potential range while testing mercury UPD 

onto iridium nanoparticles (taken and modified from30). 

The principle behind UPD is similar to the gas adsorption methods, where the 

charge associated to the deposition of the metal onto the surface can be 

converted to ECSA, following the same equation as for hydrogen adsorption Eq. 

4-5.2 The metals most often used are Cu, Ag and Pb,34-38 as well  as Cd, Sn, Bi, 

Sb, Ni and Hg which have been used as well.30, 39-43 Similarly to the other 

methods, UPD shares limitations such as the nature of the material affinity to the 

deposited ion, however, the main problem lays in the quantification of the charge 

corresponding to the deposited metal since a correction has to be applied where 

the double layer charge has to be considered. In addition, even if CV allows to 

identify the potential region for UPD, sometimes the proper identification of the 

potential for a monolayer formation is not possible. Another important limitation 

is that the value of the charge of the substrate are obtained, most of the times, 

under empirical consideration or assumptions, thus giving a margin of error. 

Despite the limitations, UPD measurements tend to have a high reproducibility if 

an established insight of the system is known.2, 3, 26, 27, 44-46 

4.2.  Surface area determination of Ir1-xMoxO2 

Based on the above, this section presents the following experimental conditions 

that were taken into account to test the surface area of the materials synthesized 

in chapter 2 and electrochemically tested in chapter 3. The electrochemical 
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surface area (ECSA) was determined by in-situ measurements such as double 

layer capacitance (Cdl) and underpotential deposition of mercury (UPDHg), as well 

as by ex-situ method BET used as point of reference, in order to understand the 

behavior presented in chapter 3 of the catalyst performances. 

4.2.1. Experimental section 

For all in-situ measurements, a three-electrode set up was employed with a RDE. 

The WE was a glassy carbon (GC) electrode with a surface are of 0.1963 cm2, a 

Saturated Calomel Electrode (SCE) as a RE and a platinum wire as a CE. All 

three submerged in a 0.1 mol L-1 HClO4 solution as supporting electrolyte. The 

collection of data was done by using a potentiostat Autolab PGSTAT 12 (see 

chapter 6 for further specifications). Also, all graphs potential (E), are reported in 

V vs Normal Hydrogen Electrode (NHE), therefore a correction of +0.242 V vs 

NHE was done. 

4.2.1.1.  Double layer capacitance 

For each catalyst the following experimental procedure was employed: 

i. iR-drop compensation was measured by potential feedback. A value of ca. 

20 Ω was obtained and compensated in all cases. 

ii. The catalyst was cycled between 0.89 and 1.09 V vs NHE at six different 

scan rates in a 0.1 mol L-1 HClO4 solution, and CVs were recorded in the 

following order: 200, 150, 100, 50, 25 and 10 mV s-1, normally 1 cycle for 

each scan rate. 

During these measurements, the electrode was rotate at 1600 rpm, and for 

reproducibility, the measurements were done with at least 4 independent 

experiments.  

4.2.1.2.  UPD by Hg 

For each catalyst the following experimental procedure was employed: 

i. iR-drop compensation was measured by potential feedback. A value of ca. 

20 Ω was obtained and compensated in all cases. 

ii. The catalysts were cycled between 0.24 and 0.84 V vs NHE at four 

different scan rates in a 0.1 mol L-1 HClO4 solution, and CVs were recorded 
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in the following order: 100, 75, 50, and 25 mV s-1, normally 1 cycle for each 

scan rate. This step is in to collect blank CVs. 

iii. 5 µL of a 1 mol L-1 of mercury nitrate solution was added to give a final 

concentration of 1mM in the final solution, and CVs were recorded once 

again at four different scan rates in the following order: 100, 75, 50, and 

25 mV s-1, normally 2 cycles for each scan rate. Between each scan rate, 

an electrochemical conditioning consisting of 10 cycles in the range 

between 1.24 and 1.54 V vs NHE in the OER region, were performed at a 

scan rate of 100 mV s-1.  

As an example, the sequence is as follows: 

1) Scan 1 cycle at the four different sweep rates in the potential range 0.24 

– 0.84 V vs NHE in a 0.1 mol L-1 HClO4 solution. 

2) After the last scan at 25 mV s-1, mercury nitrate is added. Then, 2 cycles 

at a scan rate of 100 mV s-1 in the same potential range are recorded. 

3) Electrochemical conditioning: 10 cycles are performed in potential range 

1.24 – 1.54 V vs NHE. This is the OER region. 

4) Lastly, 2 cycles at a scan rate of 100 mV s-1 between 0.24 – 0.84 V vs 

NHE are recorded once again. 

Steps 2 and 4 are considered before and after OER, respectively. Those were 

done for each scan rate. During these measurements the electrode was rotate at 

1600 rpm, and for reproducibility the measurements were done at least 3 times 

for each catalyst. In order to process the desorption monolayer the Coulombic 

charge of 138.6 µC cmIr
-2 was used as a conversion of factor.30 

4.2.1.3. BET 

Physisorption studies were performed with N2 at 77 K using a Belsorp-max 

apparatus from MicrotracBEL. Before analysis, the samples were outgassed at 

423 K for 12 h under 0.1 Pa. The BET processing was carried out in the relative 

pressure range 0.05–0.25. 
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4.3. Results and discussion 

4.3.1. CO Adsorption method 

An important parameter in normalizing activities of porous electrocatalysts is real 

surface area of the catalyst. As a first attempt to carry out this, CO stripping 

voltammetry was applied in order to observe the poisoning of it onto the Ir-Mo 

oxides. Usually, to apply this method the first step is to determine the potential 

where a probe molecule is adsorbed at the surface considering that CO oxidation 

does not occur, once this is found, the potential sweep back when removing the 

adsorbed molecule leaves an oxidation peak.  

 

Figure 4.8 a) Cyclic voltammograms (last cycle) of IrO2 commercial at 200 mV s-

1 in 0.05 M H2SO4 under CO atmosphere (blue and green) and air (orange) and 

b) OER of IrO2 commercial at 10 mV s-1 in 0.05 M H2SO4 under air (orange) and 

CO (blue and green) atmosphere. 

Based on this, CO stripping was tested firstly onto non-porous IrO2 commercial, 

and as reference a forward scan in no CO atmosphere in the potential range 

where OER takes place was recorded (Figure 4.8b, orange line) as well as CV 

(Figure 4.8a, orange line). After this, the electrolyte (0.05 M H2SO4) was 

consecutively bubbled with CO for at least 15 min while the electrode was 

maintained submerged. The potential was then cycled firstly 5 times (Figure 4.8a, 

blue line) from -0.2 V to 1.2 V at constant scan rate of 200 mV s-1 in order to 

observe the strip off or poisoning of the CO onto the surface followed again by a 

forward scan in the OER region (Figure 4.8b, blue line). Lastly, 20 cycles (Figure 

4.8a, green line) were recorded from -0.2 V to 1.2 V at the same constant scan 
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rate in order to observe if by increasing the cycling the CO adsorption could take 

place. However, as observed in Figure 4.8a, no change is visible i.e., oxidation 

peak is not present on the CV, meaning that no poisoning or adsorbed molecule 

was achieved onto the surface of the oxide. After these 20 cycles, a forward scan 

again took place between 1.24 – 1.54 V, and the OER performance decrease 

while CO was constantly bubbled increasing the overpotential.  

