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SOMMAIRE 

La réaction de dégagement d'oxygène (RDO) est une 

importante réaction anodique dans 1 'électrolyse de 1 'eau, 

l'électrosynthèse et l'électroaffinage du Ni, Zn et Co. Dans 

ces procédés, le haut voltage de la cellule résultant d'une 

grande surtension produite par la réaction du dégagement 

d'oxygène donne un bas rendement de production. Une 

diminution de la surtension d'oxygène améliorerait le 

rendement énergétique. 

Les techniques utilisées pour diminuer les surtensions de 

la RDO sont basées sur deux concepts: (a) l'utilisation de 

matériaux ayant une grande activité électrocatalytique et (b) 

l'utilisation des électrodes avec une grande surface réelle. 

Ces deux concepts ont été adoptés dans la présente étude afin 

de développer de nouvelles électrodes d'oxydes mixtes pour la 

RDO en . sol utionr alcaline. Le nickel a été choisi comme 

matériau de base des électrodes. Le Ni-Ir et le Ni-Ru ont été 

obtenus par électrodéposi tion. Les électrodes à base de 

composites de Ni, Co et de Fe ont également été fabriquées par 

déposition-composite. 

L'activité électrocatalytique a été améliorée en 

utilisant des électrodes à base de nickel allié à des métaux 

de transition. Des électrodes de Ni-Ru et Ni-Ir obtenues par 



vi. 

codéposition ont été étudiées pour la RDO dans une solution de 

KOH 5M. Les caractéristiques électrochimiques ont montré, 

qu'en présence de Ru ou d' Ir, la couche d'oxyde mixte des 

électrodes de nickel a réduit la surtension et a augmenté la 

densité de courant pour la RDO. À 20 mA/cm2
, une diminution 

de la surtension d'environ 30 à 40 mV a été observée sur des 

électrodes d'alliages de nickel mentionnés.· De plus, la 

densité de courant, avec une surtension de O. 4V sur les 

électrodes de Ni, a été multipliée par 3 et par 6 avec, 

respectivement, 2.2% en poids de Ru et 6.0% en poids d'Ir. 

Les mesures de voltamétrie cyclique ont montré que 

l'addition de Ru ou d'Ir change la tension d'oxydation de la 

surface oxydée des électrodes de Ni. La surtension de la RDO 

peut être subdivisée en deux parties: 1l = âE0x+âE02• Le âE0x, 

qui caractérise la tension d'oxydation, est le plus bas dans 

le cas des oxydes mixtes de Ni-Ir; tandis que le âE02, qui

représente la différence entre les tensions d'oxydation et de 

la RDO, est à son minimum dans le cas des oxydes mixtes de 

Ni-Ru. Il est donc suggéré que le mécanisme pour améliorer la 

performance des électrodes de Ni avec l'Ir soit différent de 

celui avec le Ru. L'Ir diminue latension d'oxydation du Ni, 

tandis que le Ru abaisse la surtension de la RDO sur la 

surface oxydée. Tous les deux ont amélioré les propriétés 

catalytiques des électrodes de Ni. 
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Un nouveau procédé de déposition-composite a été étudié 

dans la fabrication des électrodes composite-revêtement. 

L'amélioration des propriétés catalytiques des électrodes 

composite-revêtement est attribuée à la porosité et à la 

rugosité élevées de la surface de ces dernières, et non pas à 

l'activation de la surface. Effectivement, des observations 

au MEB ont montré que les électrodes fabriquées selon la 

technique composite-revêtement présentent visiblement une 

surface rugueuse. De pl us, cette rugosité de la surf ace 

augmente lorsqu'on ajoute des poudres de Ni, Co ou Fe dans le 

bain de déposition. 

Les caractérisations d'impédance AC ont été effectuées 

sur les électrodes composite-revêtement dans une solution de 

KOH 5M à 25 °C. Les spectres d'impédance ont été obtenus dans 

l'intervalle de fréquences variant de 10-3 à 105 Hz pour la

RDO et la RDH. Les comportements de l'impédance des 

électrodes furent théoriquement modélisés à l'aide d'un 

circuit équivalent constitué d'une Rct et de la "Constante 

Phase Element" (CPE). Les données expérimentales des RDO et 

RDH correspondent très bien aux tracés des courbes produites 

à partir du circuit équivalent. Les caractérisations 

d'impédance montrent que la dimension fractionnaire, l'angle 

de dépression des points des plans complexes ainsi que le 

facteur de rugosité de la surface sur les électrodes à base de 

composite, ont été beaucoup plus élevés que pour les 
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électrodes de Ni. Ces mesures révèlent que l'augmentation de 

surface réelle d'une électrode à surface rugueuse est 

responsable de l'amélioration des performances pour la ROO et 

la ROH. Les meilleures performances pour la ROO et la ROH ont 

été obtenues sur des électrodes composites Ni-Fe. Les 

résultats ont montré que la valeur de l'angle de dépression 

des points des plans complexes n'est pas constante avec les 

variations de la surtension. Ces résultats ont aussi démontré 

que la capacité de la double couche varie, dépendant de la 

réaction (la RDO ou la ROH). Donc, il est possible d'utiliser 

l'angle de phase de l'impédance (paramètre dépendant de la 

fréquence) et l'angle de dépression (paramètre indépendant de 

la fréquence) pour caractériser les électrodes selon leur 

rugosité. 



ABSTRACT 

The objective of this study is to develop new mixed oxide 

electrodes for the oxygen evol ut ion reaction ( OER) . A cri tic al 

review of the most important aspects of the oxygen electrodes 

was presented in Chapter 2. Two techniques for reducing the 

oxygen overpotential have been adopted in this study. They 

are: (a) creating active centres on the electrode with 

catalytically active materials and (b) increasing electrode's 

real surface areas. Nickel·was selected as the base material 

because of its relatively good electrocatalytical activity and 

stability in alkaline solutions. Electrolytic deposition was 

employed to prepare Ni-based electrodes. Ni-Ru and Ni-Ir 

electrodes were fabricated by codeposition. The Ni, Co and Fe 

composite-coating electrodes were prepared by the composite

deposition method. 

The electrocatalytical activity on Ni-based electrodes 

were significantly improved by alloying with transition metals 

of less than 10 wt%, which is the new results for the Ni-based 

oxygen electrodes. Electrochemical characterizations showed 

that a decrease of 30 to 40 mv ( at 20 mA/cm2) of the OER 

overpotential was observed on the Ni-Ru and Ni-Ir mixed oxide 

electrodes in 5M KOH solution at 25 ° C. The electrode current 

density at 0.4 V of overpotential was increased threefold with 

2.2 wt% Ru and 6-times with 6.0 wt% Ir. 
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Cyclic voltammetric measurements showed that the addition 

of Ru or Ir to Ni-based electrodes changed the surface 

oxidation peak potential. The OER overpotential can be 

di vided into two parts: 'I') = AE
0
x + AE

02• The AE
0
x, which 

characterizes the peak potential, was the lowest on the Ni-Ir 

mixed oxide; the AE
02, which represents the potential 

difference between the oxidation peak and the OER, was the 

lowest on the Ni-Ru mixed oxide. Therefore, it is suggested 

that the mechanism for improving the performance of the Ni 

electrode with Ir was different from that with Ru: Ir 

decreased the Ni oxidation potential while Ru lowered the 

overpotential on the oxidized surface. The presence of either 

Ru or Ir was, however, is beneficial to increase the Ni-based 

electrode I s acti vi ty. This understanding is a new 

contribution to the knowledge of increasing the 

electrocatalyticalal activity of the oxygen electrodes. 

A new process, namely composite-deposition, was ernployed 

to fabricate the composite-coating electrodes. It is very 

effective in fabricating an electrode wi th a very rough 

surface. Results showed that an improved catalytic property 

of the composite-coating electrodes was attributable to the 

very rough and porous surface, and not to surface activation. 

SEM examinations showed that the composite�coating electrode 

had a visibly rough surface, and the surface roughness on the 

coating increased when the electrode was prepared in the bath 
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with Ni, Co or Fe powders. The best performance for the OER 

and HER (hydrogen evolution reaction) in SM KOH solution was 

obtained on the Fe composite-coating electrode. 

AC impedance characterizations were carried out on the 

composite-coating electrodes in SM KOH solution at 2S °C. The 

impedance spectra were collected in the frequency range from 

10-3 to 105 Hz under the conditions for the OER and HER. It

was found that impedance responses of the composite-coating 

electrode could not be modelled and fitted with a simple 

equivalent circuit, such as the R-C circuit. This suggests 

that the roughness of the composite-coating surface has an 

impact on the impedance response of the electrode at the 

tested frequency range. The depressed angle of semi-circular 

arc in the complex-plane plot was related to the electrode 

surface roughness. This behaviour has been taken as a measure 

of the impedance technique for characterization of the 

electrode surface roughness. This is one of the pioneer works 

to study the surface roughness by the impedance technique. 

An equivalent circuit consisting of a charge transfer 

resistance (Rct> and the "Constant Phase Element" (CPE) was 

used to model the electrode wi th a highly rough surface. 

Experimental data for the OER and HER corresponded very well 

wi th the curve fi ttings based on the equi valent circuit. 

Impedance characterizations showed that the fractal dimension, 



xii. 

the depression angle of the cômplex-plane plot and the surface 

roughness factor were sensitive indicators of the surface 

roughness on composi te-coating electrodes. The se measurements 

suggested that the high real surface area on the composite

coating electrode was responsible for the improvement of the 

electrode performance for the OER and HER. The results also 

demonstrated that the value of the depression angle of the 

complex-plane plot was not a constant as the overpotential 

changed; that the double-layer capacitance varied with 

electrochemical reactions, the OER or HER. Those are results 

first reported for oxygen and hydrogen electrodes. Therefore, 

it is possible to use the impedance phase angle (frequency

dependent parameter) and the depressed angle of the complex

plane plots (frequency-independent character) to characterize 

the electrode with a very rough surface. 



RÉSUMÉ 

La réaction de dégagement d'oxygène (RDO) est une 

importante réaction anodique dans 1 1 électrolyse de l'eau, 

l'électrosynthèse et l'électroaffinage du Ni, Zn et Co. Dans 

ces procédés, le haut voltage de la cellule résultant d'une 

grande surtension produite par la réaction du dégagement 

d'oxygène donne un bas rendement de production. Une 

diminution de la surtension d'oxygène améliorerait le 

rendement énergétique. 

L'étude bibliographique ( Chapitre 2) traite des plus 

importants aspects relevant de l'électrocatalyse de la RDO. 

Les différents matériaux utilisés dans la fabrication des 

électrodes pour dégagement d'oxygène ont été classifiés et 

répertoriés. Une attention particulière a été donnée aux 

matériaux à base d'oxyde. Leur structure, leur méthode de 

préparation et leur activité électrocatalytique ont été 

discutées en détails. Les critères pris en considération pour 

le choix des matériaux utilisés dans la fabrication des 

électrodes sont: l'activité électrocatalytique, la résistance 

à la corrosion, la conductivité, la réaction sélective, le 

rapport entre la tension réversible de l'oxygène et la tension 

standard des électrodes, ainsi que la dépendance de l'activité 

électrocatalytique du phénomène d'adsorption-désorption des 

espèces réactantes. 



xiv. 

Les techniques pour améliorer l'activité des électrodes 

pour la RDO seront citées ultérieurement. Le nickel en tant 

que matériau des électrodes a été revu. Les mécanismes de la 

RDO proposés par plusieurs auteurs ont été présentés dans 

l'étude bibliographique. Les paramètres électrochimiques des 

électrodes ainsi que l'évaluation de ses performances ont été 

résumés sommairement. 

Les techniques utilisées pour diminuer les surtensions de 

la RDO sont basées sur deux concepts: (a) l'utilisation de 

matériaux ayant une grande activité électrocatalytique et (b) 

l'utilisation des électrodes avec une grande surface réelle. 

Ces deux concepts ont été adoptés dans la présente étude afin 

de développer de nouvelles électrodes d'oxydes mixtes pour la 

RDO en solution alcaline. 

Le nickel a été choisi comme matériau de base des 

électrodes, vu sa bonne activité électrocatalytique et sa 

stabilité dans les solutions alcalines. Les électrodes à base 

de nickel sont préparées par des dépositions électrolytiques. 

Le Ni-Ir et le Ni-Ru ont été obtenus par électrodéposition. 

Les électrodes à base de composites de Ni, Co et de Fe ont 

également été fabriquées par déposition-composite. Ces 

électrodes ont été étudiées pour la RDO et la réaction de 

dégagement d'hydrogène (RDH) dans une solution de KOH SM. 
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Les dépositions du 

différents électrolytes. 

nickel peuvent avoir lieu dans 

Les électrodes de nickel déposées à 

partir de sept (7) électrolytes ont été évaluées par analyse 

microscopique électronique à balayage (MEB). De plus, elles 

ont été caractérisées par les méthodes électrochimiques Une 

grande attention a été apportée aux propriétés catalytiques de 

la RDO. Les électrolytes chlorurés se sont avérés les plus 

performants pour la fabrication des électrodes de nickel. 

Elles ont révélé une densité de courant apparente assez élevée 

et une basse surtension avec une g·rande surface réelle basée 

sur les observations microscopiques et les caractéristiques 

électrochimiques. 

L' activité électrocatalytique a été améliorée en 

utilisant des électrodes à base de nickel allié à des métaux 

de transition. Des électrodes de Ni-Ru et Ni-Ir obtenues par 

codéposition ont été étudiées pour la RDO dans une solution de 

KOH SM à 25 °C. Les caractéristiques électrochimiques ont 

montré, qu'en présence de Ru ou d'Ir, la couche d'oxyde mixte 

des électrodes de Ni a réduit la surtension et a augmenté la 

densité de courant pour la RDO. À 20 mA/cm2
, une diminution de 

la surtension d'environ 30 à 40 mV a été observée sur des 

électrodes d'alliages de nickel mentionnés. 

densité de courant, avec une surtension de 

De plus, la 

O. 4V sur les 

électrodes de Ni, a été multipliée par 3 et par 6 avec, 

respectivement, 2.2% en poids de Ru et 6.0% en poids d'Ir. 
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Les mesures de voltamétrie cyclique ont montré que 

l'addition de Ru ou d'Ir change la tension d'oxydation de la 

surface oxydée des électrodes de Ni. La surtension de la RDO 

peut être subdivisée en deux parties: � = AE
0x

+AE
02

. Le AE
0x

, 

qui caractérise la tension d'oxydation, est le plus bas dans 

le cas des oxydes mixtes de Ni-Ir; tandis que le AE
02

, qui 

représente la différence entre les tensions d'oxydation et de 

la RDO, est à son minimum dans le cas des oxydes mixtes de 

Ni-Ru. Il est donc suggéré que le mécanisme pour améliorer la 

performance des électrodes de Ni avec l'Ir soit différent de 

celui avec le Ru. L'Ir diminue la tension d'oxydation du Ni, 

tandis que le Ru abaisse la surtension de la RDO sur la 

surface oxydée. Tous les deux ont amélioré les propriétés 

catalytiques des électrodes de Ni. 

L'effet bénéfique sur la RDO a été observé avec une 

faible addition de Ru (<1% poids). Par contre, l'utilisation 

de grandes quanti tés de Ru se traduit par une dis sol ut ion 

sélective de ce dernier sur la surface des électrodes. En 

effet, nous avons observé en laboratoire que 1 'augmentation de 

Ru dans les électrodes de Ni se traduit par une accélération 

de la corrosion dans une solution de KOH SM. Les tests de 

stabilité sur les électrodes d'oxyde mixte Ni-Ir ont montré 

que sa résistance à la corrosion est élevée et qu'elle 

conserve ses bonnes caractéristiques électrocatalytiques 

pendant au moins 24 heures. 
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Un nouveau procédé de déposition-composite a été étudié 

dans la fabrication des électrodes composite-revêtement. La 

simplicité, la déposition rapide, le contrôle facile des 

conditions d'opération ainsi que le faible coû.t de cette 

technique la rendent efficace pour la fabrication des 

électrodes à grande surf ace rugueuse. L'amélioration des 

propriétés catalytiques des électrodes composite-revêtement 

est attribuée à la porosité et à la rugosité élevées de la 

surface de ces dernières, et non pas à l'activation de la 

surface. Effectivement, des observations au MEB ont montré 

que les électrodes fabriquées selon la technique composite

revêtement présentent visiblement une surface rugueuse. De 

plus, cette rugosité de la surface augmente lorsqu'on ajoute 

des poudres de Ni, Co ou Fe dans le bain de déposition. 

Les caractérisations d'impédance AC ont été effectuées 

sur les électrodes composite-revêtement dans une solution de 

KOH SM à 25 °C. Les spectres d'impédance ont été obtenus dans 

l'intervalle de fréquences variant de 10-3 à 105 Hz pour la

RDO et la RDH. Les comportements de l'impédance des 

électrodes furent théoriquement modélisés à l'aide d'un 

circuit équivalent constitué d'une Rct et de la "Constante 

Phase Element" (CPE}. Les données expérimentales des RDO et 

RDH correspondent très bien aux tracés des courbes produites 

à partir du circuit équivalent. Les caractérisations 

d'impédance montrent que la dimension fractionnaire, l'angle 
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de dépression des points des plans complexes ainsi que le 

facteur de rugosité de la surface sur les électrodes à base de 

composite, ont été beaucoup plus élevés que pour les 

électrodes de nickel. Ces mesures révèlent que 1' augmentation 

de surface réelle d'une électrode à surf ace rugueuse est 

responsable de l'amélioration des performances pour la RDO et 

la RDH. Les meilleures performances pour la RDO et la RDH ont 

été obtenues sur des électrodes composites Ni-Fe. Les 

résultats ont montré que la valeur de l'angle de dépression 

des points des plans complexes n'est pas constante avec les 

variations de la surtension. Ces résultats ont aussi démontré 

que la capacité de la double couche varie, dépendant de la 

réaction (la RDO ou la RDH). Donc, il est possible d'utiliser 

l'angle de phase de l'impédance (paramètre dépendant de la 

fréquence) et l'angle de dépression (paramètre indépendant de 

la fréquence) pour caractériser les électrodes selon leur 

rugosité. 

Finalement, les électrodes fabriquées par différentes 

méthodes ont été comparées et les mécanismes pour améliorer 

les performances des électrodes ont été discutés. Les 

avantages ainsi que les limites d'utilisation de ces 

techniques ont été discutés. 
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0 Angular frequency, rad/s. 
·] 

0c Angular frequency at the maximal phase angle, rad/s.

� Depression angle of impedance diagram, degree.

0 Impedance phase angle, tg0=Z"/Z', degree.

'l'l 

'l'la 

'l'lc 

'1'1100 

also fraction of the surface coverage by absorbates.

overpotential, V.

Anodic overpotential, V.

Cathodic overpotential, V.

overpotential at a current density of 100 mA/cm2
, mv.

HER current density at -200 mV overpotential, mA/cm2
•
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SCE 

SHE 

Vcell 

z 1 

Z" 

xxxiv. 

OER current density under 300 mV overpotential, mA/cm2
•

Exchange current density, mA/cm2
•

Deposition current density, mA/cm2
•

Limited current density of nickel deposition, mA/cm2
•

Ohmic drop, V. 

Oxygen evolution reaction. 

Equivalent atomic weight. 

Current efficiency, (%). 

Charge transfer resistance, Q-cm2
•

Rate-determining step. 

Solution resistance, Q-cm2
•

Surface roughness factor, Ca1/20, dimensionless.

Saturated calomel electrode. 

Standard hydrogen electrode. 

Electrolytic cell voltage, V. 

Real component of the impedance, Q-cm2
•

Imaginary component of the impedance, Q-cm2
•

Impedance of the constant phase element, Q-cm2 • 



CHAPTER 1 

INTRODUCTION 

1.1 SELECTION OF THE SUBJECT 

1.1.1 Energy consumption in electrolysis 

The water electrolysis for hydrogen production and the 

electrowinning process for zinc production, are high energy

consuming processes. Power consumption in a typical industrial 

water electrolyser is 4. 5 kWh/M3 ( 1). In the electrowinning 

step of the sulfate process for zinc production, a typical 

value for specific energy consumption (E
9p) is around 3 .1

kWh/kg zinc ( 2) • This energy represents 60% of the total energy 

consumption for the production of zinc from ores, or 35% of 

the total cost of the electrolysis operation(3,4). The energy 

consumption costs will increase rapidly in the future. This 

raises an important concern about saving energy and keeping 

electrolytic production competitive. 

To lower production costs, the current efficiency of the 

electrolytic process must be improved. It has been reported(5) 

that lowering the overpotential by 50 mV àt both the anode and 

cathode (100 mV cell voltage) would result in savings of up to 

1 million dollars on a 50 MW water electrolyser operated at 

1000 A/M2
• In water electrolysis, the overvoltage on the anode 

is usually higher than that on the cathode(6). This suggests 
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that decreasing overpotential for the oxygen evolution 

reaction ( OER) , ( which is an anodic reaction in the water 

electrolyser), is essentially important. 

Improvements have been found for zinc electrowinning in 

the alkaline process. St-Pierre and Piron(?) reported an E
9P

of 1.75 kWh/kg at the high current density of 1000 A/M2 in 7.5 

M NaOH solution. The low energy consumption of the process was 

partially attributed to the use of an oxide anode which 

catalyses the OER (which is the anodic reaction in the bath) 

and consequently lowers the anodic overpotential and energy 

consumption. 