These measurements confirmed that CO stripping is usually employed where the 

catalyst material to be able to chemically adsorb CO as a monolayer where the 

catalyst has to be in its fully reduce state i.e., metallic state. Otherwise CO will 

poorly (or no) adsorbs onto the surface of oxides, thus CO stripping is not 

feasible.47, 48 Furthermore, Trasatti et al.,2 mentioned as major drawback of this 

method that the adsorbate may depend on surface charge, and it has been found 

that the monolayer depends on the metal nature and crystallite size i.e., Pt.49 

Based on the stated above regarding the oxidation state of the catalyst, and the 

results of XPS and XANES presented in chapter 3, no further measurements 

involving CO were done since Ir1-xMoxO2 catalysts oxidation states are either Ir3+ 

or Ir4+. Then, double layer capacitance and underpotential deposition of metal 

were considered as electrochemical methods for ECSA estimation.  

4.3.2. Double layer capacitance (Cdl) 

As previously mentioned, the capacitance method consists in cycling the 

electrode at different scan rates in a non-Faradaic charging region to be able to 

estimate ECSA. However, an important parameter to be able to determine this 

value is the reference capacitance (𝐶*) since it depends strongly on the electrode 

potential, surface structure and electrolyte. Therefore, and as reported previously 

by Faustini et al.,12 there is no existing reference capacitance to normalize the 

differential capacitance (Cdl) on iridium-based catalyst prepared by spray drying 

technique in order to avoid a high percentage of error that could influence the 

ECSA.3 

Based on the above, the double layer capacitance (Cdl) in-situ electrochemical 

method was measured in order to observe how the ECSA may evolve when 

tested in the following section. Also, in this section and in the followings, based 
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on the results presented in chapter 3, the catalysts containing 10, 30 and 50-Mo 

calcined at 450, 500, 550 and 600 °C were the ones assessed by in-situ 

electrochemical methods. By testing the catalysts at those four calcination 

temperatures allows to observe how the capacitance in this case may evolve 

instead of just selecting the catalyst that performed the best towards OER. 

 

Figure 4.9 a) Cyclic voltammogram of 50-Mo@550 recorded at a scan rate of 25 

mV s-1 in 0.1 M HClO4 and b) zoom in non-Faradaic. 

Firstly, a scan at 25 mV s-1 in the range -0.2 V to 1.2 V vs NHE (Figure 4.9a) was 

performed in order to determine the non-Faradaic region, which correspond to 

the region between 0.89 V to 1.09 V vs NHE as presented in Figure 4.9b. Despite 

the sample used for determined the potential range, all catalysts used in this part 

showed the same CV. All catalyst films onto the GC electrode were recorded at 

six different scan rates, as this is required for normalization procedure. CVs 

presented in Figure 4.10 were carried out at various scan rates from 10 mV s-1 

which correspond to the inner curve (brown line) up to 200 mV s-1 which is the 

outer curve (purple line). From those data it is possible to determine the charging 

current density (𝒋𝑪) of the electrodes at each scan rate by following Eq. 4-7: 

                                                      𝒋𝑪 = 𝒋𝒂 − 𝒋𝒄                                         (Eq. 4-7) 

𝒋𝒂 and 𝒋𝒄 correspond to the anodic and cathodic current density, respectively, 

taken from the CVs in Figure 4.10. From Figure 4.10, interestingly the samples 
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that exhibited the best performance towards OER are the ones that showed a 

bigger size i.e., high charge, than the rest of temperatures. Also, apparently the 

only series that showed a drastic change in size was 10-Mo (Figure 4.10a), where 

the CVs of the sample calcined at 600 °C are reduced by almost five times when 

compared to 450 °C sample. 

 

Figure 4.10 Cyclic voltammograms measured in a non – Faradaic region in 0.1 

M HClO4 at multiple scan rates: 0.2, 0.15, 0.1, 0.05, 0.025 and 0.01 V s-1 for a) 

10, b) 30, and c) 50-Mo samples obtained after calcination in air at different 

temperatures. 

It is then possible to obtain the value of the Cdl by plotting a graph of 𝒋𝑪 versus 

scan rate. Figure 4.11 shows the linear regression (the difference obtained from 

Eq. 4-7) measured at 1.0 V vs NHE as function of scan rate as well as the 

evolution of the Cdl, extracted from the slope: 

                               Slope = 
ja−jc[mA cm−2]

2 ∆  [mV s−1]
×103 = Cdl [µF cm-2]         (Eq. 4-8) 

In general, from Figure 4.11a, b and c, and from the equation presented 

previously, the higher the slope the higher the ECSA and Cdl. 
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Figure 4.11 a, b, c) The difference between anodic and cathodic charging current 

density measured at 1.0 V vs NHE plotted as function of scan rate, and d,e,f) the 

evolution of the differential capacitance (Cdl) estimated from cyclic 

voltammograms experiments in the non-Faradaic region in 0.1 M HClO4; 

Figure 4.11d, e and f show the evolution of the Cdl, where the value corresponding 

to samples at which they presented a good OER response are higher. In the case 

of 10-Mo, the capacitance evolution is the same as the one presented by Faustini 

et al.,12 for pure IrO2, and by Grupioni et al.,50 for Ir0.3Mn0.7O2 in the temperature 

range 400-550 °C. On the other hand, for both 30 and 50-Mo samples, the 
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behaviour differs, as an increase in Cdl is observed as the temperature is 

increasing but once this one reaches the optimal calcination temperature for each 

molybdenum content the Cdl value drops. Overall, the catalysts that exhibit higher 

Cdl values than the rest among their series, suggests high values of the 

electroactive surface area. This result agrees with SEM analysis in chapter 2 that 

show a decrease of the porosity at higher temperatures. Moreover, Grupioni et 

al.,50 and Zheng et al.,51 have reported that electrocatalysts annealed between 

400-450 °C results in high charge capacitance electrodes which ends up in high 

surface area.  

Since in this section no ECSA values are presented, it is important to remark the 

variation of it or the possible high error when the reference capacitance (𝑪*) is 

selected. This value can be either the specific capacitance of the sample which 

is consider not to be practical or the capacitance of an atomically smooth planar 

surface of the material per unit of area under similar electrolyte conditions.52 In 

the literature a variety of values haven been reported for both alkaline and acidic 

solution. For instance, for Ir0.3Mn0.7O2 50 an assumed value of 80 µF cm-2 was 

used due to measurements were done in acidic solution (0.5 M H2SO4) while 

other papers report 35 µF cm-2 for a 1 M H2SO4 solution,52 while for commercial 

IrO2 a value of 40 µF cm-2 is considered a reference capacitance in 1 M NaOH 

solution. However, since 𝑪 * varies from 15 to 110 µF cm-2 in H2SO4,52 we 

discarded this method due to its dependence to surface morphologies and 

chemical composition. 

4.3.3. BET 

The well-known BET ex-situ method for surface analysis, is without a doubt the 

most popular technique to obtain reliable surface area values. Therefore, for Ir1-

xMoxO2 (x = 0.1, 0.3 and 0.5) electrocatalysts calcined at 450, 500, 550 and 600 

°C surface areas were assessed by this method with the purpose of using them 

as comparison values for the following section concerning underpotential 

deposition. 
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Figure 4.12 N2 adsorption and desorption isotherms obtained at 77 K for 50-

Mo@550 

As an example, Figure 4.12 shows the adsorption isotherm of 50-Mo calcined at 

550 °C which displays a Type II isotherm (see Figure 4.1). This is the most 

common isotherm obtained when using BET on non-porous or macroporous 

materials,7, 53 confirming that the Ir1-xMoxO2 (x = 0.1, 0.3 and 0.5) electrocatalysts 

are macroporous adsorbents. The other electrocatalysts studied displayed the 

same isotherm. In addition, the hysteresis loop is often identified with specific 

pore structures. In the case of Ir1-xMoxO2, Figure 4.12 exhibits a type H1 where 

the desorption and adsorption lines are almost vertical and nearly parallel over a 

high relative pressure (P/P0), and this type is also associated with porous 

materials.53 

The ECSA values, determined using the BET equation, are listed in Table 4.1. 

The measurements show that Ir1-xMoxO2 samples such as 10-Mo@450, 30-

Mo@500 and 50-Mo@550 has a much larger surface area than commercial IrO2 

(29 m2 g-1), and pure Ir oxide prepared under the same conditions and same 

calcination temperature.12 In addition, among each molybdenum series, the 

samples which displayed better performances towards OER in chapter 3, present 

as well higher values of ECSA.  
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 IrO2 12 10-Mo 30-Mo 50-Mo 

Temperature 

 (° C) 

SBET  

(m2 g-1) 

SBET  

(m2 g-1) 

SBET  

(m2 g-1) 

SBET  

(m2 g-1) 

450 30 64 50 24 

500 29 49 74 27 

550 17 29 40 55 

600 - 22 76 29 

Table 4.1. BET surface area of the Ir1-xMoxO2 (x = 0.1, 0.3 and 0.5) catalyst 

sample and pure IrO2. 

The literature relates the change in surface area by the size of the crystallite, 

however, Ir1-xMoxO2 (x = 0.1, 0.3 and 0.5) and pure IrO2 by Faustini et al.,12 

present the same crystallite size around  2 nm. Therefore, the increase in 

surface area in these samples cannot be associated to the crystallite size or to 

which sample crystallizes first. On the contrary, it can be associated to the 

presence of more active sites. However, BET technique does not provide this 

information. 

4.3.4. Underpotential deposition of mercury 

The electrochemical active surface area (ECSA) serves as a key parameter for 

comparison between electrocatalysts since it provides a connection between the 

active catalytic sites of the material and its activity.54 BET measurements allowed 

to obtain a reference value for surface area, and despite of it being considered 

as a solid value, the major drawback of its used with Ir1-xMoxO2 oxides is the fact 

that this method requires up to several hundreds of milligrams of material to give 

reliable values. Electrochemical techniques, such as carbon monoxide stripping 

(section 4.3.1) and underpotential deposition (UPD), allow a direct measurement 

of the ECSA of the material onto the electrode, and only require very small 

amounts of material compared to BET, in the order of the microgram in our case. 

Therefore, UPD became of great interest along with a recent study on measuring 

ECSA of commercial iridium oxide by mercury underpotential deposition (Hg-

UPD) where Alia et al.,30 estimated surfaces that resulted in values close enough 

to the ones calculated from BET tests. In addition, the method allowed to test the 
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oxide before and after OER measurements, thus assessing the morphological 

stability of the catalyst after the catalytic reaction. 

Based on the above, and using the double layer capacitance and BET as a 

guidance for testing the evolution of ECSA by Hg-UPD while adapting slightly the 

methodology implemented by Alia et al.,30, this section presents the expansion of 

the method to porous Ir1-xMoxO2 oxides with x = 0, 0.1, 0.3, and 0.5. The 

electrochemical results are presented in experimental order to demonstrate the 

coherence and the reproducibility among the measurements. 

4.3.4.1.  Pure IrO2 

Firstly, ECSA was evaluated on pure IrO2 (x = 0) samples calcined in the range 

400 – 800 °C in order to ensure applicability of this method on ultraporous 

materials. Figure 4.13a, presents voltammograms at a variable potential range at 

50 mV s-1 with the aim to determine the potential range where both mercury bulk 

and the monolayer are form. It can be observed in Figure 4.13b that during the 

anodic scan, bulk mercury oxidation (arrow) appeared at potentials greater than 

-0.15 V (visible in purple, blue, magenta, green and yellow lines), and its presence 

depends on the lower limit potential. Also, the blue circle highlights the mercury 

monolayer desorption peak at 0.7 V (red line). 

 

Figure 4.13 a) CVs of IrO2@400 at variable potential range at 50 mV s-1 in 0.1 M 

HClO4 containing mercury nitrate solution and b) Zoom in the potential range 0.5 

– 0.84 V vs NHE. 
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Therefore, based on the above, the potential limits used to get the cyclic 

voltammogram for pure IrO2 in both background (only 0.1M HClO4 solution) and 

Hg-containing solution, are from 0.24 V to 0.84 V vs. NHE. This potential range 

was selected, which corresponded to the potential range of the red line in Figure 

4.13, due to the sole mercury monolayer desorption peak (described before in 

section 4.1.1.4) at 0.7 V (highlighted by blue circle). Also, all samples for all 

calcination temperatures presented an anodic desorption peak at ca. +0.7 V vs. 

NHE. 

 

Figure 4.14 a) Cyclic voltammogram of IrO2@450 recorded at a scan rate of 50 

mV s-1 in 0.1 M HClO4 (background), and 0.1 M HClO4 containing 1 mM mercury 

nitrate solution, and b) Inset of the area of the charge current corresponding to 

the anodic peak. 

In Figure 4.14, the black line represents the electrode CV response in the 

background electrolyte (0.1 M HClO4) while red and green lines represent before 

and after OER cycling, respectively, cyclic voltammograms behavior in Hg-

containing solution. In addition, the insert (Figure 4.14b) displays the area that 

represents the charge of the anodic peak which was estimated from the 

integration of the peak area, both before and after OER characterization. 

Moreover, the cyclic voltammogram recorded in the background electrolyte 

served as a guideline for the subtraction of other current while preserving the 

charging phenomenon generated by mercury desorption, this charging 

corresponds to the colored red zone in Figure 4.14b. 
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Figure 4.15 Cyclic voltammograms of IrO2 samples calcined in the temperature 

range 400-800 °C recorded at multiple scan rates in a 0.1 M HClO4 containing 1 

mM mercury nitrate solution. 

The anodic peak was selected for integration of the charge rather the cathodic 

peak since in some samples the cathodic peak did not show well defined limits, 

which is crucial for the integration of the peak, as observed in Figure 4.15a, b and 

d. Those poorly defined cathodic peaks were as well noted by Alia et al.30 Also, 

from Figure 4.15, when comparing the Hg-UPD peak among them, the samples 

calcined at 400, 450 and 500 °C are presenting a much larger current density 

than the other two samples. Furthermore, Figure 4.15 shows only the CVs before 

the 10 cycles over the OER region (+1.24 to +1.54 V vs. NHE), since the after 

CVs displayed almost similar behaviors before and after scanning in the OER 

region. This can be better observed in Figure 4.16, where very little variations 

regarding the charging current before and after electrochemical condition were 

visible. In addition, as the material aging temperature is increased the slope of 

the charging current starts to drop gradually. Similar behavior was observed in 

section 4.3.2 regarding the double layer capacitance. 
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Figure 4.16 Charges before and after electrochemical conditioning of OER on 

IrO2 samples calcined in the temperature range 400-800 °C in a 0.1 M HClO4 

containing 1 mM mercury nitrate solution. 