The E
9P is a measure of the energy consumed in the

process, defined as(8): 

26, 8Vcell 
E =---...;....;..c""'" 

sp 
p R e F 

(1-1) 

where P e is the equi valent atomic weight ( g/mol) ; RF the

current efficiency ( % ) ; and V cell the electrolytic cell voltage

(V), which is expressed as: 

(1-2) 

Here EA/c is the difference in the equilibrium electrode

potentials between the anode and the cathode, �a and �c are 

the overpotentials at the anode and the cathode, respectively, 

and IR is the ohmic drop across the electrolysis cell and 
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other current-carrying cell components. In the Eq.(1-1), a 

decrease in the Vcell will result in a lower Esp• 

Table ( 1-1) lists typical data of the parameters in 

Eq. ( 1-2) for zinc electrowinning in the sulphate and the 

alkaline processes. The operating current density was 500 

A/M2 . As we can see from the table, �a is 25% of Vcell in the 

sulfate process, but only 9% of Vcell in the alkaline process. 

Although lowering the cell voltage of zinc electrowinning is 

an important achievement of the alkaline process, it should be 

noted that most of the Vcell decrease in this process cornes 

from a decrease in the �a· As can be seen in Table (1-1), as 

much as 55% decrease of the Vcell (compared with the sulphate 

process) is obtained by lowering �a. This indicates that �a is 

one of the most important factors to be considered in 

attempting to lower the cell voltage of zinc electrowinning in 

alkaline solutions. This clearly reflects the importance of 

the electrocatalyst in industrial applications. 

An active electrocatalyst accelerates the electrochemical 

reaction and lowers the cell voltage. Developing 

electrocatalytically active materials and constructing the 

electrode with preferred surface conditions for gas evolution 

to achieve a low overpotential and a high reaction rate are, 

therefore, the key techniques for lowering the energy 

consumption for the production. Althrough the IR drop between 
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the anode and cathode contributs a part of the overpotential, 

it cannot be significantly decreased, as an anode-cathode gap 

must be maintained during electrolysis to allow zinc 

deposition and to avoid short circuits in the cell. 

TABLE 1-1 
OPERATING CONDITIONS FOR ZINC ELECTROWINNING(2,7) 

------==------======-=-===================================== 

CELL VOLTAGE 
(V) 

SULFATE(l) 
PROCESS 

ALKALINE ( 2)
PROCESS 

AV(l)-(2) AV/1.16V 
( % ) 

--------------======---=======-========-==================== 

Ea/c 1. 99 1.62 0.37 32 
11a 0.84 0.20 0.64 55 
'Ile 0.06 0.05 0.01 1 
IR 0.50 0.36 0.14 12 
Vcell 3.39 2.23 1.16 100 
'lla/Vcell 25% 9% 

1.1.2 The oxygen evolution reaction 

The OER takes place in all kinds of electrolytes, such 

as acid, alkaline, sulfate salt and neutral media. Table (1-2) 

lists the overall oxygen reactions in various aqueous media 

and the corresponding standard equilibrium potentials at 25 °C. 

MEDIA 

Acid media: 

Alkaline media: 

Sulfate salt: 

Neutral media: 

TABLE 1-2 
THE OER IN VARIOUS MEDIA 

REACTION 

2H20 = 02 + 4H+ + 4e-

4OH- = 02 + 2H2O + 4e

discharging s04
2- leading

to the OER: 

2SO4
2- = 2SO3 + 0

2 
+ 4e-

2SO3 + 2H
2
O = 2SO4

2- + 4e-

discharging H
2
O or OH-

POTENTIAL 

1.229 V vs. SHE

0.401 V vs. SHE
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The OER is a multiple electron transfer process, and it 

is complicated by many mechanisms with various reaction paths 

and routes. Pletcher(9) has pointed out that intermediates in 

the process may play an important role in the electrode 

kinetics. The rate-determining step (RDS) of the OER can be 

charge transfer, adsorption, diffusion processes or a 

combination of these processes. Therefore, a study of the OER 

mechanism represents a fundamental aspect of electrochemistry. 

1.1.3 Objective 

Appleby(l0) stated that electrocatalysis was a study of 

the influence of the electrode material and the structure of 

the electrode surface on an electrochemical reaction. The main 

objective of this study is to develop new electrocatalytic 

materials serving as electrodes 

reaction in alkaline solutions. 

for the oxygen evol ution 

Although high catalytic 

activity is often found in noble metals, such as Pt, Ru, Ir, 

Rh etc., the high cost of these precious metals is a major 

drawback for applications in industry. My study, therefore, is 

focused on economical materials with good catalytic activity 

for the OER, such as oxides based on the transition metals 

(Ni, Co, Fe). Using a small quantity of noble transition 

metals to increase the electrode activity was also considered, 

but more efforts were devoted to improving the electrode 

performance by increasing the effective real surface areas. 

The OER mechanism was studied on these electrodes. Finally, 
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techniques for characterization of the electrode with a rough 

and porous surface were studied. 

1.2 APPLICATIONS OF OXYGEN ELECTRODES 

The oxygen electrode has a wide range of applications in 

various industrial sectors. The term "oxygen electrode" 

includes both the anode for the OER and the cathode for the 

oxygen reduction reaction. Water electrolysis and fuel cell 

are two of the rnost important applications for the oxygen 

electrode. In water electrolysis, the OER occurs on the anode, 

and the hydrogen evol ution reaction ( HER) occurs on the 

cathode. Therefore, sorne electrodes, such as cornposi te-coating 

electrodes, were also investigated as the HER electrode. 

Research on oxygen electrodes in the past decade has been 

oriented rnostly towards searches either for reversible oxygen 

electrodes or for the best oxygen reduction cathode for fuel 

cell and metal-air battery applications. More information 

about oxygen reduction cathodes can be found in Yeager's(ll) 

review. 



CHAPTER 2 

CRITICAL LITERATURE REVIEW 

The oxygen evolution reaction is a thoroughly studied 

subject. Many comprehensive reviews, reports and books on the 

subject can be found in the literature(l0-19). Complete 

coverage and discussion of problems related to the subject 

are, therefore, impossible. Consequently, only the essentially 

important aspects relevant to our study are discussed in this 

chapter. Section 2. 1 begins wi th a classification of materials 

investigated as oxygen electrocatalysts, with a special 

emphasis on oxide materials. Structure and preparation of the 

oxide electrode are discussed. The electrocatalytic activities 

of the oxide electrodes are evaluated as well. Section 2.2 is 

devoted to discussion of the selection of the oxygen electrode 

material. The selection criteria are based on the factors such 

as activity, corrosion resistance, conductivity, selectivity 

and the relationship between the oxygen reversible potential 

and the standard electrode potential, as well as dependence of 

the electrocatalytic activity on adsorption-desorption of the 

reactant species. The techniques for improving the electrode 

activity towards the OER are addressed in section 2.3. Nickel 

as an electrode rnaterial, because of its well-known catalytic 

property and stability as an electrocatalyst, has attracted 

the most attention. It is reviewed in section 2. 4 of this 

chapter. The OER is a multiple-electron transfer reaction with 
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various reaction routes or steps. Identifying the reaction 

mechanism would improve our understanding of the effects of 

electrode structure on its activity and help us in developing 

the high-performance electrode. The OER mechanisms and paths 

proposed by many authors are presented in this section. The 

final step in studying an electrocatalyst is to evaluate 

electrode performance in specific conditions for particular 

reactions. How to evaluate electrode performance is an 

essential question. Finally, in section 2.5, the 

electrochemical parameters adopted for evaluating electrode 

performance are summarized and appraised with a discussion of 

the limiting conditions for application. 

2.1 THE OXYGEN ELECTRODE MATERIALS 

Various materials have been studied as electrodes for the 

OER. These materials can be classified into the categories of 

noble metals and their alloys, active metals and their oxides, 

oxide materials and other materials such as complexes, carbon 

and graphite, etc. The mixed oxides have attracted 

considerable attention in recent ·years due to their excellent 

catalytic properties and stability in electrolytes. 

2.1.1 Active metals and their alloys 

The oxygen reactions (both anodic evolution and cathodic 

reduction) on noble metals were reviewed by Hoare(l8). The 
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standard potential of the oxygen electrode is 1.23 V vs. SHE

(at pH=O). This potential is higher than the standard 

potential of most sol id metal elements. The choice of a 

suitable metal support for the oxygen electrode is therefore 

limited. As we understand that at a potential. higher than 1.23 

V, oxides, not metals, are the stable state of materials. Many 

studies of oxygen electrocatalysts were focused on noble 

metals. The reason is related to the corrosion resistance of 

the electrode material and the reversible potential of the 

oxygen electrode. Almost all the noble metals have an 

excellent resistance to corrosion in aqueous solutions 

(20,21). Therefore, noble metals are a natural choice as an 

oxygen electrode in alkaline solution. 

However, studies in the li terature showed that the 

reversible potential of oxygen was not observed on electrodes 

fabricated with those noble metals. It became apparent that 

the noble metal was not truly inert and that it did interact 

with oxygen (17). Additional evidence given by Hoare(l7) is 

that the oxygen reduction has been observed on the bare metal 

and on the oxide electrode, but the OER always occurs on an 

oxidized surface. This implies that searches for the 

reversible oxygen electrode should focus on oxide materials. 

This is why the oxide materials have attracted more attention 

than other forms of material for application in the oxygen 

electrocatalysts. 



10 

Pt, Au, Pd, Rh and Ir are well-known noble metals used as 

oxygen electrodes(17). However, high costs are the drawback 

for using these materials as successful electrodes. The 

technique of dispersing metal particles on carbon or silica 

glass was applied to limit the electrode cost. Pt is a metal 

being extensi vely investigated as an oxygen electrode, and i ts 

kinetics and the mechanism are well-established (17,18). 

Noble metal alloys, Au-Pd(20), Ru-Pt, Ir-Pt, Pd-Pt(21) 

and Rh-Pt(21-23), have also been studied as oxygen electrodes. 

The OER overpotential on Pt-Rh and Pt-Pd alloys was lower than 

on the Pt electrode. Damjanovic et al(23) explained this by 

the maximum coverage of oxygen adsorption, which increased 

with Rh composition in a series of Rh-Pt alloys. Ru-Ir alloys 

were also investigated as anodes for the OER in lN H
2
so

4
(24), 

and it was shown that the Ru corrosion was significantly 

reduced by increasing Ir content. Simultaneously, the Tafel 

slope and overpotential for the OER were increased. 

Active metals, such as Ag, Pb and Ni, have been studied 

as oxygen electrodes, wi th a special interest in battery 

systems(17). Since these metals form a thick oxide layer on 

the electrode surface when undergoing anodic polarization, 

they are practically treated as oxide electrodes. Generally, 

active metals are good electrocatalysts. Miles(25) has 

classified Fe, Ni, Rh, Pd and Ir as good electrocatalytic 
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materials in alkaline solution, and Pt and Au as relatively 

good ones. Nickel and Ni oxides are the materials most 

frequently used to fabricate anodes for the OER in alkaline 

media(l?,26-30). Since the Ni oxides are formed at the 

potential at which the OER occurs, i t will then be more 

reasonable to discuss it in a section on oxide materials. 

2.1.2 Active metal oxides 

Pbo
2 

was the first bulk oxide electrode investigated for 

its practical application in lead-acid batteries(31), metal 

electrowinning and chlorine production(32). Trasatti(14) said 

that although the electrocatalytic activity for the OER on the 

PbO
2 

electrode is not excellent, its good corrosion stability 

has led to many industrial applications. 

Ni oxide is a well-known catalytically active material 

for the OER. It is stable under the condition of the anodic 

polarization in alkaline media, and the � value of the OER is 

reasonably low(27,29,35,36). A typical � value at 100 mA/cm2

is about 350 to 400 mV in alkaline solution(14). However, an 

unsatisf actory aspect is the problem associated wi th long-term 

industrial application: the potential is not stable and it 

drifts towards more positive values with time(28,29,37). 

Improvements of both catalytic activity and stability of the 

electrode potential were made by alloying Ni with elements 

such as Li(30), Fe(38-40), Cr (41), Ti, Ir, Ru, W(42) and 
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Co(43). Most of these works aimed to develop the anode for 

water electrolysis in alkaline media. 

Lu and co-workers ( 29) studied the Ni-Ir( 25-75%), 

Ni-Ru(25-75%) and the Ni-W(25-50%) alloys as electrocatalysts 

for the OER in alkaline solution. The o
2 

overpotential 

decrease was observed on the alloys of 50Ni-50Ir and 

75Ni-25Ru. The lowered 11 value was about 40 and 30 mV, 

respectively. It was found that the surface oxide film plays 

a major role in electrode performance. They stated(29) that 

the electrode surface of these alloys after prolonged 

anodization was predominantly composed of Ni oxide, which 

consequently determined the kinetic parameters of the OER. 

Over 25% of the expensive transition elements (Ru, Ir) in 

alloys still cannot control the surface oxide catalytic 

property. It is therefore not wise to use a high content of 

the expensive metals to obtain a good catalyst. It is 

economically more attractive to use low contents of transition 

elements to improve the performance of the Ni electrode for 

industrial applications. 

2.1.3 Oxide materials 

Oxides investigated as oxygen electrodes can be put into 

three groups with different structures, that is: the 

rutile-type, the spinel-type, and the perovskite-type oxides. 
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A typical example of the se oxides can be gi ven as Ruo
2

,

NiCo
2
o

4 
and Naxwo

3
, respectively. Comprehensive reviews of 

these oxides exist in the literature(l4,44). The oxide 

structures, preparation methods and their catalytic activities 

will be presented in this section. 

2.1.3.1 Rutile-type oxides 

STRUCTURE--The structure of a rutile-type oxide is shown 

in Fig.2-1. It exhibits tetragonal symmetry, and the unit cell 

contains two element formulas M02• Each cation is the centre 

of an octahedron of oxygen atoms, each of which in turn is 

approximately in the centre of an equilateral triangle of 

metal atoms. The last shell of the electron configuration and 

the resistivity of some rutile-type oxides are listed in Table 

(2-1). 

Fig.2-1 Crystal structure of rutile-type oxides, M0
2

•

(•) Metal atoms; (o) Oxygen atoms. From (44). 
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TABLE 2-1 
STRUCTURE AND ELECTRONIC PARAMETERS OF RUTILE-TYPE OXIDES(44) 
----------------==-========-================================= 

OXIDE LAST SHELL 
CONFIGURATION 

RESISTIVITY* 
ohm/cm 

TYPE OF 
CONDUCTOR * * 

=-==-------=======-========================================== 

Ru02 4d4 3-sx10-s M 

Ir02 5d5 3-6Xl0-s M 

Mn02(B) 3d3 0.1-0.01 s 

0s02 5d4 6X10-s M 

Rh02 4d5 <10-4
M 

Ti02 3d0 108 s 

Pt02 5d6 106 
s 

* at room temperature. ** M = metal, s = semiconductor. 

The general formula of this type of oxide is M02, where

M could be a non-transition metal, such as Pb, Sn, Ge, Te and 

Si, or several transition metals with 3d, 4d, and 5d electron 

configurations (Ti, V, Cr, Mn, Nb, Mo, Tc, Ru, Rh, Ta, W, Re, 

Os, Ir, and Pt). Sorne oxides, such as Geo2, Sno2, Teo2, Si02,

vo2, Ti02, Nbo2, are not conductive; therefore, they have no

application as catalytic electrodes. The conductivity of Sno2

can, however, be irnproved by doping, and it is therefore used 

as an electrode. All others, with the exception of Mno2 and

Pto2, can be classified as metallic conductors. 

PREPARATION OF OXIDES--Thermal decomposi tion was the most 

popular method for preparing the rutile-type oxide. Other 

techniques, such as chemical vapour deposition, sputtering and 

electrodeposition have also been explored( 44). The oxide 

prepared by thermal deposi tion satisf ied most requirements for 

an electrocatalyst. The basic procedure for preparation of the 
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rutile-type oxide consists of dissolving a suitable chloride 

compound (e.g.,RuC1
3
*xH

2
O) in a solvent (water or alcohol), 

spreading it on a support and firing it in a furnace at a 

selected temperature (300-600 °C). The choice of the firing 

temperature depends on the starting materials and the nature 

of the support. As a rule, the firing temperature must be high 

enough to ensure the maximum decomposition of the reactant but 

low enough to avoid excessive sintering and crystallization in 

the final products. The experimental conditions for preparing 

rutile-type oxide electrodes are summarized in Appendix I. 

ELECTROCATALYTICAL ACTIVITY--Among the rutile-type 

oxides, only Mno2, Ruo2 and Iro2 have been practically

investigated in detail for application of electrocatalysis, 

reported in literature(44). The most information available is 

on the Ruo
2 

electrode for the chlorine evolution reaction. The 

catalytic acti vi ty of the Iro
2 

electrode for the OER is 

generally lower than that of the RuO
2 

electrode. However, the 

Iro
2 

electrode is a much more stable oxide in alkaline media. 

The reason for this behaviour was not explained in the 

literature. Mno
2 

has been employed as an anode in a number of 

technological processes, such as the electrolysis of oxyacid 

and oxysalt(33), where Pb metal and its dioxide are rather 

unstable. Although Mno
2 

is not a good electrocatalyst for the 

OER(14), the presence of this oxide in mixtures of Ruo2+TiO2

and IrO
2
+TiO

2 
decreased the OER overpotential(34). 
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The electrocatalytic activity is characterized by the 

parameters of exchange current density (iex>, Tafel slope (b) 

(when b is measured at low & high i, and is represented by bL

& bH), Tafel parameter (a) and overpotential (�). Sometimes

information on the electrode surface area (S) is provided. 

Table (2-2) lists the kinetic parameters for the OER. Severa! 

oxides prepared by thermal decomposition were tested in 30 wt% 

of KOH at 80 ° C by Miles and co-workers(45). A poor catalytic 

acti vi ty was observed on V, Cr, Mo, W, Mn and Re oxide 

electrodes. The electrocatalytic activity sequence (on the 

basis of b and iex> was reported in the following order: 

Ru > Ir = Pt= Rh= Pd= Ni= Os >> Co >> Fe 

TABLE 2-2 
KINETIC PARAMETERS OF THE OER ON RUTILE-TYPE OXIDES(44) 

--========================================================== 

TYPE OF a b iex 
METAL OXIDE mv mV/dec A/cm-2

------------------------------------------------------------

Ru 37 67 3.0 X 10-6

Ir 41 50 6.3 X 10-9

Pt 41 46 1.2 X 10-9

Rh 43 67 3.8 X 10-7

Pd 45 67 1. 9 X 10-7 

Ni 45 71 4.6 X 10-7

Os 49 70 1.0 X 10-
7 

Co 69 126 3.3 X 10-
6 

Fe 91 191 1.7 X 10-5

One of the most outstanding oxide electrodes with a 

rutile structure is the DSAR-type electrode, which has been 

successfully used in the production of chlorine and chlorate 

through the electrolysis of brine. The DSAR-type electrode, 

namely the dimensionally stable electrode, consists of a thin 



17 

noble metal oxide coating (RuO
2

) supported by a valve metal 

such as Nb, Ta, Ti or Zr(44,46). Before 1960, graphite 

electrodes were generally used in chlorine production. The 

graphite anodes require frequent maintenance, but the DSAR

type electrodes preserve both their shape and a low 

overpotential for the reaction. They are widely used today. 

2.1.3.2 Spinel-type oxides 

Among the oxide catalysts, complex oxides with spinel 

structure are of the greatest interest as oxygen electrodes. 

The main merits of these systems are their high activity, low 

cost, availability, and a satisfactory stability in alkaline 

media. The disadvantages are low specific surface and 

relatively high electric resistance. Since they dissolve in 

acid solutions, the field of application is mainly restricted 

to alkaline solutions(44). 

STRUCTURE--Spinel is a binary system of metal oxides 

having the composition of M'M2o4, where M' and M correspond to

different metals. Figure 2-2 shows an ideal structure of a 

spinel oxide, in which the 02
- anions form a fcc packing, 

while the M and M' cations are located in vacant lattice 

sites. Each unit cell contains eight formula units M 1 M
2
o

4
• The 

spinel oxides studied as electrocatalysts found in the 

literature are NiCo
2
o4, MnCo2o4, Co3o4, Fe3o4 and MxFe3_xo4,

where M=Mg, Zn, Mn, Co or Ni. 
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Crystal structure of spinel-type oxides, M'M204•
From (44). 

PREPARATION OF OXIDES--It was believed( 14) that the 

structure of the spinel oxide was responsible for a high 

electrocatalytical activity on the spinel-type oxide 

electrodes. It is, therefore, important to obtain a spinel 

structure for achieving the highest activity on electrodes. 

There are various methods for preparing the spinel ox.ide. Sorne 

of them are suitable for preparing the electrocatalytical 

electrode. They were reviewed in the literature(44) and are 

adapted in Appendix I. 

By comparing meri ts of the different preparation methods, 

we have found that thermal decomposition is considered as the 

most convenient and practical method for preparing spinel-type 

oxide electrodes. 
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It is believed( 14) that stoichiometric nickel-cobalt 

spinel oxides give the best electrocatalytic performance for 

the OER. To prepare the Ni-Co oxide coating, Ni(NO3)2*6H
2
o and

Co(NO3)2*6H2O are mixed in stoichiometric amounts (1:2,

approximately), and dissolved in isopropanol alcohol 

(CH3CHOHCH3). The mixed solution is applied to the substrate

by brushing or dipping. The dipping procedure generally gives 

more reproducible results and it is recommended in coating 

applications. Briefly, the substrate is dipped into the 

solution, dried 10 minutes in a dryer at a temperature between 

70 and 100 ° c, then put into the electric furnace for 

decomposition at 400 ° C for 1 hour. Depending on catalytic 

material loadings, the above procedures are repeated 4-6 times 

for each electrode. 