At this point, a Coulombic charge of 138.6 µC cm-2 was used as a conversion 

factor to obtain the ECSA,30 and following the above IrO2@400 which presents 

the highest slope resulted with the highest ECSA value as presented in Table 4.2. 

Focusing on the surface area before OER, a decrease from 30 m2 g-1 to 14 m2 g-

1 when increasing the thermal treatment from 400 to 800 °C, and after OER 

values are presenting the same trend. Since the Hg-UPD values are in the same 

range as the ones previously determined by BET method,12 it is concluded that 

the free Hg2+ ions in the solution have the same access to adsorption sites as the 

N2 probe gas onto the highly porous structure generated by spray-drying 

technique. Then, mercury ions are adsorbed both at the surface as well as inside 

the pores. Since results of pure IrO2 were satisfactory, Hg-UPD was further 

investigate for Ir1-xMoxO2 oxides. 
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Temperature 

 (° C) 

SBET  

(m2 g-1) 

SHgUPD before 

OER (m2 g-1) 

SHgUPD after OER 

(m2 g-1) 

400 32 30 ± 1.3 32 ± 2.1 

450 30 28 ± 2.5 28 ± 2.7 

500 29 26 ± 1.4 27 ± 1.6 

550 17 17 ± 2.2 18 ± 2.1 

800 13 14 ± 1.5 16 ± 0.5 

Table 4.2. ECSA values before and after electrochemical conditioning of OER on 

IrO2 samples calcined in the temperature range 400-800 °C in a 0.1 M HClO4 

containing 1 mM mercury nitrate solution. 

4.3.4.2. Ir-Mo oxides 

Hg-UPD protocol used on pure IrO2 was performed on Ir1-xMoxO2 (x = 0.1, 0.3 and 

0.5) oxides to estimate their ECSA. However, since the Hg-UPD method was 

going to be used for the first time onto mixed oxides, it was necessary to 

determine that the 100% molybdenum oxide particles were also sensible when 

subjected to mercury adsorption due to the fact that the nature of the material can 

affect the UPD process. 

 

Figure 4.17 Cyclic voltammograms of 100-Mo@550 recorded at 20 mV s-1 in a 

0.1 M HClO4 (background) and in a 0.1 M HClO4 containing 1 mM mercury nitrate 

solution. 

Figure 4.17, displays the electrochemical response of MoO3 in the potential range 

-0.2 V to 1.24 V vs NHE at 20 mV s-1 in both background (black line) and Hg-

containing solution (red line). The cyclic voltammogram shows several adsorption 
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and desorption peaks, we thus concluded that the method is suitable to continue 

with the Ir-Mo oxides since the peak pointed by the arrow around +0.7 V vs. NHE 

in the presence of mercury nitrate (red line) coinciding with pure IrO2 

electrochemical response, allowing the desorption peak to be easily identified 

when investigating the substitution of iridium for molybdenum. Following the 

protocol, all Ir-Mo oxides were recorded as well at multiple scan rates (100, 75, 

50 and 25 mV s-1), however, with the aim to observe the evolution of the CV 

shape and characteristic anodic peak at ca. +0.7 V vs NHE of all Ir-Mo oxides, 

the 25 mV s-1 CVs were chosen to show the behavior as represented in Figure 

4.18.  

 

Figure 4.18 Cyclic voltammograms of Ir1-xMoxO2 samples calcined at different 

temperatures and measured at 25 mV s-1 for a) 10, b) 30, and c) 50-Mo in a 0.1 

M HClO4 containing 1 mM mercury nitrate solution. 

The CVs in Figure 4.18, interestingly, displayed a similar behavior as Figure 4.10 

in line with double layer capacitance ECSA measurements. For instance, for the 

10-Mo CVs series (Figure 4.18a), as the calcination temperature increased the 

charge of the peak decreased as well similar to 10-Mo double layer capacitances 

CVs. Also, 30 and 50-Mo series showed the same trend as their corresponding 
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double layer capacitance CVs but not as visible as for the 10-Mo series. The 

changes in CVs’ shape such as the height or broadness of the peak might 

suggest the presence of more active sites where Hg ions deposit on. 

All CVs are presenting a double hump on the anodic scan: the small hump did 

not increase (or decreased) with calcination temperature or scan rates variation. 

Therefore, was considered as the limit where the peak (at 0.7 V) started to form. 

Also, the presence of the small hump could result from the difference between Ir 

and Mo desorption sites for mercury. In a similar study, Wang et al.,55 despite of 

using another adsorption metal for UPD onto IrO2/SnO2 catalyst, presented a 

similar hump at begining of the peak for the anodic Cu-UPD stripping but with no 

clear attribution. For the reverse scan, only the 30-Mo series (Figure 4.18b) 

presented a double hump on the cathodic scan while the rest displayed only one 

peak. 

 

Figure 4.19 Charges before and after electrochemical conditioning of OER of Ir1-

xMoxO2 samples calcined at different temperatures and measured at different 

scan rates for a) 10, b) 30, and c) 50-Mo in a 0.1 M HClO4 containing 1 mM 

mercury nitrate solution. 
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  10-Mo   

Temperature 

 (° C) 

SBET  

(m2 g-1) 

SHgUPD before 

OER (m2 g-1) 

SHgUPD after OER 

(m2 g-1) 

Cdl  

(µF cm-2) 

450 64 52 ± 1.2 53 ± 1.2  19.10 

500 49 38 ± 1.3 35 ± 1.4 6.2 

550 29 28 ± 0.6 31 ± 0.5 3.8 

600 22 18 ± 2.5 19 ± 2.9 2.5 

 

  30-Mo   

Temperature 

 (° C) 

SBET  

(m2 g-1) 

SHgUPD before 

OER (m2 g-1) 

SHgUPD after OER 

(m2 g-1) 

Cdl  

(µF cm-2) 

450 50 46 ± 1.2 49 ± 1.2 10 

500 74 74 ± 0.8 70 ± 0.7 14 

550 40 32 ± 1.3 31 ± 1.9 5.7 

600 76 61 ± 0.7  59 ± 0.7 8.3 

 

  50-Mo   

Temperature 

 (° C) 

SBET  

(m2 g-1) 

SHgUPD before 

OER (m2 g-1) 

SHgUPD after OER 

(m2 g-1) 

Cdl  

(µF cm-2) 

450 24 31 ± 0.7  27 ±0.07  5.7 

500 27 31 ± 3.4 31 ± 2.2 8.7 

550 55 57 ± 2.1 53 ± 2.3 13.1 

600 29 32 ± 2.2 33 ± 0.7 11.9 

Table 4.3. Summary of ECSA values before and after electrochemical 

conditioning OER on Ir1-xMoxO2 samples in a 0.1 M HClO4 containing 1 mM 

mercury nitrate solution, BET measurements and capacitive current 

measurements. 

As in pure IrO2, a comparison of the performance of the Hg-UPD charge current 

as function of the temperature for Ir1-xMoxO2 is represented in Figure 4.19. 