ELECTROCATALYTICAL ACTIVITY--The electrocatalytical 

acti vi ties for the OER on spinel-type oxide electrodes in 

terms of Tafel slope b (obtained at low & high E, bL & bH) and

exchange current density iex (at low & high E) are listed in 

Table 2-3. Generally, the Tafel slope of the OER in the KOH 

solution on NiCo
2
o

4 
and Co

3
o

4 
oxide electrodes is in the range 

of 45 to 60 mV/dec. In some cases, the b changed at high �, 

and a different value of b (bH) were reported ( 44). The 

exchange current densities were on the order of 10-10 to 10-8

A/cm2 ( high E). 
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TABLE 2-3 
KINETIC PARAMETERS OF THE OER ON SPINEL-TYPE OXIDES(44) 

-------------=-====---====================================== 

SPINEL 
OXIDE 

CONDITIONS bL 
(mV/dec) 

bH 
(mV/dec) 

-----------================================================= 

NiCo
2
o

4

Co
3
o

4

MnCo2o
4

SPINEL 
OXIDE 

NiCo
2
o

4

NiCo2o
4

Co
3
o

4

MnCo2o
4

30% KOH,80°C 
0.lmol/L KOH,60° C

0.lmol/L KOH,60 °C
0.lmol/L KClO

4
,60 °C

0.lmol/L KOH,60 °C

CONDITIONS

30% KOH,20 °C 
30% KOH,80 °C 
0.lmol/L KOH,60 °C

0.lmol/L KOH,60 ° C

0.lmol/L KOH,60 °C

45 
50 90 

50 100 
60 120 

50 100 

iL(Low E) iH(High E) 
(A/cm2) (A/cm2) 

( 1-9) x10-10

1x10-10-3xlo-8

3. 2x10-13 6. 3x10-10

1. 1x10-12 4. 5x10-10

1. 3x10-11 1. ox10-10
====-======================================================= 

2.1.3.3 Perovskite-type oxides 

STRUCTURE--Perovskite-type oxides have a crystal 

structure similar to that of the minera! perovskite CaTio3

( 44) . The general chemical formula of perovski te oxide is

ABO3 , where A is a larger cation; B is a small transition

metal cation. The sum of the valence state of the A and B 

cations should be +6 to preserve electrical neutrality. The 

ideal crystal structures of the perovskite oxide are cubic, as 

shown in Fig.2-3. The positions of A and B can be exchanged at 

the origin position, as shown in (a) and (b). (c) shows the 

unit cell of a perovskite BaSr0_33
Ta0_67o

3 
on a hexagonal basis

in which the c-axis is taken along the [111] direction. 
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Crystal structures of perovskite-type oxides, ABO3•
(a) B cation at the origin; (b) A cation at the
origin, (c) the unit cell of BaSr0•33Ta0•67o3 on a
hexagonal basis in which the c-axis is taken along 
the [111) direction. From (14). 

PREPARATION OF OXIDES--Perovskite oxides are usually 

prepared by thermal decomposi tion of an appropriate mixture of 

metal salts or by the solid state reaction of metallic oxides. 

The conditions of thermal decomposi tion for the preparation of 

perovskite oxides are very similar to those for the rutile and 

spinel-type oxides. Table B in Appendix I lists preparation 

conditions for LaNio
3

, which is considered to be a typical 

perovskite oxide. Preparation conditions by high temperature 

solid-state reactions can be found in reference(47). 

ELECTROCATALYTICAL ACTIVITY--The perovski te oxides 

exhibi t good electrocatalytic properties for the OER and 

HER( 44). The OER on the perovskite. oxide electrodes was 

studied essentially in alkaline solutions, but only limited 
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kinds of oxides were tested electrochemically, with a focus on 

electrocatalysis. Those oxides are: LaCoo3, NiM2o4 with 

M=La, Pr, Nd, La1_xSr xcoo3, La1_xSr xFe03, La1_xBaxCo03,

Nd1_xsrxcoo
3
, and SrFe0

3 • Preliminary results for the OER on

the Ba- and Sr-doped LaCoo3 have been reported ( 48) . The 

observed b was from 57 to 74 mV/dec., and the iex was on the 

order of 10-7 to 10�8 A/cm2• In comparison with the rutile and 

the spinel-type oxides, no superior activity for the OER was 

found for perovskite oxides. 

2.1.3.4 Mixed oxide electrodes 

There is an increasing tendency to use mixed oxides as 

electrocatalysts for the OER. Ruo2/Tio2 is a typical case to

show the superior performance and the stability of the mixed 

oxide over the single oxide(14,15,45,49,50). A similar result 

was obtained on the Ir02/Ti02 anode for the OER in acid

solution(51). However, a study of the OER in 30 wt% KOH at 

80 °C(45) showed. an increase in electrode resistance on other 

mixed metal oxides (except Ru) when mixed with Ti0
2

• In the 

case of NiCo2o4, NiOx may co-exist with Nico2o4• The behaviour

of the electrode will then be represented as a mixture of 

these two oxides. 

It should be noted that most conducting oxides are 

transition metal oxides, and their activity depends on the 

metal components. It was reported(12) that the unpaired d-
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electrons in transition metals strongly affect the reaction 

mechanism by increasing oxygen adsorption. This will be 

discussed in more detail in Section 2.2.3. 

2.1.4 Other materials 

Metal phthalocyanines and porphyries, Co-Ag, Co-Fe, Co-Mn 

porphyries have been used as oxygen cathodes in fuel cell 

systems(ll,52). The geometry of the compounds can affect the 

formation of intermediates in the reaction, and the 

intermediate can affect the catalytic property. 

Be cause of their good electronic conducti vi ty, carbon and 

graphite materials have been considered as good electrode 

materials for the OER. The carbon fibre electrode(52) behaves 

like a synthetic metal. The performance of the platinized 

carbon fibre is similar to that of the bulk Pt electrode. This 

shows an effective way to use the precious metals, like Pt, to 

construct high quali ty electrodes wi thout losing electrode 

activity. The disadvantages of synthetic-type electrodes are 

that carbon consumption is high; they are not corrosion 

resistant in most electrolytes; contamination of the 

electrolyte exists; and extra caution is needed in preparing 

and handling(46). 

2.1.5 Summary and comments 

Searches for the OER catalyst began with noble metals, 
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with an initial interest in finding a reversible oxygen 

electrode. The oxygen reduction was observed on bare metal and 

oxide electrodes, but the OER always occurs on oxidized 

surf aces ( 1 7) . This indicates that our solution to this problem 

may lie wi th oxide materials. This is why oxide materials have 

attracted more attention than other forms of materials in the 

role of oxygen electrocatalysts. 

Three types of oxides with different structures (rutile, 

spinel and perovskite) were studied as OER electrodes. These 

works generally gave the values of b, iex and �- The 

importance of the oxide structure on catalytic activity was 

pointed out, but was not explained. It was claimed that the 

spinel structure might be responsible for good catalytic 

properties(l4), but the role of the structure of the oxide in 

determining the activity is still not known. 

On the other hand, the chemical composition, especially 

in the case of mixed oxide materials, may play an important 

role in determining electrode activity; however, the basis for 

its impact on the mixed oxide electrode activity is not clear. 

(This basis may simply be chemical composition or structure, 

surface adsorption coverage or change in the work functions.) 

Al though some works link the electrode catalytic activity with 

work function and/or band structure of metals ( 44) , the se 

fundamental studies are far from giving us a satisfactory 
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prediction of the catalytic behaviour of an oxide electrode. 

Further, the morphology of the oxide is essentially important 

in determining electrode activity for an electrochemical 

reaction. In most cases, the information relating to the 

surface is not available; or is unclear. The surface state of 

the oxides prepared by different methods is different, 

resulting in variations in activity for an electrochemical 

reaction. However, research on the ef f ect of the surface 

morphology and the state of electrode activity is scarcely 

seen in the literature. 

2.2 SELECTION OF OXYGEN ELECTROCATALYSTS 

The history of the development of the DSAR (dimensionally 

stable anode) electrode is a typical example of invention of 

a high performance electrode for a specific electrochemical 

reaction. It has taken more than 15 years to complete the 

revolutionary invention of the DSAR electrode(46), and it was 

neither simple nor easy. Over the decades, most R&D on new 

electrocatalysts has consisted in a try-and-see, cooking style 

approach, wi thout theoretical and practical guidelines to 

direct studies. Developing a new electrode therefore involved 

an extraordinary number of tests and an exceedingly long time. 

Unfortunately, this situation has not changed much today. 

However, Tseung(37) gave the first discussion of the selection 

of conducting oxides as the OER electrode. His discussion 
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mainly addresses the relationship between the standard 

electrode potential and the oxygen reversible potential. It 

was a thermodynamic approach. The kinetics of forming oxides 

on the electrode is not treated at all. The OER is a reaction 

related to the adsorption-desorption of reactants, 

intermediates or other species during the reaction. 

Adsorption-desorption is qui te an important phenomenon in this 

case. To make a correct choice of new electrode materials, it 

is necessary to understand the fundamental requirements of an 

electrocatalyst. 

2.2.1 Requirements of an electrode 

2.2.1.1 Electrocatalytical activity 

Electrocatalysis is the acceleration of a particular 

electrode' s reaction by an appropriate choice of electrode 

material(9). The primary function of an electrocatalyst then 

is catalysing selected electrode reaction. The best catalyst 

should therefore possess highly electrocatalytic properties 

based on a unit surf ace are a. In most cases, a high real

surface-area electrode provides a larger current on the basis 

of apparent electrode surf ace than a smooth ( or poli shed) 

electrode surface. On the basis of the definition of catalytic 

activity of a unit real surface area, this electrode is not 

necessarily an excellent electrocatalyst, but it does improve 

the electrode performance by providing a large real surface 

area for the electrode reaction. 
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for the OER is 

of the electrode 

material occurring at the potential and the condition at which 

the reaction occurs. It is important to know the stability of 

the considered oxide materials under the specific operating 

conditions (such as the alkaline water electrolysis, pH=l4, 

Ecei1=1.3 - 2 V, T=25 - 100 ° C). The long-term stability of the

electrode for electrolysis and electrosynthesis is the most 

important property for a successful industrial electrode. 

Besides the chemical attack of alkaline solutions on the 

electrode material, especially under an anodic potential, the 

passivation of the electrode, either on the inter-surface 

between the substrate and the oxide coating or between coating 

layers, will significantly increase the resistance of the 

electrode ( 14, 49, 53, 54). This diminishes the catalytic acti vity 

of an electrode by increasing overpotential. Mechanical wear 

of the electrode changes the dimensions of the electrode and 

increases the distance between the anode and cathode, and 

consequently the IR drop. From there, the stability of an 

electrode has a wide significance. 

Any electrode wear may lead to contamination of products, 

early failure or short life of the electrode, and it causes 

addi tional electrode material and labour costs due to the need 

for its periodical replacement. To achieve economic success, 
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the high catalytic activity of an industrial electrode must be 

guaranteed by stability over a long period of service time. 

Stability of the electrode sometimes is even more important 

than catalytic activity, either to avoid contamination of 

products, or because of the special cell design and 

operational conditions required for a dimensionally stable 

electrode(55). Due to the great stability of DSAR-type 

electrodes, it has become common to use such electrodes even 

where no special catalytic acti vi ty is shown or needed ( 9) . 

Stability is related to the cost of the electrode material. 

High activity, stability over a long period and acceptable 

electrode material costs are the most important aspects of a 

successful electrocatalyst. 

2.2.1.3 Conductivity 

An electrochemical reaction in volves the transf er of 

electrons. The electrode surface must therefore be a good 

electronic conductor, al though the process may occur by a 

quantum mechanical tunnel through a thin surface film(12). 

Both electrode resistance and electrolyte resistance 

contribute to the IR drop in the cell. A high electrode 

conductivity means a low electrode resistance, and the 

resistance contribution to the IR drop across the 

electrode/electrolyte interface is low, and consequently a 

lower cell voltage would be achieved. The conductivity of an 

oxide can be improved by doping. A good example gi ven by 
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Tseung and co-workers ( 3 O ) was Li-doped NiO oxide. The 

resistivity of oxide materials is listed in Table (2-4). 

2.2.1.4 Selectivity 

Electrocatalytic selecti vi ty is another important 

requirement. It is essential that an electrocatalyst catalyses 

only the desired reaction and inhibit unwanted side reactions. 

The selectivity of an electrode cornes from favourable 

thermodynamic or kinetic conditions. One reaction proceeds as 

primary and faster on the electrode over another because of 

differences in the potential or the activation energy. 

2.2.1.5 Surface structure 

For a gas evolution reaction, an appropriate surface 

structure with facilely release of gas bubbles is a practical 

requirement for the electrode. The ohmic drop due to the gas 

bubble screening effects and concentration gradients in the 

electrolyte solution is another source of IR drop contribution 

to a high electrolysis cell voltage. The appropriate cell and 

electrode designs can lead to favourable conditions of 

wettability at the electrode/gas/electrolyte interfaces from 

which gas bubbles flow freely and can then decrease the IR 

drop related to the gas bubble screening effect. 

Larger real surface areas are very effective for 

increasing the electrode' s acti vi ty and for reducing the 
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electrode's overpotential. However, a porous electrode 

structure may trap a large amount of gas bubbles and partially 

block the reaction sites. Since increasing the real surface 

area of the electrode is not always effective in improving the 

electrode performance, it is necessary to have an appropriate 

surface structure to facilitate the release of gas bubbles 

from the surface. For example, a new type of PTFE-covered Ni 

gas-evolving electrode was prepared and tested for the 

hydrogen evolution reaction ( 56). Due to the hydrophobicity of 

the PTFE coverage, the gas bubble release rate from the 

electrode surface is increased with an average decrease in 

overvoltage of -100 mV (with respect to the polished 

electrode) for the HER. 

2.2.2 Standard electrode potential 

The fundamental requirements for the electrocatalyst gi ve 

us a general rule in the search for a new electrocatalytically 

active material as the electrode. For a gi ven electrode 

reaction, such as the OER, the standard electrode potential of 

the electrode material is linked to the oxygen reversible 

potential. 

Hoare(17,18) has shown that in all metals studied, the 

oxygen produced on the electrode will initially react with the 

bare metal surface to form a surface oxide. Therefore, the 

potential at which the o
2 

starts to evolve from the electrode 
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is related to the redox potential of the metal/metal oxide 

couple. If there is more than one form of oxide involved, this 

potential is related to the lower metal oxide/high metal oxide 

couple. Thus, an ideal electrode for the OER would be one 

which has an equilibrium potential lower or the same as the 

oxygen reversible potential (1.23 V vs.SHE). If the 

equilibrium potential of metal/oxide is higher than 1.23 V, 

the expected oxygen evolution potential would be even higher. 

Table (2-4) lists the equilibrium electrode potential of some 

oxides or oxide couples ( 3 7) which are candidates for OER 

electrodes. 

On the basis of this potential criterion solely, 

Mn2O3/MnO2 (E=+l. 014 V), OsO2/OsO4 (+1. 000 V), Ir2O3/IrO2

(+0.930 V) and Cu2O/CuO (+0.667 V) would be considered to be

the most sui table oxide couples. CrO3/Cro2 ( 1. 284 V), RuO2/Ruo4

(1.387 V), low Co2NiO4/ high Co2NiO4 (1.4 V), Ni2O3/NiO2 (1.434

V), Co2O3/Coo2 ( 1. 447 V), AgO/Ag2o3 ( 1. 570 V) and PtO/PtO2

( 1. 700 V) are the oxides that have a standard electrode 

potential slightly higher than 1. 23 V. They are still close to 

the oxygen reversible potential, and could be accepted as 

potentially good catalysts. Since this potential criterion is 

only a thermodynamic approach for selecting the OER 

electrocatalysts, kinetics and corrosion resistance of the 

electrode material will play a more important role in 

determining the final choice. 
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TABLE 2;,...4 
PROPERTIES OF SEMICONDUCTING OXIDES(37,44) 

---------------------------================================ 

OXIDE RESISTIVITY CONDUC- CORROSION 
(Q/cm) TIVITY RESISTANCE* 

STANDARD E 
(V vs.SHE) 

---------------------------================================ 

La/La2o� p G -2.069
Ti2O3/TiO2 108 G -0.556
V2O4/V2O

s 
p p -0.666

cr2o3/Cro2 1. 2-2. 5x10-4
p +1.284

MoO2/MoO3 0.9-2Xl0-4 
p -1.090

W2O
5
/WO3 p p -0.029

Mn2o3/MnO2 0.1-0.01 u +1.014
Co2o�/Coo3 p G +1.447
Co2NiO4 (L/H) G G +1.400
Ni2O3/NiO2 p G +1. 434
RuO2/RuO4 3-5x10-s p +1.387
Rh2O3/RhO2 <10-4 

u +1.730
PdO2/PdO3 G G +2.030
oso2;oso4 6X10-s p +l.000
Ir2o

3
/IrO2 3-6X10-s p +0.930

PtO/PtO2 106 G +1.700
Cu2O/CuO 1.1x10-6

u +0.667
AgO/Ag2o3 G p +1.570
Au2o

3/AuO2 G u +2.630
======----================================================= 

* Evaluated at pH = 14, P=Poor; G=Good; and U=Uncertain.

2.2.3 Adsorption-desorption and catalytic activity 

Adsorption-desorption is involved in the OER mechanism. 

The adsorption of reactants may be the first step and the 

desorption of oxygen bubbles may be the last step in the 

reiaction sequence. When oxygen evol ves from the electrode 

surface, adsorbates should not be too strongly chemisorbed on 

the surface, and should be easily desorbed from the surface. 

For an effective catalyst, the metal-adsorbed bond should be 

of intermediate strength. However, the adsorption-desorption 

level depends on the free energy of adsorption of the reactant 

species. If the free energy of adsorption is low, it will lead 
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to insufficient coverage by the adsorbate, thus diminishing 

the effectiveness of the electrocatalyst, and resulting in a 

slow reaction rate. If the free energy of adsorption is too 

high, it will cause the desorption rate to be too slow, 

resulting in a low reaction rate. The relationship between 

reaction rate and free energy adsorption is schematically 

represented in Fig.2-4. This curve, which has a shape of a 

"volcano", was introduced by Parson(57) in the discussion of 

the hydrogen evolution reaction. Similarly, a "volcano"-shaped 

curve was found between the overpotential of the OER as a 

function of activation energy ( âH) (Fig. 2-5) ( 14). In this 

figure, almost all oxides lie on the left-hand side of the 

curve, corresponding to weak adsorption. The oxides on the 

right side of the curve have a too strong adsorption and 

difficulty in desorption. 

Fig.2-4 
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Schematic representation of the relationship 
between the reaction rate (i) and the free energy 
of adsorption (âGaas>•
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The OER overpotential (�) as a function of enthapy 
change (AH0 ) for the low ➔ high oxide transition. 
(•)in acid (O) alkaline media. From (44). 

Study of the oxygen adsorption on some noble metals has 

shown that the maximum oxygen coverage on an electrode is 

related to transition metals and its number of unpaired d

electrons ( 12). Table ( 2-5) shows that as the number of 

unpaired d-electrons increase (Pa, Pt to Rh, 0.55 to 1.7), the 

oxygen adsorption coverage increases (from 0.22 to 0.90). An 

explanation of why transition metals have better catalytic 

properties can be given by the relationship between the 

electron configuration and the free energy of adsorption of 

these metals(44). The transition metals usually have unpaired 

d-electrons and unfilled d-orbital which are available for

forming bonds with adsorbates. The free energy of adsorption 

will depend on the number of unpaired d-electrons per metal 

atom and on the energy levels ( 9). If the free energy of 

adsorption is changed, so is the activation energy of the 
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reaction and the reaction mechanisms or paths. The electrode 

reaction rate is altered by the transition metals. 

METAL 

TABLE 2-5 

OXYGEN ADSORPTION ON SOME NOBLE METALS 

AND THEIR ELECTRON BAND CONFIGURATIONS (58) 

0
2 

COVERAGE 
µF/cm2

02 MONOLAYER FRACTION No. UNPAIRED 
µF/cm2 COVERAGE d-ELECTRONS

==--========================================================= 

Pa 110 510 0.22 0.55 
Pt 135 500 0.27 0.6 
Rh 480 530 0.90 1.7 
Ir 440 525 0.84 1.7 
Ru 500 530 0.95 2.2 
Au <15 <0.03 0 

Figure 2-6 shows a linear variation of the maximum oxygen 

coverage (8max> with Pt-Rh alloy composition. When 8max 

increases, the reaction rate can be increased and the Pt-Rh 

alloy bas a higher activity than that of the Pt metal(21-23). 

Fig.2-6 
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The linear variation of maximum oxygen coverage 
(8max> with Pt-Rh alloy composition (%) (the number 
of unpaired d-electrons increases from pure Pt to 
Rh) . From ( 5 7 ) . 
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Improvement of electrocatalytic activity can be based on 

the fact that different materials have varied ability to 

affect certain reactions. A Sn-Pt alloy was employed as a 

catalyst for methanol oxidation(59). The choice of this alloy 

was based on the concept that the organic molecules would be 

adsorbed on the Pt and the oxygen more readily adsorbed on the 

Sn. Increased adsorption of both organic and oxygen molecules 

on the electrode surface will lead to an increase in the 

reaction rate. 

2.2.4 Summary and comments 

The requirements for electrocatalytic electrodes were 

discussed in the literature(9,37,44). General considerations 

for selection of the OER electrode include: catalytic 

activity, stability, conductivity, selectivity and surface 

structure of the electrode. However, methods for measuring the 

electrode acti vi ty were not discussed, and there was no 

standard to unify the wide range of experimental data on 

electrode activity. This situation should be changed; more 

precise concepts about the requirements of the electrode 

should be developed. 

The oxygen overpotential is related to the standard 

electrode potential. This link is based on thermodynamics. 

Sorne researchers already used this theory to look for 

electrocatalytic materials. The overpotential of the oxygen 
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reaction, one of the important parameters for characterizing 

electrode catalytic activity, also depends on electrode 

kinetics. Using thermodynamic resul ts to predict electrode 

kinetic performance is limited. This type of discussion could 

be extended to the relationship between adsorption-desorption 

and catalytic activity. Adsorption or desorption depends on 

the free energy of adsorption, which is a thermodynamic value. 

Sorne reports have suggested that metal oxidation from low 

valence oxides to higher ones (such as Ni, Ru and Ir oxides) 

was involved in the OER mechanism. In other words, oxidation 

was part of the OER process on the oxidized surface and was 

necessary for its completion. Sorne oxides thus obtained are 

stable, and others are not. They dissolve into the solution, 

as is the case of Ruo
2 

in alkaline solution. If the above 

suggestion is true, the kinetics of oxidation would strongly 

affect the kinetics of the OER. If this is not true, the 

process of oxidation of the electrode could be separated from 

the mechanism of the OER, and the standard electrode potential 

might have less importance in the oxygen reversible potential. 

2.3 IMPROVING ELECTROCATALYTICAL ACTIVITY ON AN ELECTRODE 

It is essential that an electrode have a high catalytic 

acti vi ty towards an electrochemical reaction. The primary 

reason for studying electrocatalysis is to find the material 
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with the best catalytic properties and/or to improve its 

catalytic activity. In Section 2.1, we have discussed oxygen 

evolution electrode materials. Here, our focus will be on 

improving the electrocatalytic activity of an electrode. 

Generally, improving electrocatalytic activity on an electrode 

can be realized in three ways: a) the kinetic approach, 

achieved by changing the reaction path and speeding the 

reaction rate; b) surface modifications, by producing active 

sites; and c) enlarging the real surface area on the electrode 

to deliver a higher current at lower overpotentials. 

2.3.1 Kinetic,approach 

Improving electrode performance 

changing the reaction mechanism or 

can be achieved by 

altering the rate-

determining step (RDS)(58). If the electrode reaction 

mechanism has a RDS in which the activation energy is high, it 

might be possible to rearrange the reaction route and to have 

the new RDS with a much lower activation energy. This results 

in an increase in the reaction rate. For example: the oxygen 

reduction reaction proceeds conventionally by an 

electrochemical route(58). However, a suitable redox system, 

the nitric acid-nitric oxide couple, might be introduced into 

this electrochemical reaction system (see Fig.2-7). The 

primary process in the new route is then the reduction of 

nitric acid, not the reduction of oxygen directly. The oxygen 

then oxidizes the nitric oxide formed back to nitric acid, 
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while it is being reduced itself. Since the electrochemical 

reduction of nitric acid and the chemical oxidation of nitric 

acid proceed considerably faster than the electro-reduction of 

oxygen, the total reaction rate is increased even if more 

steps are necessary to complete the reaction cycle. Increasing 

temperature, stirring and forcing solution flow are other 

methods for changing the kinetic conditions to faveur the 

electrode reaction. 

Fig.2-7 
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An example of the kinetic approach for increasing 
the rate of the oxygen reduction by introducing a 
redox system. 

2.3.2 Surface modification 

Surface modification may be an effective and efficient 

way to increase the activity of the electrode. This 

modification can be achieved by changing the surface chemical 

composition (alloying, doping, deposition and reduction), or 

oxidizing the surf ace to form oxides and special surf ace 

treatments (plasma and laser techniques). 
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2.3.2.1 Chemical composition 

From the discussion in Section 2.1, it can be seen that 

transition elements, especially in the form of metal oxides, 

are the materials most frequently used to construct the oxygen 

electrode. Alloying nickel with transition metals can improve 

the activity of the nickel electrodes(29). Tseung(30) studied 

the OER on the Li-doped NiO in KOH solution. An increased 

catalytic activity, especially under high current densities, 

was explained by two factors: (a) an increase in electronic 

conductivity with the increase in lithium doping; (b) an 

increase in the Ni3+ ion concentration with lithium doping. 

The Ni3+ ion was considered to be the active site for the OER 

on Li-doped NiO. 

2.3.2.2 Reaction nature 

Sorne electrochemical reactions are very sensitive to 

surface conditions, while others are relatively insensitive 

(14). Therefore, the electrode reaction type must be studied 

before considering electrode surface modifications. Boudart ( 60) 

has discussed electrode reactions that are "insensitive" or 

"sensitive" to the surface structure of an electrocatalyst. 

These concepts are discussed in detail below. 

INSENSITIVE--Chlorine evolution proceeds on some of the 

catalytically active materials with a low overpotential at 

high current densi ties. However, for the same electrode 
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mate rial, this reaction is rather insensi ti ve to surface 

conditions. Therefore, the chlorine reaction was classified as 

being 1
1 insensitive 11 to the electrode surface structure. For

this reason, a select ion of the right type of electrode 

material may be more important than improvement of electrode 

activity by surface modifications. 

SENSITIVE--In contrast, the OER proceeds on most 

materials with a high overpotential at low current densities. 

A large variation in overpotential was observed on different 

materials. Even on the same material, as a consequence of 

dif ferent surf ace preparation procedures, varied experimental 

data are obtained. The OER is defined as a reaction 

"sensitive" to the electrode surface structures. In other 

words, optimization of the electrode surface conditions is 

equally important as the selection of the right catalytically 

active electrode materials. 

Figure 2-8 represents values of the Tafel slopes (b) of 

oxygen and chlorine evolution reactions as a function of the 

electrode surface charge 
* 

q (61). The charge q was 

measured by vol tammetric technique. It is a charge consumed by 

the electrode surface charging, such as capacitance, etc., and 

it relates to the electrode surface defects, oxide thickness, 

surface annealing and preparation procedures. Therefore, i t is 

a kind of measure of surface morphology. It shows that the 
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Tafel slope for the OER declined from 55 to 35 mV /dec as 

charge q* increased from O to 100 mF/cm2 • However, a less than 

10 mV decrease in Tafel slope was observed for the chlorine 

evolution reaction. 

Fig.2-8 
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Tafel slopes of the oxygen and the chlorine 
evolution reactions as a function of surface charge 
(q*) on the Ruo

2 
electrode. Adapted from (61). 

With an understanding of the relationship between 

reaction sensitivity and surface conditions, we can improve 

the catalytic àctivity by optimizing electrode surface 

conditions and/or changing electrode morphology towards more 

favourable electrode kinetic conditions. In the case of the 

"insensitive" type of reaction, surface modifications and 

treatments are relatively ineffective in influencing electrode 

activity. Electrocatalysis research should be concentrated on 

the appropriate selection of new electrode materials. 
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2.3.2.3 Physically activated electrodes 

Metallic electrodes exist in various surfaces physical 

states. As a result of some special physical treatments, the 

electrocatalytic performance for a certain reaction on 

physically activated electrodes is better than that of 

untreated electrodes. The chemical composition of physically 

activated electrode is the same as the untreated electrode. 

The catalytic characteristics originate from the physical 

nature of the electrode surface, such as: crystalline or 

amorphous states, oxide structure, number and position of 

active sites, and nature of metal atoms. Such activation can 

be obtained by various methods: e.g., pre-polarization of the 

electrode to form active surface oxides; electrodeposition of 

amorphous metals or alloys; in situ electro-reductions of 

formed surface oxides; and mechanical and chemical surface 

treatments of the electrode. 

Physically activated electrodes could have much higher 

surface areas than inactivated electrodes. This results in a 

decrease in the real current density and therefore lowers the 

overpotential at a given apparent current density (based on 

geometric area). 

Pre-anodization or potential cycling is a common practice 

for the activation and stabilization of the oxide layer( 29, 30) 

(e.g., 200 mA/cm2 for 2 hours to form a stable nickel oxide 
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film). After anodization, the OER will proceed through the 

surface oxide phase. The reaction rate on such an activated 

electrode is much higher than that on a bare metallic 

electrode. The difference in the constant anodic current 

oxidation and potential cycling may be found in the electrode 

surface morphology. At appreciable potential range, potential 

cycling results in surface oxide formation and reduction. It 

could therefore result in a surface rougher than that obtained 

by constant current anodization. 

Hall ( 40) reported that the Ni oxide coating on a Ni 

screen increased the electrode activity for the OER in 

alkaline water electrolysis. About 40 µm thick of the Ni 

powder coating was sintered onto the Ni screen at 760° C for 30 

minutes. The� of the OER at i=l00 and 200 mA/cm2 was about 80 

mV lower than that on a uncoated nickel screen electrode. 

2.3.3 Increasing electrode surface 

2.3.3.1 Real surface area 

It has been shown( 62) that the OER mechanism is not 

changed if platinum is hot rolled, cold rolled, etched, 

anodically polished or mechanically polished. However, a 

higher overpotential was observed on the polished surfaces. 

Among those platinum electrodes, the major difference in 

surface conditions is the real surface area. This reflects the 

real surface area on a catalyst can change the catalytic 
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activity substantially. 

Knowing the real surface area on an electrode is 

essential to a better understanding of the electrode's 

catalytic property. Let us consider this from the Tafel 

equation: 

Tl = 
RT ln ( ___.j:_ )

a.nF 1. ex
(2-1) 

where R is the gas constant; T is temperature in K; a is 

transfer coefficient; n is electron transferred in reaction; 

F is a Faradic constant; iex is exchange current density and 

i is current density at Tl overpotential. In Eq. ( 2-1), the 

current density is defined as: 

i 
Total Current (I) 

8teal Surface Area (S) 

(2-2) 

The total current (I) on an electrode is kept constant, the 

current density (i) will then decrease as the real electrode 

surface area (S) increases. Consequently, from Eq.(2-1), the 

overpotential (fi) will be lowered. In other words, the 

reaction rate on the electrode can be increased by 

deliberately creating a rough surface with a high real surface 

area. Preparing an electrode with a high real surface area is, 

therefore, an important part of the technique for fabricating 

practical electrodes. 
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2.3.3.2 Techniques 

Fabrication of an electrode with a very rough and porous 

surface is very effective for increasing the electrochemical 

reaction rate. Large surface areas deli ver the a large current 

at a low apparent current density. Consequently, the 

overpotential will be low. Electrodeposi tion of sponge metals, 

powder deposition and dispersion-deposition with highly rough 

surfaces are practical techniques known for preparing these 

electrodes. 

Raney-Ni type electrodes represent another method for 

preparing active Ni electrodes with high real surface areas. 

Al or Zn metal in Ni-Al or Ni-Zn alloy is leached out in 

alkaline solution, leaving the remaining Ni with a very porous 

surface structure. This type of catalyst is widely used in 

chemical engineering. 

2.4. NICKEL AS AN ELECTROCATALYST 

2.4.1. Historical review 

Nickel was discovered by Cronsyedt( 63) in 1751. The first 

report on the use of nickel as a catalyst was probably Thenard 

(64) in his studies of decomposition of hydrogen peroxide. He

reported: with metallic nickel, the action was "slight", with 

nickel oxide, it was 11 mild 11 and with nickel hydroxide, it was 

11moderate 11 • Even though this evaluation appears ambiguous, it 
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still could be understood that nickel hydroxide was the best 

catalyst arnong the nickel electrodes tested. The first use of 

nickel as a commercial catalyst was a nickel electrode in the 

production of hydrogen f rom a mixture of car bon monoxide, 

hydrocarbons and steam in 1888 by Mond and Langer(65). 

It has been known for a long time(66) that the oxygen 

overpotential on nickel and nickel oxide is low, and nickel is 

quite stable in alkaline media. The oxide on nickel electrodes 

could be obtained by electrolytic oxidation(67), and later it 

was found that this oxide was not soluble ( 66). It was realized 

then that it was a useful anode material for many electrolytic 

oxidation processes. 

The importance of oxide films on nickel electrodes has 

attracted attention for a long time. Haber(68) suggested that 

the actual oxidation was not due to the action of monatomic 

oxygen, but that it was accomplished by the superficial 

coating of oxides. Brand and Rambottom( 69) found that the 

oxidation proceeded more satisfactorily with nickel than with 

iron anodes in laboratory studies. This effect was attributed 

to the existence of an oxide on the anode surface which acted 

as an oxygen carrier and promoted the process. Practically, 

many water electrolysis cells use nickel as the oxygen 

electrode, and the electrode is in the form of nickel with 

cladded iron, sintered nickel plaques or screens. It is 
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reported(70) that nickel oxide prepared by the thermal 

decomposition method has an electrocatalytic performance 

superior to nickel in the forms used in water electrolysis. 

The catalytic activity of nickel prepared by thermal 

decomposition is comparable to that of the Ni-Co oxide, or of 

the Ruo2•

2.4.2 Nickel oxides 

Nickel possesses several oxides. The most common and 

stable one is the monoxide, Nia, which has a cubic structure. 

The higher oxides, Ni2o3 and Nio2, can be produced by anodic

oxidation or by the reaction of alkaline with the metals or 

the salts(66). These higher oxides appear to be stable only as 

hydrates, e.g., Ni2O3*2H2O and NiO2*xH2O(62). NiO2 is very

unstable, and it is expected to lose its o2 rapidly in aqueous ·

immersion even at room temperature(l7). Severa! Ni suboxides 

have been reported (e.g., NiO4; Ni3o; Ni3o2; and Ni2o), but

their existence has not been definitely assured(66). Ni
3
o

4 
is 

probably a mixture of NiO and Nio2 or NiO and Ni2o3 ( 66).

Mellor(71) and Labat(72) have given extensive reviews of the 

literature on Ni oxide materials. 

According to Glemser and Einerhand(73), various higher 

oxides of nickel involving Ni+3 may be made from a choice of 

oxidizing agents and nick.el sal ts. An analysis of the X-ray 

patterns shows that the Ni+3 oxide can best be described as 
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NiOOH. NiOOH exists in three modified forms, which have been 

designated as a-, B-, and y-NiOOH by Glemser and Einerhand 

(73). X-ray diffraction data and electron micrographs were 

obtained for these oxides(74). They have hexagonal crystal 

structures (74). However, only B-NiOOH has been identified and 

referred to on the nickel electrode in the discussion of the 

OER( 17, 28, 75). Information leading to the preparation of a, B, 

and y-NiOOH oxides can be found in reference(72). 

2.4.3 OER mechanisms 

Milner( 76) pointed out that in an analysis of the OER, an 

unbelievable number of reaction paths was possible when all 

intermediates were considered. By applying some assumptions, 

there are still eleven possible mechanisms. Damjanovic(12,77) 

has analyzed 14 oxygen reaction paths, which are listed in 

Table (2-6). For a given RDS, two Tafel slopes (d�/dLni) (low 

� and high �) are listed on the anodic side. 

2.4.4 OER mechanism on Ni electrodes 

The OER occurs on an oxidized surface where an average 

oxidation state of Ni ions is (III) ( 78). At higher anodic 

potentials, Ni +3 is presumably converted to Ni +4, which is

inactive for the OER. Conversion of Ni+3 into Ni+4 may be the

reason for the progressive deactivation of anodes(28,79). 
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TABLE 2-6 
OER PATHS AND ASSOCIATED TAFEL SLOPES(12) 

==--------=========------=-================================== 

PATH Tafel SLOPE (d�/dLni) 
ANODIC CATHODIC 

(S IS A SURFACE SITE) LOWE HIGH E 
=---------===-=====--------================================== 

1. The oxide path (80)
S + H

2
O ➔ SOH + H+ + e-

2SOH ➔ SO + SH
2
O 

2SO ➔ o
2 

+ 2S 

2. The electrochemical oxide 
S + H

2
O ➔ SOH + H+ + e

SOH+S+H
2
O ➔ SO+SH

2
O+H

2 
+e-

2SO ➔ o
2 

+ 2S 

2RT/F 
RT/2F 
RT/4F 

path (80) 
2RT/F 
2RT/3F 
RT/4F 

3. The hydrogen peroxide path
4S + 4H

2
O ➔ 4SOH + 4H+ + 4e-

2SOH ➔ SH
2
O

2 
+ S

(80) 
2RT/F 
RT/2F 
RT/3F 
RT/3F 

SH
2
O

2 
+ SOH ➔ SOH

2 
+ SO

2
H

SO
2
H + SOH ➔ SH

2
O + S + 0

2

4. The metal peroxide path (80)
4S + 4H

2
O ➔ 4SOH + 4H+ + 4e- 2RT/F 

SOH ➔ SO + SH
2
O RT/2F 

SO + SOH ➔ S + SHO
2

RT/3F 
SHO

2 
+ SOH ➔ o

2 
+ S + SH

2
O RT/4F 

2RT/F 

s. The electrochemical metal
3S + 3H

2
O ➔ 3SOH+3H+ + 3e-

2SOH ➔ SO + SH
2
O 

peroxide path (80) 
2RT/F 

SO + H
2
O ➔ SH

2
O + H+ + e

SH
2
O + SOH ➔ S + 0

2 
+ SH

2
O 

6. The alkaline _rath (81)
S + H

2
O ➔ SOH +H + e-

SOH + H
2
O ➔ SH

2
o

2 
+ H+ 

2SH
2
O

2 
➔ S + so

2- + 2H
2
O

so
2- ➔ s + o

2 
+ 2e-

RT/2F RT/F 
RT/SF 2RT/F 
RT/4F 

2RT/F 
RT/F 
RT/2F RT/F 
RT/3F 

7. Path suggested by Conway and Bourgault (82)
3S + 3H

2
O ➔ 3SOH + 3H+ + 3e- 2RT/F 

SOH ➔ SO + H+ + e- 2RT/3F 2RT/F 
SO + SOH ➔ SHO

2
RT/3F RT/F 

SHO
2 

+ SOH ➔ S + o
2 

+ SH
2
O RT/4F 

-2RT/F

-2RT/3F

-2RT/F
-RT/2F
-RT/F

-2RT/F
-RT/2F
-RT/F

-6RT/5F
-RT/2F
-2RT/3F

-2RT/3F
-RT/F
-RT/2F
-RT/F

-6RT/5F
-2RT/5F
-RT/F



TABLE (2-6) ---contd. 