Similarly, to pure IrO2, the behavior of the slope of all the oxides agrees with the 

one observed in Figure 4.11 regarding the Cdl. Therefore, samples 10-Mo@450, 

30-Mo@500, and 50-Mo@550 which present the highest slopes before and after 

OER treatment would result in high ECSA values. For the conversion, the 

Coulombic charge of 138.6 µC cm-2 was used as well, since based on XRD 

results in chapter 2 the unit-cell parameters through the series remain constant, 
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implying that iridium atoms are being replaced by molybdenum atoms without 

changing the crystal structure. Therefore, the coulombic charge can be assumed 

to remain identical to the iridium series. 

As observed in Table 4.3, the ECSA values after OER cycling do not present 

significant variations, which outlines the stability of the material. When compared 

to the BET method, it presents favorable numbers, and the trends observed for 

both Hg-UPD and BET are similar. Moreover, when observing the Cdl trend, is 

expected that both UPD and BET exhibits the same behavior, however, in 30-Mo 

series this is not present since the sample calcined at 600 °C (BET = 76 m2 g-1) 

presented a value slightly higher than the electrocatalyst (30-Mo@500, BET = 74 

m2 g-1 ) that performed the best among this series towards OER. This discrepancy 

can be associated to the fact that samples came from different batches, meaning 

that the sample calcined at 600 °C was not the same powder batch calcined in 

the range 450 – 550 °C. On the other hand, Hg-UPD followed the capacitance 

trend, showing that among them 30-Mo@500 has the highest ECSA value. 

Moreover, when analyzing the OER performances of each series in chapter 3 by 

incorporating the ECSA values, it is visible that the performance was strongly 

influenced by the surface area thus resulting in 10-Mo@450, 30-Mo@500 and 

50-Mo@550 as the most actives towards OER in their corresponding family. On 

the other hand, the only series in which the ECSA was strongly influenced by the 

calcination temperature in terms of crystallinity is the 10-Mo series where the 

surface area decreases as the temperature increases, similarly to pure IrO2.12  

Now, among the electrocatalysts that performed the best towards OER, 30-

Mo@500 shows the highest Hg-UPD which is indicating that it has the highest 

surface active site, and that ECSA is not related to the amount of iridium in the 

catalyst. On the contrary, Wang et al.,55 reported that iridium loading influenced 

the Cu-UPD stripping charge where Ir-nano benchmark catalyst resulted with the 

highest charge compared to the supported catalysts. Moreover, interestingly, 

from Table 4.3 some values are closer to BET than other ones, and these 

differences have been reported previously in the case of Zn-UPD56 where Zn2+ 

ions were limited or could only access certain electrochemical accessible area of 

the IrOx films due to poor mobility through the pores, resulting in an ECSA value 
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that corresponded only to the 53% of BET. Therefore, Ir1-xMoxO2 oxides 

differences towards BET can be associated to a low or poor infiltration of the 

mercury ions into deeper pores presented on the oxides, as well as to the quality 

of the electrode coating and the catalyst loading. 

4.4.  Conclusions 

In this chapter, the series of Ir1-xMoxO2 oxides across the composition range x = 

0, 0.1, 0.3, 0.5, and 1 have been tested by a typical three-electrode 

electrochemical setup for double layer capacitance and underpotential deposition 

of mercury. The double layer capacitance method allowed to obtain a trend of the 

charging current behavior of the catalyst as the sintering temperature is increased 

which let on to have an insight into Hg-UPD method and BET behaviors. The Hg-

UPD method results prove its relevance and applicability for porous and mixed 

oxides when tested in RDE. The electrochemical study showed that the ECSA 

reaches its highest values when the catalyst is calcined at the optimal calcination, 

meaning 10-Mo@450, 30-Mo@500 and 50-Mo@550, for then decreasing 

drastically due to the loss of porosity (higher crystallinity of the materials). The 

values obtained are consistent with BET measurements as confirmed by the 

robustness of the method. Finally, among the Ir1-xMoxO2 oxides, Ir0.7Mo0.3O2 

composition calcined at 500 °C outperformed the other two catalyst (Ir0.9Mo0.1O2 

and Ir0.5Mo0.5O2, calcined at 450 and 500 °C, respectively) and presented the 

highest active sites surface area. 
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CHAPTER 5. GENERAL CONCLUSIONS 

The aim of the present thesis was to perform electrochemical studies on iridium 

based electrocatalysts with reduced iridium content by dopant effect of 

molybdenum under simplify and economic version of PEM water electrolysis 

conditions. The performance of the catalysts towards OER as anode material of 

PEM water electrolyzers was evaluated, as well as the influence of the catalysts 

content to enhance the surface area by lowering the metal.  

In order to seek the above objectives, the highlighted different characteristics that 

the electrodes must present for PEMWE are mentioned in chapter 1. The different 

routes of synthesis to reduce the iridium content or to produce cost effective 

electrocatalyst with high surface area and tunable properties discussed in chapter 

2 were considered to prepare the Ir-based oxides.  

The spray-drying method was used to prepare the Ir1-xMoxO2 mixed oxides across 

the composition range x = 0, 0.1, 0.3, 0.5, 0.7 and 1 calcined between 400 – 800 

°C. XRD analysis showed that the oxide crystallite size increased as sintering 

temperature increased, and as molybdenum was introduced the crystallization of 

the oxide was delay. Thus, single phases compounds were obtained for x = 0.1, 

0.3 and 0.5 starting from the sintering temperatures of 450, 500 and 550 °C, 

respectively. SEM analysis showed that the sintered powders resulted in powders 

with ultraporous structure with different morphologies, and the porogen structure 

is preserved up to 600 °C. 

The electrocatalytic activity and stability of the Ir1-xMoxO2 towards the OER were 

investigated using CV and chronoamperometry. The enhancement in catalytic 

activity by addition of molybdenum was clearly demonstrated by three-electrode 

electrochemical testing in 0.05 M H2SO4. Oxides with x = 0.1, 0.3 and 0.5 calcined 

at 450, 500 and 550 °C, respectively, exhibited the best performance towards 

OER. Meanwhile the stability of these oxide catalysts showed to be able to 

maintain a constant potential over the course of several hours during the oxygen 

evolution reaction process. XRD suggested that these electrocatalysts are not 

fully amorphous with the presence of rutile phase and crystallite size of 2 nm. 

Combined XPS and XANES measurements allowed to investigate the interaction 
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between iridium and molybdenum in Ir1-xMoxO2 electrocatalysts. The analysis 

presented evidenced that the iridium oxidation state remains unchanged when 

introducing molybdenum, as well as when the temperature of calcination is 

increased, concluding that the oxidation does not rule over OER performances. 

Double layer capacitance characterization by CV made possible to have a trend 

of Ir1-xMoxO2 electrocatalysts surface areas. The underpotential deposition of Hg 

method proved its relevance for the determination of the electrochemical surface 

area (ECSA), as well as for stability/degradation test when subjected to OER 

conditions. The integration of the Hg-UPD desorption peak gave reliable results 

that are consistent with BET analysis. The three main series showed that the 

highest ECSA value is reached when the mixed oxide is calcined at an optimal 

calcination temperature. Among the main electrocatalysts the oxide with 30% of 

molybdenum sintered at 500 °C exhibited the highest surface area with more 

active sites. 

In conclusion, this study has shown that it is possible to reduce the iridium metal 

content of OER electrocatalysts by introduction non-noble metals such as Mo by 

a cost-effective synthesis method such spray-drying. Different electrochemical 

techniques can give an insight into the electrocatalysts behavior and porosity 

morphology. The tunable properties provided by this route of synthesis allowed 

to obtain highly porous mixed oxides, not fully amorphous, with high 

electrocatalytic activity and stability toward O2 evolution reaction due to the high 

surface area with more accessible active sites. Meanwhile the protocol 

established by UPD of mercury allowed to determine the surface areas of the 

electrocatalysts with minimum quantity of material with values comparable to BET 

measurements. 
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CHAPTER 6. EXPERIMENTAL PROCEDURES 

6.1. Sample preparation 

The Ir1-xMoxO2 (x = 0, 0.1, 0.3, 0.5, 0.7 and 1) compounds tested in this thesis 

have been synthesized by the spray-drying technique at the LCMCP (group of 

Cédric Boissière, Sorbonne Université) by Dr. Mateusz Odziomek. 

6.1.1. Material synthesis: Spray – drying technique 

Spray-drying technique is a powder manufacturing method which consists in 

transforming the liquid that contains the particles of interest into its dried form by 

a rapid drying in a hot oven1 (Figure 6.1). The method has been widely use in the 

pharmaceutical and food industries,2 due to its low cost, water-based and 

scalable process. The general process involves three main steps:1  

 

Figure 6.1 General schematic representation of spray-drying process 

i. Atomization: the process starts with the feed of the liquid suspension into 

the atomizer by a pump. This step makes spray drying a method that 

allows the formation of particles with the desired physicochemical 

characteristics and morphological properties which depend strongly on the 
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atomizer implemented. The common devices are rotary, ultrasonic and 

hydraulic atomizers; these ones are in charge of breaking up the 

suspension into microdroplets. 

ii. Droplets: they are obtained by the action of either pressure, centrifugal or 

ultrasonic energy. The droplet feed is exposed immediately to hot air in a 

drying chamber, the temperature is adjusted to allow the best thermal 

process, in order to evaporate the solvent and as a result dried particle is 

obtained.  

iii.  Particle collection: The particles descend to the bottom of the chamber 

where they can be collected by bag filters or cyclone devices.  

Furthermore, this method has been extensively used to produce porous catalyst 

3-5 or nanocomposites 6, 7 since this process allows to tune the size and the 

morphology. The method was adapted to produce the mixed Ir-based oxide 

samples, Ir1-xMoxO2, using the synthesis method described below and illustrated 

in Figure 6.2. 

 

Figure 6.2 Synthesis of porous Ir1-xMoxO2 (x = 0, 0.1, 0.3, 0.5, 0.7 and 1) material. 

The solution of precursors contained the inorganic reagents, hydrated iridium (III) 

chloride (IrCl3.xH2O, 98%, Alfa-Aesar) and molybdenum (V) chloride 

(MoCl5.xH2O, 98%, Sigma-Aldrich) in a ratio of 1 g dissolved in 27 mL of water. 

After constant stirring for 30 min, 11 wt. % colloidal dispersion of 300 nm spherical 

polymethylmethacrylate beads (PMMA template) was then introduced in the 

previous solution. The beads were synthesized by radical polymerization from 

methyl methacrylate following the protocol described by Hatton et al.,8. After 
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another 10 min of stirring, the solution was first sprayed with an atomizer (B-290 

atomizer, Büchi) to form microdroplets which were then transported by an air flux 

in a drying chamber (input temperature 220 °C, pump flow 5 mL min-1) where 

evaporation took place, and the powder was then collected in a glass vessel by 

a vortex separator. The collected powder was then calcined above 350 °C since 

the polymer template is removed at this temperature, and the range selected was 

400 – 800 °C. The powder was then calcined at 400 up to 800 °C for 15 min at 

each temperature under static air. Then, the iridium-molybdenum species are 

converted into oxides by aerial oxidation.9, 10 Samples containing 30, 50 and 70%-

Mo followed a 3 h / 30 min ramp up until the selected temperature. On the other 

hand, the 10%-Mo series for the sample calcined at 400 °C followed a ramp of 3 

h, 450-500 °C a ramp of 5 h and 550-800 °C a ramp of 8 h, all this in order to 

avoid the formation of metallic iridium. 

6.2. Characterization techniques 

The Ir1-xMoxO2 (x = 0, 0.1, 0.3, 0.5, 0.7 and 1) compounds were characterized at 

the ITODYS (group of Jennifer Peron and Marion Giraud, Université de Paris) by 

Marine Elmaalouf (XRD and SEM). 

6.2.1. X-Ray (XRD) 

X-ray diffraction is a powerful technique used in the characterization of materials. 

It is primarily used for phase identification of a crystalline material which is 

provided by its diffraction pattern.  

 

Figure 6.3 Illustration of the interaction between X-rays and sample to obtain a 

diffractogram while following the Bragg's Law. 
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The latter is obtained when the Bragg’s law is satisfied, this one relates the 

wavelength () to the diffraction angle () and the lattice spacing (d) in a 

crystalline sample as given in Eq. 6-1.  

                                        𝑛 = 2𝑑 sin 𝜃 ; 𝑛 = 1, 2, … .                   (Eq. 6-1) 

Once a diffraction pattern is obtained (Figure 6.3), Rietveld refinements are 

necessary in order to identify and quantify phases and structural changes present 

on the material, several programs are used to obtain the cell parameters such as 

Fullprof Suite program with its graphical interface WinPLOTR 11 and MAUD12 

programs. The results presented on this thesis were characterized by the 

ITODYS group on a Panalytical X’pert pro diffractometer equipped with a Co 

anode (Kα = 1.789 Å) and a multichannel X’celerator detector. Each pattern was 

recorded in the  -  Bragg – Brentano geometry in the range 15 – 120 ° using 2 

step size of 0.0334 ° and compared to diffraction profiles reported in the ICSD 

(Inorganic Crystal Structure Database) and MAUD program for parameter 

extraction. 

6.2.2. Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy is a high-resolution imaging technique that uses 

beams of electrons to provide images where the structure and surface present 

on the materials of study are depicted. The path of the accelerated electrons is 

control by electromagnetic lenses, the condenser defines the size of the beam 

i.e., the resolution, and the objective lens is used to focus the beam on the sample 

(Figure 6.4). 
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Figure 6.4 Basic components of a SEM instrument. 

The instrument is based on the following principle: primary electrons generated 

by the electron source provide energy to the atomic electrons of the sample which 

then are release as secondary electrons, by collecting the latter, an image can 

be formed giving information about topography, morphology, orientation of 

grains, etc.13 The SEM images presented on this work were obtain using a Zeiss 

SUPRA 40 FESEM operating at 5 kV.  

6.3. Electrochemical measurements 

Electrochemical measurements are a response of electrodes while being 

immersed in an electrolyte solution when they are subjected to an applied 

potential or a current. The results presented in this thesis were performed using 

a Rotating Disk Electrode (RDE). One of the advantage of this device is the 

rotation which allows the removal of the produced gas bubbles from the surface 

of the catalyst while OER and HER measurements are taking place, as well as 

the hydrodynamic assumption (working principle behind RDE) that the electrode 

is in a uniform contact in the solution which allows to obtain precise and 

reproducible control of the convection and diffusion of the reagent to the 

electrode.14, 15 The equipment implemented in this thesis was a RDE (Pine 

Research Instrumentation) with a 5 mm diameter glassy carbon (GC) surrounded 

by a Teflon cylinder connected to a potentiostat Autolab PGSTAT 12 as 

presented in Figure 6.5. 
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Figure 6.5 Electrochemical set-up measurements using a three-electrode cell 

with a rotating disk electrode. 