PATH TAFEL SLOPE (d�/dLni) 
ANODIC CATHODIC 

(S IS A SURFACE SITE) LOW E HIGH E 

8. Alternative path of Conway
2S + 2H2O ➔ 2SOH + 2H+ + 2e
SOH ➔ SO + H+ + e-

and Bourgault (82) 
2RT/F 

SO + H2O ➔ SHO2 + H+ + e
SHO2 + SOH ➔ S + 02 + SH2O

2RT/3F 2RT/F 
2RT/5F 
RT/4F 

9. Path suggested by Riddiford (83)
S + H2O ➔ SOH + H+ + e- 2RT/F
2SOH ➔ SO + SH2O RT/2F
SO + H2O ➔ SHO2 + H+ + e- 2RT/5F
SHO2 + H2O ➔ o2+SH2O +H+ +e- 2RT/7F

2RT/F 

10. Krasilshchikov path
S + OH- ➔ SOH + e-

(for Ni in alkaline)(75) 
2RT/F 
RT/F SOH + OH- ➔ SO- + H2O

so- ➔ SO + e- 2RT/3F 2RT/F 
2SO➔ 02 + 2S RT/4F 

11. Wade and Hackerman•s path (84)
2S + 2H2O➔SO + SH2O +2H+ +2e- RT/F 
SO + 2SOH- ➔ 2S +SH2O +02 +e- RT/3F

12. From reference (12)
S + H2O ➔ SOH + H+ + e
SOH ➔ SO + H+ + e-
SO + H2O ➔ SO2H + H+ 

+ e
SO2H ➔ S + o2 + H+ 

+ e-

13. From reference (12)
S + H2O ➔ SOH + H+ + e
SOH + H2O ➔ SO-H-OH- + H+ 

SO-H-OH- ➔ SO-H-OH + e
SO-H-OH ➔ SO + H2O
2SO ➔ S + 02

14. From reference (12)
S + H2O ➔ SOH + H+ 

+ e
SOH + H2O ➔ SO-H-OH
SO-H-OH- ➔ SO-H-OH + e
SO-H-OH ➔ SO + H2
SO + H2O ➔ SHO2 + e
SHO2 ➔ S + 02 + H+ + e-

2RT/F 
2RT/3F 
2RT/5F 
2RT/7F 

2RT/F 
RT/F 
2RT/3F 
RT/2F 
2RT/F 

2RT/F 
RT/F 
2RT/3F 
RT/2F 
2RT/5F 
2RT/7F 

RT/F 
2RT/F 

2RT/F 
RT/F 

2RT/F 
RT/F 
2RT/3F 

-2RT/3F
-2RT/5F
-2RT/3F

-2RT/3F
-RT/2F
-2RT/3F
-2RT/F

-2RT/3F
-RT/F
-2RT/F

-RT/3F
-RT/F

-2RT/7F
-2RT/3F
-2RT/3F
-2RT/F

-2RT/3F
-RT/F
-2RT/F

-2RT/7F
-RT/3F
-2RT/5F
-2RT/2F
-2RT/3F
-2RT/F

51 
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The generally accepted mechanism of the OER on nickel 

electrodes ( 1 7), modified from the Krasilshchikov path ( path 10 

in Table (2-6))(28,75), consists of the following steps: 

OH-(ads) ➔ OH(ads) + e- (2-3) 

OH(ads) + OH- ➔ o-(ads) + H2O

2B-NiOOH(s) +O-(ads) ➔ 2NiO2(s) +H2O + e-

2NiO2(surf) + HO(ads) ➔ B-NiOOH(surf) + O(ads)

O(ads) + O(ads) ➔ o2 

(2-4) 

(2-5)

(2-6) 

(2-7)

Any one of these steps, (Eq.2-3 to 2-7), may be the RDS 

for the oxygen reaction mechanism. Elina and co-workers(85) 

suggest that at a low current density the concentration of 

Nio2 on the surface would be so low that the rate of

spontaneous decomposition of Nio2 (Eq.2-6) would be slow, and

that i t, therefore, would become the RDS. At high current 

densities, however, a relatively large amount of Nio2 is

present, causing a higher Nio2 decomposition rate. Under this

circumstance, the discharge of OH- ions ( Eq. 2-3) , is the 

slowest step, and this is in agreement with a Tafel slope of 

0.12 V/dec. Lu and Srinivasan (28) studied the Ni oxide film 

in a 1 N KOH, and their data supported Eq.2-5 as the RDS at 

low overpotentials. The RDS might be related to the extent of 

anodized surface(l2). The reaction path would depend on the 

surface oxidization and the current density. 

suggested that ( 82) the Tafel slope of about 

corresponds to the final recombination step 

It was also 

0.05 V/dec 

(Eq.2-7) at 

appreciable coverage under activation adsorption conditions. 
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2.5 EVALUATING ELECTRODE PERFORMANCE 

The best electrocatalyst for a given reaction is the one 

on which current density is the largest at the same applied 

potential(58). However, it is not so simple to compare the 

electrocatalytic activity of different electrodes. Even this 

concept is very straightforward, several factors must be 

considered before coming to a conclusion for comparison. 

In 1818, Thenard(64) used words such as 11 slight", "mild" 

and "moderate" etc., to describe the activity of the nickel 

catalyst. This was too ambiguous. Since then, advances in 

electrochemistry have resul ted in great progress in methods of 

evaluating electrode performance. Today there are many 

quantitative or qualitative methods for evaluating electrode 

catalytic properties. Sever al essential parameters can be 

compared for electrode performance, such as current density 

(i); overpotential (n); exchange current density (iex)i Tafel 

slope (b) and the transfer coefficient(a). These parameters 

are basic kinetic parameters and are convenient for carrying 

out the evaluation. 

From a practical point of view, there are other factors 

such as the real surface area of an electrode, the electrode 

surface structure or surface morphology, etc.. Long-term 

service time or corrosion stability of the electrode is the 
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most important property that must be tested before any 

practical applications of the electrode. These parameters are 

discussed in the following sections. 

2 . 5 . 1 i and iex 

According to Eq.(2-1), between i and �, we have: 

� = RT ln(--!:-)
a.nF 1.ex 

i = i exp [ a.nFr) Jex RT 

(2-1) 

If two electrodes follow an identical reaction mechanism 

(same paths and RDS), it can reasonably be assumed that the 

transfer coefficient and the number of electron transferred 

for the two electrodes are the same, namely a1
=a2 and n1

=n2•

The exponential terms in the expression (2-1) are equal at the 

same overpotential (�1
=�2). Thus, 

il iexl 
----

i2 iex2 
(2-8) 

When comparing i of two electrodes at the same �, we could 

also compare iex of the two electrodes instead(22). This could 

be done by obtaining the linear Tafel regions on the 

polarization curves, then extrapolating the Tafel lines and 

intersecting them at the oxygen reversible potential. The 

current at the intersection is the iex. Figure 2-9 is a 

diagram ill ustrating the determination of the exchange current 

density and the Tafel slope in the polarization curve. 
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(mV/dec) 

A schematic illustration of determination of the 
exchange current density (i

ex
> and the Tafel slope 

(b) in a polarization curve.

When different catalysts are compared in terms of 

exchange current density (iex>, the mechanisms of the 

electrode reaction on the two electrodes should be identical. 

However, this condition is not always secured in the 

literature. The exact reaction path, RDS and intermediates are 

sometimes not certain or are difficult to determine. 

Unlike the case of the HER, which has a relatively high 

value of the i
8
x (10-4 to 10-6 mA/cm2), the reported iex of the

OER on most catalytic materials was as low as 10-13 to 10-7

mA/cm2• Since the iex is so small, it is difficult to obtain

an accurate measurement. Therefore, the iex is not a very 

sensitive and useful measurement for characterization of the 

electrode performance for the OER. 
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2.5.2 Tafel Slope 

Many previous comparisons of electrocatalysts were based 

on values of the Tafel slope(14,44,45,86). Table (2-7)(14) 

gives a comprehensive collection of Tafel slopes (b) and other 

kinetic parameters of the OER. An electrocatalyst with a low 

Taf el slope indicates a low rate of increase in current 

density with an increase in overpotential. The values of the 

Tafel slope given in Table (2-7) are in the range of 40 to 120 

mV/dec. b values are usually obtained from the polarization 

curves (or very slow scanning rate), but this condition was 

frequently ignored or neglected. It should be emphasized that 

determination of the b value must be in the Taf el region 

(e.g., between 10-3 and 101 mA/cm2 on Pt); otherwise it is not 

within the limitation of the Tafel equation. In Table (2-7), 

the Tafel parameters (a) for the OER on several oxide 

electrodes are also listed. The Tafel parameter (a) might be 

a better basis for the comparison of electrocatalysts(14), 

because it combines the b and iex together as: 

a = b Ln (iex) ( 2-9) 

The combination of the b and the iex could make more sense in 

electrocatalysis studies, since the best electrocatalyst would 

be the one with a high iex but a low b value. However, this 

parameter is much less frequently used than the Tafel slope 

and there are no papers emphasizing the importance of this 

parameter in the field of electrocatalysis. 



TABLE 2-7 

EXPERIMENTAL KINETIC PARAMETERS OF THE OER ( 14) 

Electrode Solution T/
9

C b/V Reac t ion ord er E'�/kJ mol - 1 
a/V 

(Ti)Pt02 H2S0 .. (0.5) JO 0.113 0 X 

(Ti)Pt02 KOH(l) JO 0.059 0,114 2 1 X 0.48 
Pt H2S0 .. (1) 80 0.09 0.99 

(Ti)PtO, KOH(JO wt. %) 80 0.046 ? 0.41 

(TiN,)Hn02 H2SO" (1) 20 0.1-0.11 X 

(Pt)Hn02 
H2S0 .. (0.5) JO 0.11 0 X 

KOH(l) 30 0.11 l X 

(Ti/Ru02 )Hn02 H2SO .. (0.5) JO 0.11 X 

KOH(l) JO 0.11 X 

B-Hn02 H2S0 .. (0.5) 30 0.11 0.1 0.1 
KOH(l) 30 0.9 

B-Hn02+Mn203 H2S0 .. (0.5) 30 l 0.1
KOH(l) 30 0.9

Ni KOH(5-10) 25 0.06 0.12 
Ni KOH(JO wt. %) 80 0.062 0.41 
Ni KOH(l) 23 0.04 0.46 
Ni Hi so .. (O. 5) 0.110 0 

KOH(l) 0.055 (0.120) 2.1 0 
NiO, KOH(30 Wt. %) 80 0.047 34.3 0.34 

KOH(JO wt. %) 80 0.071 0.45 
Ir H3P0 .. (85 wt. %) 25 0.053 67 0.59 

Ir H2S0 .. (1) 25 0.054 0.112(0.126) 0.39 
Ir HClO .. (1) 25 0.040 0.120 0.44 

KOH(l) .25 0.040 0.120 0.44 
Ir H2SO .. (l) 80 0.085 0.58 

lrO,.- H2S0 .. (0.5) 25 0.050 
(Ti) IrOx KOH(30 wt. %) 80 0.050 0.41 
(Ti)Ir02 H2S0 .. (0.5) 30 0.056 -1

KOH(l) 30 0.040 2

Rh ff3P0 .. (8S wt. %) 25 0.094 58 .1 0.98 
Rh HCIO.(l) 25 0.060 0.120 0.63 

KOH(l) 25 0.042 o. 115 0.47 
u, 

-.J 



TABLE 2-7 (contd.) 

Electrode Solution Trc b/V Reaction order E�/kJ mol-1 a/V

(Ti)RhOX KOH(30 wt. %) 80 0.067 0.43 

Pb H2SO .. (3. 5) 0.056 0.144 
Pb KOH(l) 25 0.12 
Pb NaOH(6.l) 25 0.116 0.8 1.14 
Pb02 H2S0" (1) 25 0.118 

Pb02 H 2S0 .. (2.2) 30 ,o.OSl(a)
0.12HB) l <a>o.a

( B) 1. 1
B(?)-Pb02 NaOH (1-5) 25 0.10-0.12 

(C)Pb02 H2SO" (1) 30 0.134 X 1.18 
B-Pb02 H2 SO .. (O. 5) 0.120 1.39 
B-Pb02 H2S0..(0.5) 25 0.16 40.6 1.3 

SrFeOt H2 S0d0.5) 25 0.065-0.07 0 
KOH(l) 25 0.065-0.07 2 

LaxBa1 -xCoO,-y KOH(6) 25 0.057(x•0.8)-0.059(x•0.5) 0.44 
La1-xSrxHn03 KOH(l) 25 0.13-0.14 1 
NiLa2011 KOH(l) 25 0.040 0.120 1.85 1.0 X 

Co,01o HCl0 .. (1) 25 0.060 
KOH(l) 25 0.065 

(Ti)NiC02 0" KOH()O wt. %) 25 0.040 38 .5 0.35 
NiC0 20" KOH(5) 25 0.033 0.107 0.50 
NixFe1-)(01o KOH(30 wt. %) 25 0.040 

(Ti)Ru02 (3oo-5oo•c) KOH(30 wt. %) 80 0.067 0.37 
(Ti)Ru02 (4oo•c> KOH(4) 22 0.040 l 0.32 

Ru0 2 (45o•c) HCl0 .. (1) 30 0.040 X 

Ru0 2 (85o•c) HClO..(l) 30 0.070 X 

(Ti)Ru02 (35o•c) H2S0 .. (0.5) 25 0.040 - -1 X 

(Si02 )Ru02 (CVT) H2S0 .. (0.5) 25 0.065 0.38 
(Ti)Ru02 (35o•c) H2SO .. (l) 25 0.040-0.045 55.2 

(Si0 2 )Ru02 H2 SO" (1) d.045 >O. 120
(Ti)Ti0 2 +Ru0 2 KOH(30 wt. %) 80 0.045 38.5 0.31 
(Ti)Ti0 2 +Ru0 2 H 2S0" (1) 80 0.066 0.52 
(Ti)Ti02 +Ru02 (30%) pH 0.5 to 13 20 0.035-0.050 pH dependent l.5(0H-)

Ut 

CD 
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The Tafel slope is a current density dependent parameter, 

and it is defined as: 

b = 

dLn (i)
(2-10) 

For example, the OER on the Ir metal electrode gives two Tafel 

regions in acid and alkali solutions(lS): b=(2RT/3F) for low 

current densities and 2RT/F for high current densities(lS). 

The Tafel slope also depends on the surface coverage of the 

reactant species and the oxide layer. Conway and Bai ( 5) 

pointed out that the function of the coverage of adsorption 

species with potential f(8) was involved in the Tafel slope, 

as in the form of: 

dLni 
dfl 

= dLnf (8) + 
dfl 

a.nF 

RT 
(2-11) 

Since the coverage of the reactant species is not high at low 

overpotential, the Tafel slope in the low overpotential region 

may reflect some actual difference in the electrode surface 

structure and composition of the oxide layer( 14). At high 

overpotentials, the coverage of adsorption on the electrode 

surface becomes higher, the oxide layer grows thicker and the 

Taf el slope obtained at this candi tian may be af fected by 

these factors. Therefore, when we compare electrocatalysts on 

the basis of the Tafel slope, we should measure the slope of 

the polarization curve at low overpotentials. This would be 

more effective in revealing the difference in the structure 

and the surface composition of the electrode. 
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On the other hand, the Tafel slope obtained at high 

overpotentials will reflect the practical performance of the 

electrode in industrial applications, since in most industrial 

applications, the current density of the electrode reaction is 

as high as 100 mA/cm2
• The Tafel slope measured in this region 

indicates the increase in cell voltage as electrolysis 

production is raised. In other words, the results obtained by 

the comparison of b values at high 11 could be easier to 

transfer into industrial applications. 

It is understood that the Tafel equation is a special 

case ( i>>iex> of the Butler-Volmer equation. The b values 

should then be measured under conditions required by the Tafel 

law, that is under a high polarization. The equation (2-1) can 

not be used under the condition of i ➔ O. In fact, when i ➔ O, 

at low current densities we have: 

(2-12) 

The Tafel slope varies according to the value of pH, as 

shown with the iridium electrode(16). (dEsHE/dpH)i = -42 mV/dec 

at low current densities; (dEsHE/dpH)i = -105 mV/dec at high 

current densities. 

A break in the Tafel line from low to high overpotential 

has been observed(l2). The possible reasons discussed in the 

literature were: (1) a change in the reaction mechanism; 
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(2) transition of the adsorption coverage from 0=0 to 0=1,

with the same mechanism; (3) a change in the RDS, with the 

same reaction paths and steps. However, identification of the 

exact reason for the Tafel slope change in a certain reaction 

system is very difficult. 

In conclusion, all these uncertainties with respect to b 

values discussed above make it difficult to use b as a sole 

parameter to evaluate the electrode activity. 

2.5.3 Real surface area 

It was mentioned in the previous section that comparisons 

of overpotentials('ll) at a constant current density(i), or vice 

versa, should be made using the same real surface area of the 

electrode. An electrochemical reaction occurs on the electrode 

surf ace, and the surf ace state is a cri tic al factor in 

determining the reaction kinetics, especially, the OER is the 

reaction in which kinetics is very dependent on surface 

conditions. It is essential to know the surface conditions to 

evaluate the performance of the electrode. Real surface area, 

surface oxide and surface treatments represent three aspects 

of the surface conditions. In this section, measurements of 

the real surface area on an electrode are discussed. 

2.5.3.1 Measuring electrode surface area 

Each of the techniques available for measuring the real 
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surface area of an electrode(87) yields a value that has a 

specific meaning with respect to the electrode. One measure 

could indicate the surface available for adsorption, while 

another could represent the true surf ace available for a 

certain electrode reaction, and may therefore be reaction-type 

dependent. 

It is worthwhile to identify the physical meaning of real 

surface measured by different methods before we can apply it 

to the study of an electrocatalyst. Unfortunately, no paper of 

this kind was seen in the literature. 

The methods of measuring electrode surface area can be 

classified(87) as the physico-chemical (e.g.,adsorption), the 

purely physical, the chemical and the electrochemical methods. 

They are discussed below. 

(1) BET method {Brunauer-Emmet-Teller method)

The BET method is the most frequently used. This is a

technique based on the amount of adsorbate (gas or solution) 

on the unit surface of a solid electrode. The gas adsorption 

method has been accepted in the past as a prime standard 

method for measuring the electrode's real surface area(87)� 

(2) Physical method

Examining the surface morphology and the porosity of the
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electrode is the oldest and most direct method among the 

methods for measuring electrode surface area. The physical 

method gives rapid, reproducible results, but it does not have 

the precision that the adsorption and chemical methods have. 

In most cases, i t is necessary to know the value of the 

average diameter of the particle on the solid electrode, which 

is very difficult to ascertain. Microscopie, X-ray diffraction 

and radioisotopes are commonly used physical methods for 

measuring surface area. These methods usually require 

expensive equipment for conducting tests. 

(3) Chemical method

The chemical method is a technique of measuring a

reaction rate on a surface. The dependence of this chemical 

reaction rate on the surf ace are a is known. Therefore, by 

measuring the reaction rate, the surface area of the electrode 

can be derived. 

(4) Electrochemical method

This method depends on either the deposition, adsorption

or the removal of an adsorbed layer of some chemical species 

where the fractional surface coverage is known by measurement 

of the electrical double-layer capacitance. AC impedance(87), 

the cyclic voltammetric technique(88), the charge curve 

method(89), and the triangular voltage sweep method(90) are 

some examples of measuring double-layer capacitance on solid 
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electrodes. They are in situ techniques that can be carried 

out in true testing environments and conditions. 

Another merit of these tests is that they indicate the 

surf ace are a of the electrode that is available to the 

electrochemical reaction. The values obtained by this method 

are the best for comparison of the catalytic properties of 

similar electrodes in the same electrolyte system. 

The double-layer capacitance (Ca1) measurement deserves

a special mention. The Ca1 is considered to be proportional to

the real surface area on an electrode. It is therefore an 

indirect measure of the real electrode surface area. It is 

believed that a mercury liquid surface is the smoothest 

surface. Its geometric surface is almost the true surface 

area. The Ca1 on liquid mercury ranges from 18 to 24 µF/cm2

(91,92). This Ca1 could be considered as a standard

capacitance per unit surface. Therefore, the real surface area 

on an electrode can be derived by measuring the Ca1 and

comparing the value with the standard one. 

The surface area measured by this method especially 

refers to the surface available for the double-layer charging 

on the electrode, and i t is closely related to the real 

surface available to the faradaic process. From a practical 

point of view, where the real surface area for the 
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electrochemical reaction is concerned, this method may be the 

most practical and effective method. However, when the 

electrode material itself participates in the reaction, such 

as the electrode material oxidation/reduction is involved in 

the OER mechanism, the Ca1 can not be measured accurately(86).

2.5.3.2 Comparison of methods 

A brief comparison of the methods for surf ace are a 

measurement is given in Table (2-8)(87). 

TABLE 2-8 
METHODS FOR SURFACE AREA MEASUREMENTS(87) 

No. METHOD 

1 BET(Nitrogen) 
2 BET(Krypton) 
3 Solute ads. 
4 Conden.vapor ads. 
5 Heat of wetting 
6 Microscopie 
7 X-Ray diffraction 
8 Radioisotope 
9 D-L capacitance 

10 Current density 

SURFACE RANGE 
(m2/g) 

1-2000
0.001-5
5-100

10-300
10-100

3-10
3-50
3-50

10-100
10-100

TIME/TEST REPRODUCI-
(hour) BILITY* 

2-3
2-3
1-2

0.5-1 
3-4 
1-2 
1-2 
1-2 

0.5-2 
1-2 

2 

2 

3 

4 

1 

5 

8 

7 

6 

9 

* 1 being the most reproducible and 10 being the least.

Comments and restrictions--Methods 1 & 2 can be used for

all electrode materials, but special equipment is necessary; 

they can be made nondestructive. No.1 needs approximately 5M2

of surface area for analysis. No.3 can be carried out with 

equipment generally available in most chemical laboratories. 

No.5 needs very special equipment and is the most difficult 

test to perform. No. 7 is not sui table for most electrode 
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systems. It is usually used in materials which are uniform 

powders and have unshared X-ray diffraction peaks. 

2.5.4 Complications in evaluation of electrodes 

2.5.4.1 Reaction selectivity 

Electrocatalytic selecti vi ty means that the catalytic 

activity varies depending on the reaction occurring on the 

electrode surface. A gdod electrocatal�st for the chloride 

evolution is not necessarily a good electrode for the oxygen 

evolution. The character of catalytic selectivity tells us to 

compare the performance of electrodes only wi th the same 

reaction. 

2.5.4.2 Kinetic conditions 

Kinetic conditions (such as increasing temperature and 

stirring in reactor) complicate evaluation and comparison of 

electrodes. Electrode conditions can be favourable to a 

certain reaction path or mechanism. Kinetics of the reaction 

can also change the catalytic activity on an electrode. 

Moreover, sometimes the gas bubbles on the surface of the 

electrode cause an errer in the electrochemical measurement 

that makes evaluation and comparison of catalytic electrodes 

difficult or incorrect. 

Figure 2-10 is an example in which kinetic conditions 

change the electrocatalytic activity of a Ruo
2 

electrode for 
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the reaction of chloride and oxygen evolution(14). From the 

strict thermodynamic point of view, electrolysis of the brine 

solution on the Ruo2 should lead to oxygen evolution rather

than chlorine evolution. However, under the kinetic 

condi tiens, we obtain a reversal in the position of the 

catalytic activity of the Ruo2 electrode at pH=4.

1. 

1.2 --------� .... ----

', 

0.9 

PH 
Fig.2-10 An example of kinetic conditions changing the Ruo

2
electrode activity for the o

2 
and Cl� evolutions.

(----) Kinetic and(---) Thermodynamic condition. 
(a):0

2
; (b):Cl

2
• From (14). 

Comparison of electrocatalysts should then always be made 

under the same conditions. This sometimes makes it difficult 

to compare our experimental data with others, especially data 

in references with unspecified experimental conditions. It is 

also understood that different electrocatalysts for the same 

reaction should only be compared if the reactions have the 

same mechanism (path, Tafel slope, etc.). 



68 

2.5.4.3 Potential dependence 

At different applied potentials, the activity of an 

electrocatalyst is not the saine. This means that results of 

cornparison of the electrocatalytic activities frorn different 

electrodes would not be the saine if the applied potentials are 

not identical. The potential dependence of the 

electrocatalytic activity introduces uncertainty in cornparing 

electrode performance, which is illustrated by the E-Log(i) 

plot for the oxidation of ethylene on Pt and a 80Pt-20Ru alloy 

in Fig.2-11(93). Note that the 80Pt-20Ru alloy electrode is a 

better catalyst at potentials below 0.45 (V vs.SHE), whereas, 

at high potentials, pure platinum electrode is a better one, 

based on Tl• 

0.7 

Pt80 Ru20 

0.6 

0.5 (/� 
UJ 

0.4 

0.3 

0.2 
,o-3

Fig.2-11 Experimental current-density and potential 
relationship for the oxidation of ethylene on the 
Pt and the 80%Pt-20%Ru alloy electrode. Frorn (93)� 
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2.5.4.4 Potential of zero charge 

At this point, a question should be asked: at what 

potential should two electrocatalysts be compared? 

Electrocatalysts have been compared by measurement of the 

current density generated at different electrodes at the same 

potential. The �-Log(i) relationship was presented in 

Eq.(2-1). The potential dependence aspect of the electrode 

reaction rate appears to be the most important aspect. The 

potential is based on the electrified interface between 

electrode and electrolyte. If a zero potential difference 

across the interface can be found, the catalysts can then be 

compared at the zero potential without interference of the 

reaction-accelerating field at the interface. If it were 

possible to make an experimental arrangement by which the 

potential difference across various electrode-electrolyte 

interfaces was zero, the current density at that potential 

would gi ve a clear comparison of the intrinsic catalytic 

powers of the various electrodes(58). In this way, the pure 

catalytic power of an electrocatalyst could be measured and 

compared. 

The potential mentioned above is defined as the potential 

of zero charge ( pzc) ( 5 8) . In practice, there are several 

objections against using the pzc as the potential for the 

comparison of electrocatalysts. First, the experimental values 

of Epzc are not well established for a majority of metals.



70 

Furthermore, even for the few metals for which the Epzc values 

are reasonably well-established ( as listed in Table 2-9) , this 

potential is nevertheless unsuitable for comparison of the 

oxygen electrocatalysts. As can be seen, the potential values 

are well below the Erev(=l.23 V). Therefore, there will be no 

oxygen reaction at the potential of Epze•

TABLE 2-9 
POTENTIAL OF ZERO CHARGE ON SOME METALS(58) 

Hg 
Cu 
Fe 
Pt 
Zn 

-0.19 ± 0.01
-0.16 ± 0.05
-0.37 ± 0.03
+0.56 ± 0.03
-0.63 ± 0.05

Cr 
Au 
Pb 
Ag 
Ni 

-0.45 ± 0.05
+0.15 ± 0.05
-0.60 ± 0.05
-0.44 ± 0.02
-0.28 ± 0.03

Another potential at which the rate of a gi ven reaction 

on various electrocatalysts can be compared is the equilibrium 

potential (Erev>• At Erev' the reaction rate is the exchange 

current density (iex>, which has been discussed before. 

2.5.4.5 Parameter dependence 

For comparison of dif ferent catalytic materials, the 

different parameters (i, iex' n, b and a) might give a varied

activity order. Sorne electrodes may be poor electrocatalysts 

in terms of exchange current density but good electrocatalysts 

in terms of the Tafel slope. Figure 2-12 gives an illustration 

of the case. In the figure, it can be seen that electrode 1 is 

a better catalyst in terms of iex' but electrode 2 will be a 

better one by comparing values of b. 
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Fig.2-12 The dependence of the electrode catalytic activity 
on kinetic parameters used for evaluating the 
electrode performance. 

2.5.5 Summary and comments 

The electrode performance can be evaluated by comparing 

several kinetic parameters, such as i, �, iex' b and a, and 

other factors such as the real surface area, the surface 

structure or surface morphology, etc. The corrosion stability 

of the electrode is also an important property. Complications 

in the evaluation of electrode performance by reaction 

selectivity, kinetic conditions, potential and parameter 

dependence are the major problem in the research and 

development of electrocatalysts. Simpler, faster and more 

practical concepts must be developed for a better evaluation 

of the electrode performance. This type of study is not 

reported in the literature. Electrode activity can be 

increased either by creating catalytically active centers on 
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the surface or by increasing electrode real surface areas. 

Both methods are effective, and they may even be combined to 

achieve maximal improvement. However, the effects of 

increasing electrode performance by these two concepts should 

be distinguished. In characterizing the electrode with a rough 

and porous surface, the BET result is useful for indicating 

the surface area on an electrode, but it offers no information 

about the effective surface area on the electrode available to 

electrochemical reaction. We still need an in situ and 

quantitative method to evaluate the effective surface area on 

the electrode with a very rough surface. 



CHAPTER 3 

EXPERIMENTAL 

3.1 SELECTION OF TECHNIQUES 

The techniques for improving the electrocatalytical 

acti vi ty of the OER electrode are based on two concepts: 

creating electrocatalytically active centres on the electrode 

and/or increasing the electrode's real surface area. The first 

method often requires catalytically active materials such as 

ruthenium, iridium and platinum, while the second method 

depends on the effectiveness of the technique for achieving a 

very rough or porous surface on the electrode. Both methods 

have been proved very successful in practice. They have been 

adopted in this study to improve the electrocatalytical 

performance of Ni-based electrodes for the OER. 

It has long been known( 17, 26-30, 66) that the Ni electrode 

has a low oxygen overpotential, and that Ni is quite stable in 

alkaline media. Ni electrodes can be prepared conveniently by 

electro-deposition. Ni can be deposited with a wide variety of 

micrographie structures and physico-mechanical properties. 

Many types of deposition baths and a wide range of conditions 

can be selected for the electrolysis(94). The choice of the 

bath type and the composition for deposi tion is primarily 

based on the properties desired in the deposit. 
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Electrodeposition of Ni from electrolytes of various anionic 

composi tiens was, therefore, investigated f irst in this study. 

Deposi tion bath type and condi tiens for deposi tion were 

evaluated, with a special emphasis on the electrocatalytical 

activity for the OER. 

Although Ni is a well-known material for the OER in 

alkaline solution(l?,26-30,66), its electrocatalytical 

activity is not as good as transition metal oxides such as 

Ruo
2 

and Iro
2 

(29). Ni suffers from an unstable potential with 

increasing service time(l4,29). However, the catalytic 

activity of Ni electrodes has been improved by alloying with 

Li(l4), Fe(38,39), Cr(41), Ti, Ir, Ru and W(29), etc. 

Ru0
2 

and Ir0
2 

are very good electrocatalysts for the OER, 

both in acid and in alkaline solutions(37,70,95). The Ni-Ir 

(25-75wt%), Ni-Ru(25-75wt%) and Ni-W(25-50wt%) alloys were 

studied as electrocatalysts for the OER in alkaline solution 

(29). The o
2 

overpotential decrease, about 40 and 30 mV at the 

apparent current density of 20 mA/cm2
, was observed on the 

alloys of SONi-SOir and 75Ni-25Ru, respectively. It was found 

that the surface oxide layer played a dominate role in 

electrode performance. Lu and Srini vasan ( 2 9) stated that after 

prolonged anodization the electrode surface was predominantly 

composed of Ni oxides, which consequently determined the 

kinetic parameters of the OER. Even alloys containing over 



75 

25wt% of the expensive transition elements can not control the 

surface oxide catalytic property. It is better and more 

economical to use a low content of the expensive metals to 

improve the performance of the Ni electrode for industrial 

applications. In this study, the oxide electrocatalysts based 

on Ni and transition metals such as Ru and Ir were prepared by 

electro-codeposition. The precious transition elements in Ni 

alloys are limited to below 10 wt%. These alloys and pure Ni 

were anodically oxidized to obtain the mixed oxide surfaces, 

and these mixed oxide surfaces were then used to study the OER 

in a KOH solution. By comparing the performance of the 

different electrodes and analyzing their electrochemical 

behaviours, the respective beneficial effect of Ru and Ir 

elements were evaluated. 

Several studies were carried out on Ni-based alloy and 

amorphous alloy electrodes for alkaline water electrolysis 

(43,44,96,97). These catalytically active electrodes are 

prepared either by thermal decomposition or by electro

deposition. One of the limitations of these electrodes is the 

low real surface are a. It is very dif fi cul t to obtain an 

electrode with a highly rough or porous surface, which can 

significantly amplify the electrode' s catalytic activity( 44). 

In searching for new techniques and applications of a suitable 

technology for producing catalytically active coatings and for 

fabricating the electrode, we found that composite-deposition 
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or dispersion-deposi tion was a promising way of preparing high 

performance electrodes. Brossard and co-workers(98) studied 

the Ni-Raney composite-coated electrode for the alkaline water 

electrolysis. Kunugi and co-workers(99) found that a 

hydrophobie Ni/PTFE (polytetrafluoro-ethylene) composite

plated Ni electrode had a lower oxygen and hydrogen 

overpotential over a wide range of current density than an 

unplated one. Other techniques were also reported, such as 

plasma-spraying carbonyl-Ni and Raney alloy powder mixtures, 

sintering catalyst powders in a hydrogen atmosphere ( 100) , 

or melting Ni-Co powders in a flame arc under an argon 

atmosphere, to fabricate electrodes for the OER(43). However, 

all of those processes were very complicated and costly in 

production. Simple and effective techniques for preparing 

electrodes with a high performance for the OER are still 

demanded by industry. 

In this study, a new approach, composite-deposition, 

(also referred to as dispersion-deposition or composite

plating) was investigated for preparing the Ni, Co and Fe 

composite-coatings. The electrode with the composite-coating 

was oxidized in alkaline solution by electrochemical 

oxidation, and then used as the electrode for the OER and the 

HER. The electrochemical characterizations were performed in 

5M KOH solution. 
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3.2 ELECTRODE PREPARATION 

The techniques of preparing electrodes for the OER are 

established to achieve the following goals: 

( 1) A highly conductive, corrosion-resistant and low cost

material as the electrode support;

(2) A thin coating of an electrocatalytically active

material, or dispersion of active materials, to keep cost

of the electrode to a minimum and to achieve maximal

activity;

( 3) A surface structure wi th high roughness and porosi ty,

which provides a large real surface area effectively

available to a gas evolution reaction;

(4) A rapid and easy way of fabricating the electrode.

Techniques used in this study to prepare electrodes 

include: electrodeposition, composite-deposition and thermal 

decomposition. The oxidation processes, such as in situ anodic 

polarization, potential cycling and thermal oxidation, were 

adopted to achieve the maximal electrocatalytical activity on 

the electrode. 
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3.2.1 Electrodeposition 

Ni electrodes were prepared by electrodeposi tien f rom 

electrolytes of various anionic compositions. The deposition 

bath types and operating conditions were evaluated in this 

study, wi th a special emphasis 

properties for the OER in KOH 

on the electrocatalytical 

solution. The deposition 

substrate, a stainless steel screen (1.0 cm x 1.0 cm, 48 mesh, 

-0.3mm sieve opening, supplied by Firth Brown Inox Ltd.), was

electroplated with a 0.03 mm thick Ni layer in a Watts bath 

under a current density of 50 mA/cm2 at 50 ° C. It was then used 

as the cathode for Ni deposi tien in baths wi th dif f erent 

anionic compositions. A current density of 100 mA/cm2 was 

employed in Ni deposition from electrolytes of various anionic 

compositions. Deposition current densities from 35 to 350 

mA/ cm2 were investigated in the chloride bath to f ind the 

optimum range of the deposition current density. Other 

deposition conditions are listed in Table 3-1. The Watts and 

six other deposition baths containing various anionic 

compositions were prepared with the compositions listed in 

Table 3-2. All chemicals used were of analytical grade, and 

electrolytes were prepared using doubly distilled water. The 

Ni+2 ion concentration was 85 g/1 in the Watts bath and 60 g/1 

in all other baths. All baths contained 30 g/1 of H
3
Bo

3
, which 

served as a weak buffer for controlling pH in the bath; 0.3 

g/1 of dodecylsulfate worked as a wetting agent. The pH value 

of the bath varied between 0.9 and 5.6 depending on the bath 
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composition, and it was not adjusted during deposition. Figure 

3-1 shows a schematic illustration of the deposition bath and 

current supply unit for the deposition. 

TABLE 3-1 

CONDITIONS OF ELECTRODEPOSITION OF NICKEL 

ANODE: 

CATHODE: 

CURRENT 
DENSITY: 

TEMPERATURE: 

TIME: 

AGITATION: 

TYPE 

Watts 

Chloride 

Sulfate 

Mixture 

Acetate 

Sulfamate 

Nitrite 

======= 

2 pieces of pure Ni plate (3 cm x 5 cm). 

Stainless steel screen ( 48mesh), 1 cm x 1 cm. 

35 - 350 mA/cm2 (based on geometric area). 

15 - 60 minutes. 

Magnetic agitation, 150-200 RPM. 

TABLE 3-2 

DEPOSITION BATH COMPOSITION 

COMPOSITION CONCENTRATION(g/1) pH 

NiC12 6H2O
NiSO4 6H2O
HCl (37%) 

NiC12 6H2O

NiSO4 6H2O

NiC12 6H2O
NiS04 6H2O

Ni(C2H3O2)2 4H2O

Ni(H2NSO3)2 4H2O

Ni(NO3)2 6H2O

45 
330 
l0ml/1 

243 

269 

122 
135 

254 

330 

297 

0.9 

4.0 

5.2 

4.5 

5.6 

3.3 

1.2 

All baths contain H3Bo3 30 g/1 and Dodecylsulfate 0.3 g/1.
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3.2.2 Codeposition 

Ni-Ru and Ni-Ir mixed oxide electrodes were prepared by 

codeposition of Ni and Ru or Ni and Ir. The quantity of the 

precious transi tian elements in Ni deposi t was limi ted to 

below 10 wt%. Conditions for electro-codeposition were very 

similar to those for the Ni deposition. The same substrate, a 

piece of 316 stainless steel gauze; was used. Electrolysis was 

conducted in a bath of NiC12 *6H2o ( 240 g/1, reagent grade)

with the addition of RuC13/IrC13 (0.2-2 g/1, reagent grade) at

55-75 °C. The apparent geometric surface area of the cathode

was 1.0 cm x 1.0 cm. The electro-codeposition current density 

was 200 mA/cm2 (based on geometric area). The deposition 

amount was about 0.1 g/cm2 (geometric area). 

According to Moffatt(l0l), the Ni-Ir alloy forms 

continuous solid solutions in the full range of composition. 

For Ni-Ru alloys, Manders(102) reported that the solid 

solution existed at up to about 20 wt% of Ru. However, others 

(103,104) examined the Ni-Ru alloy by microscope and 

X-ray diffraction, and their results showed that solubility of

Ru in Ni was about 5 wt%. In our case, the electrode with up 

to 8 wt% of Ru was investigated, but only the Ni-Ru electrode 

wi th less than 2. 3 wt% was tested extensi vely. We assumed that 

the Ni-Ru(2.2wt%) electrode was a solid solution alloy. 

The Ni-Ru, Ni-Ir alloys and pure Ni electrodes were 
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anodically oxidized to obtain the mixed oxide surfaces, and 

the mixed oxide surfaces were then used as the OER electrode 

in a SM KOH solution. By comparing the performance of the 

different electrodes, respective beneficial effects of Ru and 

Ir elements were evaluated. 

3.2.3 Composite-deposition 

The Ni, Co and Fe composi te-coating electrodes were 

prepared by the composite-deposition, followed by an oxidation 

process in SM KOH solution to achieve maximal catalytic 

acti vi ty and stabili ty. The substrate for the composite

deposi tion was the 316 stainless steel gauze, which was 

initially electroplated with a -0.25 mm thickness of pure Ni. 

Electrolysis was carried out in a bath containing NiC12*6H2O

(240 g/1, reagent grade) with the addition of either nickel, 

cobalt or iron powders (total powder: 2 g/1; particle size: 

-100 mesh; from Aldrich Chemical Co. Inc.), at 50 ° C for 15 to

40 minutes. Metal powders were suspended in the electrolysis 

bath by a mechanical agitator. To ensure complete suspension, 

the mechanical agitator was set at a constant speed of 150 to 

250 rpm. Two nickel plates (Ni 99%) were used as anodes in the 

bath. The composite-deposition bath and its set-up are showed 

in Fig. 3-2. The deposition current density was 100 mA/cm2

(based on geometric area). The amount of metal deposited was 

-100 mg/cm2 (geometric area). The electrodes thus prepared are

referred to as composite-coating electrodes. 
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3.2.4 Thermal decomposition 

Ruo2 and IrO2 oxide electrodes were prepared by thermal

decomposition. Ni and Ti plates (0.8 mm thick with geometric 

surface area 1.0 cm x 1.0 cm) served as electrode supports. 

The Ti and Ni plates were polished with water-cooled silicon 

carbide papers (grit size up to 600) and degreased by acetone, 

followed by etching either in 20% HCl for 10 minutes or in 48% 

HF for 5 minutes. They were then washed with double distilled 

water. The preparation procedure for Ruo2 and IrO2 oxide

coating was similar to that for preparing the DSAR electrode 

( 105). The dipping procedure was adopted in the coating 

application. The substrate was dipped into coating solutions 

and taken out, dried in the dryer at 70-100 °C for 10 minutes, 

then put into an electric furnace at 400 °C for 1 hour of 

firing. The above procedures were repeated 4-6 times for each 

electrode to achieve the appropriate amount of coating 

loading. The oxide coating loading was about 12 mg/cm2
•

Finally, the electrodes were put into the electric furnace for 

4 hours at 400±20 °C to achieve complete oxidation. 

3.2.5 Oxidation processes 

Before electrochemical measurements were made, the 

activation of the electrodes was performed in situ by anodic 

polarizations at 100 mA/cm2 for over 30 minutes in 5M KOH 

solution at room temperature, which produced an oxide layer on 

the electrode surface. The stable oxidized surface obtained 
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was verified by the reproducible polarization curves under the 

same conditions. A thermal oxidation process was adopted for 

oxidizing the pure RuO2 and Iro2 electrode surfaces. The

process consisted of placing the electrodes in an electric 

furnace at 400 ° C for over 4 hours. 

3.3 SURFACE CHARACTERIZATIOH AND CHEMICAL AHALYSIS 

3.3.1 Surface characterization 

Morphological analyses of the electrode surfaces were 

conducted using the scanning electron microscope (SEM) (Model 

JEOL JSM-840). The Ni electrodes prepared as mentioned above 

were placed in an air-sealed container, then transferred into 

the chamber of SEM for the morphological examinations. SEM 

micrographs were taken with 200x or l000x magnification. 

3.3.2 Chemical composition analysis 

Chemical analyses of the electrode surface were conducted 

by the energy dispersive spectrometer ( EDS) which is connected 

to SEM. The electrode chemical compositions were gi ven by 

weight per cent. It should be mentioned that compositions 

given by EDS analysis are semi-quantitative. Chemical 

composition can be determined more accurately by atomic 

adsorption or chemical analyses. However, EDS analysis is non

destructive and can be made conveniently with SEM 

examinations. 
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3.4 ELECTROCHEMICAL MEASUREMENTS 

3.4.1 Electrochemical cell 

Characterizations of electrodes were carried out in an 

electrochemical cell containing SM KOH solution. N
2 

gas was 

introduced into the electrochemical cell for 15 minutes before 

each test and was kept constant flowing (-60 bubbles/minute) 

during measurement. A saturated calomel electrode (SCE), as 

the reference electrode, was inserted into the Luggin 

capillary, and mounted very close to the anode ( <2 mm). The pH 

value of the SM KOH solution and the oxygen reversible 

potential (Erev> at 25 ° C were calculated using the activity 

coefficient from Dobos ( 106). Erev is equal to 0 .106 V vs

SCE. All potentials in this study are referred to SCE unless 

otherwise stated. The system for the electrochemical 

measurements was shown in Fig.3-3. 

3.4.2 Polarization measurements 

Polarization curves were measured using the Corrosion 

Measurement Software (Model 342) with a PAR Model 273 

Potentiostat. Potential scanning went from a less noble to a 

more noble potential direction, with a scan rate of 1 mV/s. 

The applied potential range was usually within 500 mv. The 

electrodes were immersed in the electrolyte ( SM KOH) for 

achieving potential stability until three repeatable 

polarization curves were obtained on the same electrode, and 



5208 Locl:-1n Frequency Analyzer 

----� 
115208 C=:J 
§3 

-----w 11273 

E-488

t!273 Potent1ostal 

Print 

0 
(SJ 

SCE 

Figure 3-3 A schernatic illustration of the system 
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then polarization measurements were terminated. The current 

interruption technique available on the Potentiostat (Mode! 

273) was used to minimize the IR drop in the potential sweep

polarization measurements. For constant charging measurements, 

an oscilloscope was connected to the system to measure the IR 

drop at 100 ma/cm2
• An evaluation of the IR drop in the 

electrochemical cell at 100 mA/cm2 is included in Appendix II. 