6.3.1. Three-electrode set-up  

In a general three-electrode set-up, both potential and current can be monitor 

simultaneously permitting to study the behavior of the analyte at the 

electrode/electrolyte interface. The system16 is composed of (Figure 6.5):  

i. Working electrode (WE): is the one in contact with the analyte to which the 

potential is applied and where the reaction of interest is occurring. 

ii. Counter electrode (CE): is used to close the current circuit in the 

electrochemical set-up, passing all the necessary current to balance the 

current produce by the WE. The commonly use are Pt, Au or graphite. 

iii. Reference electrode (RE): serve as a reference in measuring and 

controlling the WE potential. Saturated Calomel Electrode (SCE) and 

Ag/AgCl electrode are the most used. 

The system works as described: an external voltage (V) is applied between the 

RE and the WE, an operational amplifier (present in the potentiostat) ensures that 

no electric current flows between the RE and WE, instead it flows between the 

CE and the WE, ensuring that the external voltage required is achieved. For this 

thesis, the WE is coated with the Ir1-xMoxO2 samples, the current flowed between 

the Ir-Mo oxides and the Pt wire (CE). The latter serves as a cathode since the 

case of study is the OER on the Ir-Mo oxides (anode materials). The potential 

applied between the WE and the RE is measured against Saturated Calomel 
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Electrode (RE), however, all the results are reported against Normal Hydrogen 

Electrode (NHE) and no against Reversible Hydrogen Electrode (RHE), since the 

latter potential depends on the pH of the solution, but still, both define the zero 

point in the electrochemical scale. For NHE, therefore 0.242 V must be added to 

correct the scale. 

6.3.2. Electrode preparation 

In order to achieve high quality films, these ones must be drop casted on a well-

polished glassy carbon (GC) electrode. To achieve the “mirror finish” on the 

electrode the use of abrasives and polishing cloths were implemented on a Lam 

Plan polishing machine (Smartlam® 2.0) as shown in Figure 6.6.  

 

Figure 6.6 Illustration of the preparation of the working electrode surface. 

Different diamond suspensions (1, 3 and 6M; Bio DIAMANT) were sprayed on 

polishing cloths with different roughness, for each cloth 2 minutes of polishing at 

250 rpm was used. Starting with the suspension with the highest concentration 

(yellow) and finalizing with the suspension with the lowest one (blue). The 

electrode was rinsed with deionized water (0.059 µS cm-2) and ethanol every time 

the disk and particle suspension were changed, and followed by ultrasonic bath 

and then dried at room temperature in air for 20 min before drop casting the ink.  

6.3.2.1. Ink preparation 

Catalyst ink properties and composition are crucial to achieve high quality films. 

Inks, typically, contain the catalyst, a perfluorosulfonic acid ionomer (usually 

Nafion) and a solvent (water/alcohol). Ink recipes are variable and are adjusted 

to the type of catalyst, however a main characteristic is to present a well-
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dispersed suspension and no flocculates.17 To achieve this, properties such as 

viscosity and homogeneity 18 have to be taken into account, therefore the type of 

solvent plays a significantly role affecting the distribution of the ionomer on the 

catalyst surface as wells as its distribution on the surface area of the glassy 

carbon electrode.  

Based on the above, the ink recipe for the Ir-Mo catalyst was the same as the 

one presented by Faustini et al.,9 suspending 1 mg of the catalyst sample with 

2 mg of carbon Vulcan XC72R (Cabot) in 250 µL of Nafion® solution (5% w/w, 

Alfa Aesar) and 250 µL of deionized water (0.059 S cm-2), and sonicated in an 

ultrasonic bath for 30 min. Once the catalyst ink is satisfactory, the last 

consideration to take into account to obtain a smooth film is the drying conditions 

of the ink droplet, which should cover the entire surface of the glassy carbon 

electrode. The drying of the film is directly related to the alcohol type, content, 

and ambient conditions (temperature and humidity).17-20 Faustini used a drying 

temperature of 100 °C for 30 min in oven, however, in this work a drying 

temperature of 60 °C/ 30 min was used (Figure 6.7).  

 

Figure 6.7 Schematic representation of the catalyst ink formation and drying 

As a resume, all electrochemical tests were studied using a rotating disk 

electrode (RDE, Pine Research Instrumentation) with a potentiostat Autolab 

PGSTAT 12. The three-electrode cell set-up included a saturated calomel 
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electrode (SCE) as a reference electrode (RE), a 5 mm diameter glassy carbon 

(previously polish and rinsed in ethanol) as a working electrode (WE) where 8 µL 

of catalyst ink was cast on (dried in air and at 60 °C/ 30 min in an oven), and a Pt 

wire as the counter electrode (CE). 

6.3.3. Measuring techniques 

6.3.3.1.  Cyclic voltammetry (CV) 
 

This electrochemical technique is considered as a basic electrochemical test for 

materials. As the potential is sweeping from positive to negative and vice versa, 

the current is being recorded. The graph (Figure 6.8) obtained from a CV gives 

information about the oxidation/reduction peaks as well as capacitive behavior, 

reversibility or irreversibility of the electrochemical processes, and potential 

catalytic activity of the material. A forward scan (positive slope) switches after 

reaching the first half-cycle to a reverse scan (negative slope) to complete the 

second half-cycle with the aim to reach the same position at which it started.21  

 

Figure 6.8 Graphical representation of a cyclic voltammogram zones. 

The changes in the colored blue region when performing CV tests are due to the 

influence of the scan rate (slope in V s-1), the slower the scan rate the lower 

charging current, while higher scan rates lead to higher flow of current. The 

catalytic activity of the Ir-Mo catalysts was done by measuring the OER at a 

constant rotating rate speed of 1600 rpm in a beaker containing a 0.05 mol L-1 
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H2SO4 solution (ohmic drop of ca. 30 ) as supporting electrolyte solution as 

follows: 50 cycles in the range -0.2 V to 1.2 V followed by a forward scan recorded 

at 10 mV s-1 in the potential range of 1.2 –1.5 V.  

a) Double layer capacitance 

 

As mentioned above CVs can give detail capacitance behavior (Figure 6.8), since 

CV measurements consist of applying a potential at the electrode which varies 

linearly with time while the current is recorded, and the charge accumulated at 

the electrode makes it possible to estimate its capacitance. For this, the double 

layer capacitance (Cdl) region, which corresponds to a non-Faradaic region (no 

redox processes take place), must be determined.22  

                                                  𝑖 = 𝑣 ∙ 𝐶𝑑𝑙                                                (Eq. 6-2) 

The capacitance is measured by recording several voltammograms at different 

scan rates. The plot of the current registered vs the scan rates gives a graph as 

in Figure 4.3b, where the slope (Eq. 6-2) results to be the Cdl usually given in the 

units of µF cm-2.  