Tafel slopes and exchange current densi ties were determined by 

the method discussed in Section 2. 5 ( see Fig. 2-9) • The 

experimental data reported in Chapter 4 are average values for 

three electrodes. The error range for the kinetic parameters 

listed in chapter of results was evaluated from the values for 

these electrodes. 

3.4.3 Cyclic voltammetric measurements 

Cyclic vol tammograms were measured by potentiostat and an 

IBM microcomputer. The potential scanning proceeded from less 

noble to more noble potentials, as shown in the figure. The 

scan rate for the potential was 20 mV/s. The potential pre

cycling was taken more than 10 times. Cyclic voltammograms 

were recorded until a reproducible cyclic voltammogram was 

observed. The peak potentials were recorded and compared to 

the thermodynamically calculated values. 

3.4.4 Impedance spectroscopy 

The experimental impedance spectra were measured wi th the 
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Electrochemical Impedance Software (Model 378) and a PAR Model 

273 Potentiostat connected to a PAR Model 5208 lock-in 

amplifier. A 10 mv peak-to-peak ac potential was superimposed 

on an applied de potential in the range of the Tafel region. 

Moreover, magnetic agitation (150 rpm) was adopted to avoid a 

diffusion impedance element in the spectra. Solution 

resistance (R
9

) was subtracted from the impedance experimental 

data before the curve fitting was made. The Electrochemical 

Impedance Software controls the combination of the Lock-in 

amplifier (5 to 10 kHz) and Fast Fourier Transform (0.001 to 

5 Hz) techniques to perform tests. The results were presented 

in the form of impedance complex-plane plots (-Z" imaginary 

impedance against Z' real impedance), Bode amplitude plots 

(log(Z) vs frequency log(f)), and/or Bode phase plots 

( impedance phase angle ( 8) vs f requency log ( f) ) . The points in 

the plot were experimental data, the continuous lines were 

fitting generated from the Complex Nonlinear Least Squares 

Immittance Fitting Program ( CNLS), provided by Macdonald 

( 107), . with an equivalent circuit of the constant phase 

element (CPE) and the charge transfer resistance (Rct>·



4.1 INTRODUCTION 

CHAPTER 4 

RESULTS 

The experimental results in this section are organized 

into four groups: 1) Electrodeposition of nickel in 

electrolytes of various anionic compositions; 2) Ni-transition 

mixed oxide electrode for the OER; 3) Composite-coating 

electrodes for the OER; and 4) Composite-coating electrodes 

for the HER. These results and the contents of discussions in 

Chapter 5 were adapted from four publications resulted from 

this study. However, a general discussion on the different 

types of electrodes is added in Chapter 5. The titles of our 

papers are: "Electrodeposition of Catalytically Active Nickel 

for the OER-Effect of Anionic Composition" (published in "the 

Canadian Journal of Chemical Engineering", Vol. 71, 1993); 

"Electrodeposition of Ni-Transition Alloys for the OER" 

("Journal of Applied Electrochemistry", 21, (1991) 55-59); 

"Composite-Coating Electrodes for the HER", (the Journal of 

International Society of Electrochemistry, "Electrochimica 

Acta", 38, ( 1993) 1079-1085) and "Electrochemical 

Characteristics of Composi te-Coating Electrodes for the OER in 

Alkaline Solution", (submitted to "Electrochimica Acta"). 
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4.2 EFFECTS OF DEPOSITION CONDITIONS 

4.2.1 Deposition bath 

4.2.1.1 Surface morphology examination 

Figure 4-1 shows the SEM micrographs of Ni deposited from 

(a) Watts; (b) chloride; (c) sulfate; (d) chloride-sulfate

mixture; (e) sulfamate; and (f) acetate baths. The surface of 

the Ni deposited from bath (a) appears to be relatively 

homogeneous, with fine-grain structures and no cracks. This 

surface offered a relatively uniform substrate for Ni 

deposition in electrolytes with various anionic compositions. 

Due to a high deposition current density ( 100 mA/cm2 ), a 

surface with coarse structures was obtained on Ni deposited 

from electrolytes of various anionic compositions as a common 

morphological feature. Sorne nodular clusters were found on Ni 

deposited from the chloride, the sulfate, the chloride

sulfate, and the sulfamate baths. Microcracks around grain

like particles were found on all surfaces of the Ni deposited 

f rom the chloride baths. Sorne sporadic microcracks were 

observed on the coating surfaces deposited from the sulfate, 

chloride-sulfate mixture and acetate baths, but visible cracks 

on the surface were much less than those on the Ni from the 

chloride bath. Ni deposi ted f rom the nitrate bath was so 

cracked and coarse that it peeled off from the substrate after 

deposition. This surface could not be used as an electrode; it 

was, therefore, not tested electrochemically. 



Figure 4-1 
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SEM micrographs of the Ni deposited from: 
(a)Watts; (b)chloride; (c)sulfate; (d)chloride
sulfate mixture; (e) sulfamate; and (f) acetate
bath. Magnification: lOOOx.
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4.2.1.2 Polarization measurements 

Figure 4-2 shows anodic polarization curves of the Ni 

electrodes prepared from electrolytes of various anionic 

compositions. All curves showed a similar polarization 

behaviour. The electrode surface was oxidized first, followed 

by the electrochemical reaction (OER) as a principal process 

on the electrode. At high current densities (> 50 mA/cm2 ), the 

slope is increased significantly due to the interference of 

reactant diffusions and the oxygen bubbling effect on the 

electrode, which was observed during the experiment. This type 

of polarization behaviour was well documented by Hoare(17). 

Two Taf el slopes ( b) ( low & high i) and exchange current 

densi ties ( iex) were determined from polarization curves. 

Values are presented in Table 4-1. The lowest b1 (at low i),

50 mV/dec, was found on the Ni deposited from the chloride 

bath, while the highest b1, 83 mV/dec, was obtained on Ni 

deposited from the sulfate and the sulfamate baths. Ni 

deposited from the bath of the chloride-sulfate salt mixture 

(50:50 wt%) shows a value of 66 mV/dec, which was near the 

median between 50 and 83. At high current densities, the Tafel 

slope bh ( at high i) tended to increase to more than 200 

mV/dec, but the highest, 306 mV/dec, was displayed on the Ni 

electrode deposited from the sulfamate bath. The Tafel slope 

indicates the rate of increase in overpotential as the current 

density increases (b = dt1/dlogi). An electrode with a low 

Tafel slope implies that with increasing current density, the 
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Ni electrodes prepared from: (b)chloride;
(c) sulfate; (d) chloride-sulfate mixture;
(e) sulfamate; and (f) acetate bath.
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The typical impedance complex-plane plot of Ni 
electrode prepared from the chloride bath. 
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increase in the overpotential will be lower, which is 

important for a high performance electrode. The iex ranged 

from 1.ox10-s to 1.ox10-3 mA/cm2 , depending on Ni deposited 

from the different baths. 

Electrode activity should be evaluated, as in industry, 

by comparing overpotential at the same current density. The 

OER overpotentials (�100) at 100 mA/cm2 on Ni electrodes were

then derived from polarization curves and listed in Table 4-1. 

Evidently Ni deposited from the chloride bath had the lowest 

overpotential, 396 mv. The �100 on Ni electrodes deposited

from various baths increased in the following order: 

Chloride < Chloride-sulfate < Acetate < Sulfate < Sulfamate 

TABLE 4-1 

KINETIC PARAMETERS OF THE OER ON Ni ELECTRODES 

PREPARED FROM VARIOUS BATHS 
===---===-----====-----====----=======--==================== 

Ni 
FROM BATH 

bH(high i) iex
mV/dec mA/cm2

�100 
mv 

=====-=======-============================================== 

CHLORIDE 50±4 250±10 1.ox10-5 396±5 
SULFATE 83±5 235±10 1.ox10-3 490±5 
MIXTURE 66±5 218±5 6.0x10-4 430±5 
ACETATE 52±2 279±10 s. ox10-5 450±5 
SULFAMATE 83±5 306±10 1. ox10-3 504±5 

4.2.1.3 Impedance measurements 

The impedance diagrams of Z" (imaginary impedance) vs z•

(real impedance) were established in SM KOH solution at 25 ° C 

with an applied potential of 450 mV vs SCE. A typical complex

plane plot of Ni deposited from the chloride bath is shown in 
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Fig.4-3. A semi-circular arc, which is the characteristic of 

simple R-C circuit behaviour(108), was obtained on all 

electrodes. The depressed angle of the semi-circle remained 

negligible, and it was not taken into account. The equivalent 

circuit used to fit experimental data consists of a charge 

transfer resistance ( Rct) in parallel wi th a double layer 

capacitance (Ca1), connecting with a solution resistance (R8 ) 

in series. The experimental data and the fi tting f rom the 

equivalent circuit corresponded very well in the frequency 

range from 1,000 to 0.1 Hz (see Fig.4-3). The Rct was measured 

directly from the complex-plane plots, and the Ca1 was 

calculated by the equation Ca1 = 1/(R
0
t@c) (108), where @

0 
is

the frequency corresponding to the summi t of the semi-circular 

arc. Results are listed in Table 4-2. The lowest Rctr 

1.7 Q•cm2
, and the highest Ca1, 29 mF/cm2

, were observed on Ni 

deposited from the chloride bath. The highest Rct' 7.0 Q•cm2,

was obtained on Ni deposited from the sulfate bath, and the 

lowest Ca1, 5.4 mF/cm2, on Ni from the sulfamate bath.

TABLE 4-2 

RESULTS OF IMPEDANCE MEASUREMENTS 

ON Ni ELECTRODES PREPARED FROM VARIOUS BATHS 

Ni 
FROM BATH 

CHLORIDE 
SULFATE 
MIXTURE 
ACETATE 
SULFAMATE 

Rct 
Q•cm2

1.7 
7.0 
3.4 
2.5 
2.9 

Cdl 
mF/cm2

29 
14 
16 

6.3 
5.4 



4.2.2 Deposition current density 

4.2.2.1 Polarization measurements 
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Figure 4-4 represents the cathodic polarization curve of 

Ni deposi tion in the chloride bath. The open-circuit potential 

of Ni in 240 g/1 NiC12*6H20 at 25 °C was -0.45 V vs SCE. The

standard potential of Ni is -0. 25 V vs SHE ( or -0. 49 V vs SCE)

(109); it is deposited with a 40 mV polarization. The 

limi ting current densi ty ( iL) for Ni deposi tion in the

chloride bath was determined from the polarization curve as 

900 mA/cm2 (see Fig.4-4). The Tafel region for the Ni

deposition was observed in the current density range from 5 to 

100 mA/cm2• The current density employed for Ni deposition

(idp) from electrolytes of various anionic compositions, 100

mA/cm2, was at the high limit of the Tafel region. Under a

high iap( >100 mA/cm2), gas bubbles were observed on the

deposi t during deposi tion. It was evident that a high idp

stimulated the hydrogen evolution reaction, which is the 

secondary cathodic reaction on the deposi t. The hydrogen 

bubbles thus generated interfere with the normal Ni deposition 

process. Therefore, the current efficiency for the Ni 

deposition was decreased. The combination of the release of 

hydrogen bubbles and Ni deposition made a deposit with a poor 

bonding to the substrate. To verify this, the iL for the Ni

deposi tion in the chloride bath was measured at various 

agitation speeds. It was found that almost the same value of 

the iL ( 900 mA/cm2 ) was essentially obtained at various
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agitation speeds, suggesting that in the solution near the 

deposit surface there is strong agitation caused by release of 

hydrogen bubbles. The impact of the varied agitation speeds 

provided by the magnetic stirrer in the bath was then 

relatively ineffective in changing the iL. A high idp (more

than 350mA/cm2 ) is, therefore, not suitable for Ni deposition 

in the chloride bath. 

Ni electrodès deposited in the chloride bath with varied 

iap values were characterized for the OER. b and iex for the

OER are presented in Table 4-3. It was noted that those 

kinetic parameters of the OER on Ni electrode were affected by 

iap• The b remained constant at 50 mV/dec within the range of

iap
=250 mA/cm2 • A value of 46 mV /dec was obtained at 35 mA/cm2,

but it also had a low iex• On the other hand, when the idp

passed over 300 mA/cm2, b values increased 12 mV and reached 

62 mV/dec at iap
=350 mA/cm2

• The iex for the OER increased with 

increasing iap.

TABLE 4-3 

KINETIC PARAMETERS OF THE OER ON Ni ELECTRODES 

PREPARED FROM THE CHLORIDE BATH 

idp 
mA/cm2

35 
70 

100 
140 
200 
280 
350 

b 
mV/dec 

46±5 
50±4 
50±4 
50±4 
50±4 
54±5 
62±5 

iex 
mA/cm2

1. 5±lxlo-6

1.0±1x10-s 
1. 0±1x10-s
3.0±2x10-s 
5.0±2x10-s 
1. o±o. 1x10-4
5.0±0.5xlo-4

Cdl 
mF/cm2

15±5 
31±5 
29±5 
28±5 
85±10 
90±10 

200±30 
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Figure 4-4 The cathodic polarization curve for the Ni 
deposition in the chloride bath. 
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4.2.2.2 Impedance measurements 

The Ca1 of Ni electrodes, obtained from the complex-plane

plots under a potential of 450 mV vs SCE, are included in 

Table 4-3. Evidently the Ca1 on Ni electrodes increased with 

the deposition current density iap• So, it was found in the 

test that both iex and Ca1 on Ni electrodes increased wi th 

increasing iap. 

4.3 Ni-TRANSITION METAL OXIDE ELECTRODES 

4.3.1 Polarization measurements 

Figure 4-5 are the anodic polarization curves of the Ni, 

Ni-Ru and Ni-Ir electrodes. The Tafel slopes of the Ni-based 

electrodes are about 50 mV/dec at current densities between 1 

and 100 mA/cm2
• The Tafel slope tends to increase on all 

electrodes at current densities higher than 100 mA/cm2
• It is

understandable that the Ni, Ni-Ru(2.2 wt%) and Ni-Ir(2.3 wt%)

alloy electrodes have almost the same Tafel slope, because the

predominance of the Ni oxide on electrodes surfaces resulted

in the same RDS for the OER mechanism. The exchange current

densities (iex> were determined from the polarization curves,

and it ranged from 10-4 to 10-s mA/cm2
• The results showed that

the Tafel slopes and exchange current densi ties were not

sensitive enough to reveal the difference in electrocatalysis

among the Ni-based electrodes in this case.
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It has been reported ( 110) that the electrowinning of 

Zn from alkaline solution under a high current density 

resulted in energy-saving and high productivity compared with 

the classical sulfate electrowinning process. This is also 

very true for water electrolysis. If the current densities 

chosen in the range of industrial application were compared 

under the same �, the difference would have a direct 

significance for practical applications. Figure 4-6 plots the 

OER rate (current densities) at an overpotential of 0.4 V as 

a function of the Ru or Ir content in the Ni alloy electrodes. 

As can be seen, for both Ni-Ru and Ni-Ir electrodes, the 

beneficial effects in improving activity for the OER, obtained 

by the presence of the addi tional elements, are more 

significant for the first 1 wt% of the transition elements. 

With further additions, Ir increased the OER rate to a small 

extent; in the case of Ru, an adverse effect was observed. 

Measurement of the current density at a 0.4 V overpotential 

showed that 6 wt% of Ir increased the OER rate by 6-times, 

while the best result for the Ni-Ru electrode was obtained at 

1 wt% Ru, for an increase of 4-times compared with the value 

of the OER rate on the Ni electrode. 

4.3.2 Cyclic Voltammograms 

Cyclic voltammograms for the Ni, Ni-Ru and Ni-Ir 

electrodes are presented in Fig. 4-7. The conditions for 

measurement were stated in Section 3.4.3. As can be seen in 
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the figure, all three curves show an oxidation peak ( P1)

before the OER on the initial anodic direction. These peak 

potentials are shifted to less noble values by adding Ru and 

Ir to the Ni electrodes. The peak potential of the Ni-Ir alloy 

appears 56 mV before that of Ni, while the difference between 

peak potentials of Ni and Ni-Ru electrodes is only 10 mv. On 

the return direction, the observed potential value of peak 

(P2) is more active than that of P1• The P2 peaks on all three

curves have nearly the same values. The overpotentials (1l) 

measured at 20 mA/cm2 are lowered by 30 and 40 mv, 

respectively, with the presence of Ru and Ir. Table 4-4 is a 

summary of the results from the cyclic voltammograms. 

TABLE 4-4 

SUMMARIZED RESULTS FROM CYCLIC VOLTAMMOGRAMS 

DEPOSIT 
CONTENT(wt%) 

Ni99.7 
Ni97.8Ru2.2 
Ni96.6Ir2.3 

Ep1 Shift 
V vs.SHE mv 

0.534 
0.524 
0.478 

-10
-56

P
1

: The oxidation peak potential. 
11: Overpotential under 20 mA/cm2

• 

1l 
mv 

310 
280 
270 

-30
-40

A11: Decrease in overpotential compared with the Ni electrode. 

Pure Ruo2 and Iro2 oxide electrodes were prepared and

tested for comparison with the Ni oxide data. Table 4-5 shows 

the value of the thermodynamically calculated and measured 

oxidation peak potentials for the Ni oxide, Ruo2 and Iro2

electrodes in 5M KOH solution at 25 ° C. The equation for the 

thermodynamic potentials of oxidation ( E0) for Ni 3+ /Ni 4+,

Ru4+ /Ru8+ and Ir4+ /Ir6+ were given by Pourbaix( 111). The pH 
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value was 14.93, as calculated using the mean activity 

coefficients from reference(106). It shows that the maximal 

dif ference between the se two values is wi thin 15 mv; they 

correspond very well. The highest measured peak potential 

(Eox) is 0.534 V on nickel oxide, while ruthenium and iridium

oxides show peak potentials of 0.490 V (Ru4+/Ru8+) and 0.300 

V (Ir4+;rr6+), respectively. 

TABLE 4-5 
OXIDATION POTENTIALS OF Ni, Ru AND Ir OXIDES 

==--------========-=-------================================= 

ELECTRODE OXIDES Ec/V vs.SHE E
0x

/V vs.SHE 
=---------=======----------================================= 

Ni oxide 
Ru oxide 
Ir oxide 

Ni 3+ /Ni 4+

. Ru4+ /Ru8+

Ir4+ /Ir6+ 

0.538 
0.505 
0.290 

0.534 
0.490 
0.300 

Ec=Thermodynamically calculated(lll) at pH=14.93 and 25°C. 
E

0
x=Peak potential, measured in a SM KOH solution, 25 °C. 

4.3.3 Stability tests 

Stabili ty of the mixed oxide electrodes in alkaline 

solution is of critical importance. It was observed that 

selective corrosion of the Ru oxide on the electrode caused a 

loss in electrocatalytical property. As the Ru content 

increased, an increase in corrosion was observed in our test 

conditions. The uncoloured solution turned to yellow after a 

30-minute polarization of the Ni-Ru electrode at a current

density of 100 mA/cm2
• The surface chemical analysis by EDS 

showed no Ru on the electrode surface after testing (Fig. 4-8) . 

After being immersed in the SM KOH solution for more than 30 

minutes, the Ni-Ru oxide containing 2% or more of the Ru 
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showed almost the same current density as the pure Ni oxide. 

By comparison, the Ni-Ir oxide electrodes showed an increase 

in electrode activity as Ir content increased from 1 to 6 wt%. 

4.4 COMPOSITE-COATING ELECTRODES FOR THE OER 

4.4.1 Surface morphology 

The electrode surface structures were examined by the 

SEM; micrographie photos are shown in Fig.4-9. These 

micrographs provide evidence of the surface inhomogenei ty 

distribution over the electrode surface which could not be 

obtained by other electrochemical techniques. They were taken 

after surface oxidation and electrochemical measurements. On 

the Ni electrode surface (Fig.4-9a), a solid surface with some 

nodular structures is observed, but no pore structures on the 

surface can be seen from the photo. The Ni composite-coating 

(Fig.4-9b) reveals a rough surface with many fine pore 

structures. When nickel powders were replaced by cobalt or 

iron powders in the deposition bath, the roughness of 

composi te-coatings increased significantly; the fine structure 

on the surface became coarser. The dimensions of the surface 

structure of the Fe composi te-coating (Fig. 4-9d) appeared much 

larger than that of the Ni and Co composite-coating electrodes 

(Fig.4-9b&c). Approximately 20, 50 and 70 µm of the surface 

structure on the Ni, Co and Fe composite-coating electrodes, 

respectively, can be evaluated from SEM micrographs. 



Figure 4-9 

107 

SEM micrographs of (a) Ni electrode; (b) Ni 
composite; (c) Co composite and (d) Fe composite 
coating electrode. Magnification: 200X. 
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4.4.2 Chemical composition 

Chemical analyses of the composi te-coating electrode 

surfaces were conducted by the energy dispersive spectrometer 

(EDS), which is combined with the SEM. The electrode chemical 

compositions are given in Table 4-6 by wt%. As can be seen, Cl 

(0.5 to 1.5 wt%) was present as an impurity on the surfaces. 

Co powders were co-deposited with Ni+2 with less difficulty

than Fe powders; more than 56 wt% of Co was detected on the Co 

composite-coating electrode. 