In this thesis, the Cdl region was found to be between 0.89 V and 1.09 V as shown 

in Figure 4.9. The measurements were carried out in 0.1 M HClO4 (ohmic drop of 

ca. 20 ) as supporting electrolyte solution while cyclic voltammograms were 

recorded in a non-faradaic region of the potential sweep at multiple scan rates 

(0.2, 0.15, 0.1, 0.05, 0.025 and 0.01 V s-1). 

b) Underpotential deposition (UPD) of metal  

 

The deposition of the metal on to the substrate relays on the potential required to 

produce a monolayer while avoiding the bulk deposition, and the CV technique 

allows to deduce the underpotential deposition (UPD) shift (monolayer to bulk 

deposition).23 The CV and UPD tools permit to characterize the materials surface, 

the phenomenon occurs (Figure 6.9) at slightly higher potentials than the potential 

necessary to reduce the substrate, therefore the UPD has to be measured in a 

region where no other redox processes take place. In this range, the metal is 
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deposited as a monolayer on the substrate surface and its response is observe 

as a peak in the voltammogram.  

 

Figure 6.9 Schematic representation of Underpotential deposition (UPD) 

phenomenon. 

The metal used in this work for the UPD measurements was mercury (Hg). 

Mercury underpotential deposition (Hg-UPD) tests for the electrochemical 

surface area (ECSA) measurements were carried out as follows modifying the 

protocol presented in ref:24 cyclic voltammograms were taken at variable scan 

rates (0.1, 0.075, 0.05 and 0.025 V s-1) in the range 0.2 V to 0.8 V in 0.1 M HClO4 

(ohmic drop of ca. 20 ) as supporting electrolyte solution before and after 

dropping 5 µL of 1 M mercury nitrate solution into the supporting electrolyte to 

achieve achieve a Hg2+ final concentration of 1mM in the final solution. OER 

measurements were performed by 10 cycles in the range 1.2 V to 1.5 V at 0.1 V 

s-1 as an electrochemical conditioning prior to ECSA measurements once 

mercury solution has been introduced. To process the desorption monolayer the 

Coulombic charge of 138.6 µC cmIr
-2 was used as a conversion of factor.24  
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Résumé : La diversification des sources d’énergie en 

incorporant des technologies propres et renouvelables 

devrait jouer en rôle important pour s’affranchir du 

système actuel dominé par les énergies fossiles. 

L’hydrogène est un vecteur énergétique renouvelable 

prometteur, et l’électrolyseur d’eau à membrane 

échangeuse de proton (PEMWE) est une technologie 

reconnue pour produire du H2 de haute pureté. 

Néanmoins, et malgré les performances prometteuses, 

une utilisation à grande échelle de ce type 

d’électrolyseur est confrontée à des problématiques de 

coût et d’efficacité pour lesquelles le catalyseur 

anodique est l’un des principaux contributeurs du fait de 

sa composition (matériaux à base d’iridium) et des 

grandes surtensions nécessaires pour la réaction de 

production d’oxygène (OER) qui induisent une cinétique 

lente. Ce travail de thèse s’intéresse à l’étude 

électrochimique de différents catalyseurs à base 

d’iridium pour l’OER. Plusieurs stratégies ont été 

employées pour déterminer différentes propriétés 

comme la surface électroactive (ECSA) et la stabilité et 

la dégradation en condition d’électrolyse afin de pouvoir 

décrire, analyser et comparer les différents catalyseurs. 

Les dérivés d’oxydes mixtes de formule Ir1-xMoxO2 (x 

=0, 0.1, 0.3, 0.5, 0.7 and 1) ont été synthétisés par le 

procédé de spray-drying (déshydratation par 

atomisation) et calcinés à différentes températures entre  

450 et 800°C. Les électrocatalyseurs ont été caractérisés par 

diffraction des rayons X sur poudre (XRD), microscopie 

électronique à balayage (SEM) et spectrométrie 

photoélectronique X (XPS). L’étude par SEM de ces matériaux 

a confirmé les morphonologies poreuses et amorphes à basses 

températures de calcination. L’analyse des spectres XRD a 

aussi pu notamment établir que la taille des cristallites 

augmentait avec la température de calcination et diminuait 

avec la teneur en molybdène. Les spectres XPS ont pu 

démontrer que les principaux états d’oxydation de ces oxydes 

mixtes étaient Ir3+/Ir4+ ou Ir4+. En utilisant une électrode à 

disque tournant (RDE), les caractérisations électrochimiques 

par voltammétrie cyclique (CV) et chronoampérométrie, ainsi 

que des mesures de capacitance de double couche (Cdl) et 

d’électrodéposition à sous-potentiel de mercure (Hg-UPD) ont 

permis de s’intéresser aux mesures de surface électroactive de 

ces matériaux. De plus, les voltammogrammes des différents 

oxydes mixtes ont mis en évidence l’influence de la 

température de calcination sur les performances 

électrocatalytiques. Trois composés de la série Ir1-xMoxO2 (x = 

0.1, 0.3, 0.5) calcinés à 450, 500 et 550°C ont été étudiés pour 

leur stabilité comme matériaux anodiques. Les mesures de 

capacitance de double couche ont démontré qu’elles ne 

pouvaient être appliquées uniquement pour obtenir des 

tendances pour les mesures d’ECSA, alors que la méthode Hg-

UPD permettait d’obtenir des résultats comparables aux 

mesures BET pour ces matériaux ultraporeux.  
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Abstract : Diversifying energy sources by incorporating 

cleaner technologies i.e., renewable energy sources, are 

expected to play an important role to move from the current 

non-renewable dominated energy system. One of the 

promising energy carriers for renewable energy systems is 

hydrogen, and proton exchange membrane water 

electrolyzer (PEMWE) is one of the technologies known to 

produce highly pure H2. Regardless the promising 

performances, large-scale use of such device faces 

efficiency and cost issues, among which the anode catalyst 

material is one of the main contributors due to its 

composition (Ir-based materials) and high overpotential 

towards the oxygen evolution reaction (OER) (slow 

kinetic). This thesis work aimed to electrochemically study 

several Ir-based OER catalysts by different strategies since 

properties such as electrochemical surface area (ECSA), 

stability/degradation tests and catalytic processes are 

critical characteristics to describe, analyze and compare 

electrocatalysts. The mixed oxides derived from Ir1-

xMoxO2 (x =0, 0.1, 0.3, 0.5, 0.7 and 1) were synthesized by 

the spray-drying process and calcined at different 

temperatures in the range 450–800 °C. The electrocatalysts 

were characterized by X-ray powder diffraction (XRD),  

scanning electron microscopy (SEM), and X-ray 

photoelectron spectroscopy (XPS). The SEM study of 

these materials confirmed the amorphous - porous 

morphologies at lower calcination temperatures. XRD 

analysis showed that the crystallite size increases with 

temperature and decreases with molybdenum content. XPS 

spectra demonstrated that the main oxidation states present 

on the mixed oxides are Ir3+/Ir4+ or Ir4+. The 

electrochemical characterization using rotating disc 

electrode (RDE) technique consisted of cyclic voltammetry 

(CV) and chronoamperometry, as well as double layer 

capacitance (Cdl) and Hg underpotential deposition (Hg-

UPD), which allowed to investigate their ECSA. The CV 

of all the mixed oxides allowed to compare and observed 

the influence of the sintering temperature on the 

performance towards OER. Three of the compounds of the 

series Ir1-xMoxO2 (x = 0.1, 0.3, 0.5) calcined at 450, 500 

and 550 °C were studied for stability as anode materials. 

The Cdl method allowed to obtain a trend of the charging 

current behavior of the electrocatalyst as function of the 

sintering temperature, while the HgUPD method results 

prove its relevancy and applicability for ultraporous and Ir-

mixed oxides when tested in RDE giving consistent ECSA 

values in agreement with BET measurements.  
 