TABLE 4-6 

SURFACE COMPOSITION OF COMPOSITE-COATING ELECTRODES 

ELECTRODE 

Ni Electrode 
Ni Composite 
Co Composite 
Fe Composite 

Ni 

99.5±5 
97.5±5 
42.5±5 
75.0±5 

Co 

1.0±1 
56.5±3 

4.4.3 Polarization measurements 

Fe 

23.5±5 

Cl(wt%) 

0.5±1 
1.5±2 
1.0±1 
1.5±2 

The composite-coatings were oxidized electrochemically in 

5M KOH solution before the electrochemical characterizations. 

Figure 4-10 shows the potentials vs. time under a constant 

current (100 mA/cm2) charging condition on the electrodes for

the first 30 minutes in 5M KOH solution at 25 °C. A similar 

charging behaviour on all the electrodes was observed: an 

initial potential rise (within 100s), followed by a gradua! 

increase, and finally approaching potential stability (after 

600s). The lowest stable potential value under 100 mA/cm2

current density, 225 mV (IR corrected, same as following), was 
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Potential versus time under a constant 
current charging (100 mA/cm2 ) for the first 
30 minutès for the Ni electrode, Ni, Co and 
Fe composi te-coating electrodes in · SM KOH 
solution at 25 ° C. 
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obtained on the Fe composite-coatingelectrode, while the Co 

and Ni composite-coating electrodes presented a potential of 

287 and 372 mv, respectively. The highest potential, 730 mv, 

appeared on the Ni electrode. The IR drop, measured by the 

current interruption technique, was -140 mV at 100 mA/cm2
•

Figure 4-11 shows the anodic polarization curves ( IR 

compensated) of the electrodes for the OER. The scan rate of 

potential for polarization was 1 mV/s. The Tafel range was 

identified between 5 and 500 mA/cm2
, depending on the 

electrode. The Tafel slopes (b) are over 50 mV/dec on Ni and 

Ni composi te-coating electrodes, and about 40 mV /dec on Co and 

Fe composite-coatings (see Table 4-7). Electrode performance 

is evaluated by comparing current densities (i) under an 

overpotential (Tl) and vice versa. The overpotential on the Fe 

composite-coating electrode, obtained under 100 mA/cm2 (1'} 100),

was 246 mv, compared with 396 mv on an electroplated Ni 

electrode. The decrease in 1'} 100 was 34, 97 and 150 mV on the

Ni, Co and Fe composite-coatings, respectively. The current 

densi ty under an overpotential of 300 mV ( i300) on the Ni

electrode was 1. 5 mA/cm2
, and a 10 times higher value ( 15 

mA/cm2 ) of the i300 was observed on the Ni composite-coating.

By substi tuting cobalt or iron powder for nickel in deposi tion 

of the composite-coatings, we obtained an i300 of 109 and 625

mA/cm2 on the Co and the Fe composite-coating electrodes, 

respectively. Electrode activities, based on the 1'} 100 and i300,
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indicate that composite-coatings are more active than the Ni 

electrode; and that the Fe composite-coating electrode is the 

most active one among the electrodes. The highest iex' 4.0Xl0-4

mA/cm2
, was on the Ni composite-coating, while the Co and the 

Fe composite-coatings had an iex in the order of 10-s mA/cm2
, .

However, the lowest iex was on the Ni electrode: 1. ox10-6

mA/cm2
• Table 4-7 is a summary of the results from Fig.4-11. 

TABLE 4-7 

KINETIC PARAMETERS OF THE OER FROM POLARIZATION 

MEASUREMENTS ON COMPOSITE-COATING ELECTRODES 

ELECTRODE 

Ni Electrode 
Ni Composite 
Co Composite 
Fe Composite 

mV/dec 

54±4 
58±2 
42±2 
38±4 

iex 
mA/cm2

1. 0±1x10-6

4.0±0.lXl0-4

7. 0±1x10-s
1.4±1x10-s

4.4.4 Impedance measurements 

i300 
mA/cm2

1.5±3 
15±5 

109±25 
625±60 

'11100 
mv 

396±10 
362±10 
299±15 
246±12 

Impedance spectra were collected on the electrodes under 

an applied potential range from 200 to 300 mV. An agitation 

(about 150 rpm) was applied to mitigate diffusion and to 

enhance the electrode charge transfer process. The solution 

resistance was subtracted f rom the impedance experimental 

data. The impedance complex-plane plot (Fig.4-12), Bode 

amplitude plots (Fig.4-13) and Bode phase plots (Fig.4-14), 

measured with an applied overpotential of 300 mV, are 

presented here. In the figures, the points are experimental 

data and the continuous lines represent fittings generated by 

the CNLS program (Complex nonlinear least squares immittance 
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Figure 4-11 Anodic polarization curves for the Ni 
electrode, Ni, Co and Fe composite-coating 
electrodes in SM KOH solution at 25 ° C. 
Potential sweep rate: 1 mV/s. 
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Figure 4-12 Impedance spectra in complex-plane plots on: (1) 
Ni electrode; (2) Ni composite; (3) Co composite 
and (4) Fe composite-coating electrode in SM KOH 
at 25 ° C with an overpotential of 300 mV. Points 
are experimental data; curves are fitting with 
the equivalent circuit as shown in the figure. 
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Figure 4-13 Impedance spectra of composite-coating 
electrodes in Bode amplitude plots. 
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fitting program) with an equivalent circuit shown in Fig. 4-12. 

Table 4-8 gives the summarized results from impedance spectra 

fi ttings and calculations. Surface roughness factors ( S) , 

defined as the ratio Ca1/20(µF/cm2), are also listed in the

table. 
TABLE 4-8 

SUMMARIZED RESULTS FROM IMPEDANCE MEASUREMENTS 

FOR THE OER ON COMPOSITE-COATING ELECTRODES 

ELECTRODE E Rct Ca1 
mV Q cm2 mF/cm2

Ni Electrode 410 11.500±2 1±0.2 
Ni Composite 310 65.000±5 40±5 

360 4.500±1 40±5 
410 1.020±0.2 35±5 1. 75X103±250 

Co Composite 310 20.300±5 3.2x102±20 
360 1.200±0.5 3.2x102±20 
410 0.272±0.1 3.2xl02±20 

Fe Composite 310 1.560±0.5 1.1x103±20 
335 0.900±0.2 1.1x103±20 
360 0.155±0.1 1.lx103±20
385 0.100±0.1 1.lxl03±20
410 0.056±0.1 1.1x103±20

* Ca1 calculated from the equation in reference(l12).
** Surface roughness factor obtained by Ca1/20 (µF/cm2).

As can be seen in Fig.4-12, single semi-circular arcs 

with a depressed angle (�) are exposed in the frequency range 

from 10-3 to 105 Hz. The value of � varied depending on the

electrode: 2 - 5° on the Ni electrode, 10 - 12° on the Ni and 

Co composite-coating electrodes and 13 - 15 ° on the Fe 

composite-coating electrode. It is obvious that these 

impedance spectra can no longer be represented by a simple R-C 

equivalent circuit. Therefore, a new type of equivalent 

circuit, Rct and constant phase element ( CPE) , was used in the 

curve fitting. The results showed clearly that experimental 
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impedance data and the approximation from the equi valent 

circuit fitted very well. The charge transfer resistance (Rct>

and the double-layer capacitance (Cd1), calculated with the 

CNLS programme and the equation f rom ref erence ( 112) , are 

listed in Table 4-8. It was found that both Rct and Cdl varied 

depending on the composite-coatings in the selected applied 

potential range. A low Rct and a high Cdl were observed on the 

Fe composite-coating electrode. 

A difference in Rct between electrodes is revealed by the 

real part of the impedance at the low frequency end. The high 

frequency (>103 Hz) end approached the uncompensated solution 

resistance (R
8

) between the working and the reference 

electrode (R
8

). Fig.4-14 presents the impedance phase angle 

( 8) ( tg8=Z 11 /Z' ) vs. log( f/Hz) . All electrodes showed a one-peak

behaviour, wi th the high-f requency end converging to a 0 0 

phase angle, indicating that the solution resistance was 

dominant; the low frequency end had a phase angle of 0 O, 

indicating that the charge transfer was the principal 

reaction. The maximal phase angle appeared in the frequency 

region of 3 to 100 Hz, depending on the electrodes. The Ni 

electrode had the highest phase angle peak (70 ° ), while the Fe 

compositè-coating exhibited the lowest one (11 ° ). The log(f) 

values corresponding to the maximum phase angle were 2. 2, 1. 0, 

0.6 and 0.5 on the Ni electrode and Ni, Co and Fe composite

coating electrodes, respectively. 
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Figure 4-15 shows the impedance complex-plane plots of 

the Ni, Co and Fe composi te-coating electrodes under no 

applied potential. Without applied potential, the OER are not 

proceeded. Therefore, on the electrode surface, it was assumed 

that no Faradaic process was taking place, and that only the 

rough surface was responding to the ac potential perturbing 

signals. The figure shows straight lines inclined from the -Z" 

axis, with a rotated angle(�), as predicted by the Eq.(5-3). 

Although the conditions for ac impedance measurement were the 

same for the Ni, Co and Fe composi te-coating electrodes, 

(e. g., same solution, T, E and f), the rotated angle � varied 

wi th the electrode: a lower rotation angle was on the Ni 

composite-coating electrode and a higher rotation on the Fe 

composite-coating electrode (see Fig.4-15). 

Figure 4-16 shows the potential dependence of the 

impedance spectra on the Fe composite-coating in the 

overpotential range from 200 to 300 mv. Ni and Co composite

coating electrodes had a similar behaviour over the same 

potential range. As � increased from 200 to 300 mV, the Rct

declined from 1. 6 to O. 07 Q cm2, and the Ca1 kept about

constant while the depression angle(�) of the complex-plane 

plot increased from 3.43 to 14. 78 degrees. In figure 4-17, the 

change of the � as a function of the OER overpotential for the 

Fe composite-coating electrode is presented. 
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Figure 4-15 Impedance spectra in complex-plane plots, on 
Ni, Co and Fe composi te-coating electrodes in 
SM KOH at 25 ° C with ov applied potential. 
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Figure 4-16 Potential dependence of impedance spectra of 
the Fe composite-coating electrode. 
overpotential: 200 to 300 mv. 
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4.5 COMPOSITE-COATING ELECTRODES FOR THE HER 

4.5.1 Polarization measurements 

Figure 4-18 shows the polarization curves for the HER in 

SM KOH at 25° C. The Tafel slopes (b) were 120 mV/dec on the Ni 

electrode, 96,90 and 78 mV/dec on the Ni, Co and Fe composite

coating electrodes, respectively. The iex was in the range 

from 1.sx10-2 to 7.4x10-2 mA/cm2, depending on the electrodes. 

The overpotential observed on the Ni electrode was relatively 

high (500 mV at i=l00 mA/cm2), while a lower value of the � 

was observed on the composite-coating electrodes. The 

decreased overpotentials (�100), compared to that on the Ni

electrode, were 200, 210 and 250 mv on the Ni, Co and Fe 

composi te-coating electrodes. Improved performance for the HER 

on the composite-coating electrode was also evaluated on the 

current densities at an overpotential of -200 mV. Increases in 

the i_200 by 6 to 20 times were displayed on the Ni, Co or Fe

composi te-coating electrodes, compared to that on the Ni 

electrode. At high current densities (>50 mA/cm2 ), the 

potential oscillation in a regular small wave form was 

observed on the composite-coating electrodes (Fig.4-18); 

however, this phenomenon was not detected on the Ni electrode. 

Results of the polarization measurements at 25 °C are 

summarized in Table 4-9. 
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Figure 4-18 Cathodic polarization curves of the Ni and 
composite-coating electrodes for the HER in 
SM KOH solution at 25 ° C. Potential scanning 
rate: 1 mV/s. 



TABLE 4-9 

KINETIC PARAMETERS OF THE HER FROM POLARIZATION 

MEASUREMENTS ON COMPOSITE-COATING ELECTRODES 

ELECTRODE 

Ni Electrode 
Ni Composite 
Co Composite 
Fe Composite 

b 
mV/dec 

120±5 
96±5 
90±5 
78±5 

iex 
mA/cm2

1.5±1x10-2

4. 0±1x10-2

7.4±1Xl0-2

5. 0±1x10-2

i-200
mA/cm2

0.93±0.1 
5.45±0.5 
8.31±0.5 
20.30±1 
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'11100 
mv 

500±10 
300±5 
290±5 
250±5 

Figure 4-19 shows the HER current density at 11=-200 mV on 

the mixed composite-coating of Ni-Fe (prepared in the bath 

wi th both Ni and Fe powders) as a function of the Fe 

concentration. The figure demonstrates that the HER current 

densi ty depends on the iron powder concentration in the 

deposition bath. The Fe composite-coating electrode, prepared 

in the bath only wi th iron powder, represents the highest 

current density, 20.3 mA/cm2
• This series of experiments was 

initiated to verify if the tiny grained structures on the Ni 

composite-coating could interact synergetically with the 

electrocatalytical activity of the Fe composite-coating, and 

produce a surface with a better catalytic property. 

4.5.2 Energy of activation 

The apparent energies of activation (âH) for the HER on 

composi te-coating electrodes were calculated from the 

temperature dependence of Log(iex>, using the equation: 

dLog(i ) 
Jl.H = -2. 303R [ ex ] 

d(1/T) 
(4-1) 
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Figure 4-19 Current densities for the HER on Ni-Fe 
composite-coating electrodes at an overpotential 
of -200 mV as a function of the metallic powder 
weight ratio Fe/(Fe+Ni) in the deposition bath. 
The total metallic powders in the bath: 2 g/L. 
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Figure 4-20 gives Arrhenius plots for the HER on 

composite-coating electrodes. The exchange current densities 

were obtained from polarization curves measured at 

temperatures ranging from 298 to 348 K. The apparent energies 

of activation for composite-coating electrodes are listed in 

Table 4-10. The values of âH shown here are in the same range 

as those obtained on Ni alloy electrodes (113). The highest 

âH obtained on the Fe composite-coating electrode, 74 kJ/mol, 

indicates that activation of the HER on this electrode is more 

difficult than that on the Ni electrode. Almost the same value 

of âH is obtained on the Ni and Co composite-coating 

electrodes, suggesting that activation of the HER on these 

electrode are nearly the same. 

TABLE 4-10 

APPARENT ENERGY OF ACTIVATION FOR THE HER 

ON COMPOSITE-COATING ELECTRODES 
--------------------------------------- ,_. -----------------

ELECTRODE 

Ni Electrode 
Ni Composite 
Co Composite 
Fe Composite 

âH(kJ/mol) 

53±2 
62±4 
64±5 
74±5 

It was found that the Tafel slope varied depending on the 

temperature. On the Ni electrode, b remained about 120 mV/dec 

from 298 to 348 K; on the Ni and Co composite-coating 

electrodes, b increased slightly (from 96 to 108 for the Ni 

composite and 9 O to 9 3 mV / dec for Co composite) . The Fe 

composite-coating electrode showed a considerable increase of 

the Tafel slope (from 78 to 134 mV/dec.). 
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Figure 4-20 Arrhenius plots of the composite-coating 
electrodes for the HER. 
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4.5.3 Impedance measurements 

Impedance measurements were carried out on composite

coating electrodes in 5M KOH solution at 25° C for the HER. The 

overpotential applied on the electrode was in the range of -50 

to -250 mv. The typical complex-plane plots, -Z" imaginary 

impedance against Z' real impedance, measured at � = -100 mV 

on the composite-coating electrodes, are shown in Fig.4-21. 

The R9 was compensated before the fitting, and it is not shown 

in the figure. Points are the experimental data and lines are 

curve fi tting using the programm of CNLS wi th the same 

equivalent circuit as for the OER. Table 4-11 gives the value 

of parameters obtained from the impedance spectra fitting and 

calculation. In general, one semi-circle wi th a depressed 

angle was found on all electrodes over the applied potential 

and frequency ranges. The lowest Rct' 13.3 Q cm2, was found on 

the Fe composite-coating electrode, while twice this value was 

obtained on the Ni composite electrode. The decrease in the 

Rct from the Ni to Co, and to Fe composi te-coatings was 

consistent with the increase of the current density obtained 

by polarization measurements (Table 4-9). It was found that 

the � varied depending on the composite-coatings and 

overpotential. The highest � value, 18.8 degrees, was obtained 

on the Fe composite-coating electrode, while the lowest, 2.0, 

was on the Ni electrode (see Table 4-11). The order of the 

increase in the depressed angle of the semi-circular arc is 

consistent with the order of the current density increase on 
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the composi te-coating electrodes, and they agree wi th SEM 

examinations on the composite-coating electrode surfaces 

(Fig.4-9). 

TABLE 4-11 

KINETIC PARAMETERS FROM IMPEDANCE SPECTROSCOPY FITTING 

FOR THE HER ON COMPOSITE-COATIHG ELECTRODES 

============================================================ 

ELECTRODES </> 
degree 

s* 

============================================================ 

Ni Electrode 
Ni Composite 
Co Composite 
Fe Composite 

65.6 
26.6 
22.0 
13.3 

4.2Xl01

1.4Xl03

1.2x103

4.0X103

2.0 
12.9 
15.8 

18.8 

2.1 
70.0 
60.0 

200.0 
============================================================ 

Impedance measurements were made at -100 mV overpotential. 
* Surface roughness factor, obtained by cd1/20 (µF/cm2).
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Figure 4-21 The complex-plane plots (R
9 

compensated) of 
composite-coating electrodes, measured under an 
overpotential of -100 mV in SM KOH at 25 °C. 
Numbers in the figure show frequency; points are 
experimental data; continuous lines are the CNLS 
fitting. 



CHAPTER 5 

DISCUSSION 

5.1 METHODS FOR IMPROVING ELECTRODE ACTIVITY 

As discussed in Section 2.3, a high electrocatalytical 

activity on an electrode can be achieved in three ways: i) the 

kinetic approach - changing the reaction path and accelerating 

the RDS rate; ii) surface modifications - introducing more 

active sites on the surface; and iii) surface modifications -

enlarging the real surface area on the electrode to deliver a 

larger current at a lower overpotential. Approach i) involves 

designing a new reaction system or path; and approaches ii) 

and iii) focus on techniques for improving electrode acti vi ty, 

which are based on two concepts: using highly catalytically 

active materials and/or making the electrode surface highly 

rough and porous with a larger real surface area. The first 

method requires expensive materials such as ruthenium, iridium 

and platinum, while the second method depends on adopting 

practical techniques to produce a highly rough and porous 

surface and to make this surface available to the 

electrochemical reaction. The se two techniques have been 

adopted in this study to improve the catalytic performance of 

the Ni-based electrode. Both of them have been very successful 

in practice. The remaining questions are: a) How do these 

techniques improve electrode activity? b) How effective are 
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these techniques for increasing activity? c) What is the limit 

in applying these techniques? The following discussions are 

attempts to search answers for these questions. 

5.2 DEPOSITION CONDITIONS VS. ELECTRODE ACTIVITY 

There are many types of deposi tion baths, and a wide 

range of conditions can be selected for electrodeposition( 94). 

The choice of bath type and composition for deposition in this 

study is primarily based on the electrocatalytical properties 

for the OER. Electrodeposi tian of nickel powders from a 

variety of baths have been investigated by many authors 

(114,115,116,117), but these powders were produced 

as chemical catalysts, and not as electrodes for 

electrochemical reactions such as the OER. On the solid Ni 

deposit, studies of the effect of anion compositions on the 

electrocatalytical property for the OER are not available. On 

the basis of this, research was therefore initiated here to 

study of effects of the electrodeposition bath type and 

conditions on the electrode activity. 

5.2.1 Electrode activities 

Kinetic parameters such as the b, the T) and iex are 

valuable parameters traditionally used for evaluating 

electrode performance. From Table 4-1, clearly, the Ni 

electrode prepared from the chloride bath has a low Taf el 



132 

slope (bL=S0rnV/dec) and overpotential (�100=396rnV). It is the

rnost electrocatalytically active electrode for the OER arnong 

the Ni electrodes prepared in various baths. However, an 

evaluation based on the iex (Table 4-1) shows that the Ni 

electrodes prepared frorn the sulfate and sulfarnate baths have 

a higher exchange current density (iex=l0-3 rnA/crn2 ), and are,

therefore, more active than the others. The iex is a current 

density at no polarization potential; it represents the 

catàlytic activity under no applied potential. As the iap

increases, an increase in the iex was observed on the Ni 

electrode prepared in the chloride bath (Table 4-3). It is 

suggested that the increase in the iex resul ts frorn the 

electrode surface roughness. As the surface roughness 

increases, a part of it will be actively available to the OER, 

resulting in a high apparent iex value (based on geornetric 

surf ace are a) . In Sections 5. 4. 3. 6 and 5. 6. 4, the surf ace 

roughness f acter on cornposi te-coatings and their eff ecti veness 

are discussed. 

It should be noted that the iex is rneasured frorn the 

polarization curves at high polarization, and that the Tafel 

equation (�=a + blogi) is a special case (i>>iex> of the 

Butler-Volrner equation(58). At low current density, the 

relationship of � and iex is linear, as expressed by Eq.(2-12) 

in Section 2.5.2: � = RTi/(anFiex). Therefore, the accuracy of 

the iex obtained under high polarization (by extrapolating the 
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Tafel lines) is in question. Nevertheless, unlike the case of 

the HER, the value of iex for the OER is very small (10-9 to 

10-3 mA/cm2 ) ( 14), and it is difficult to have an accurate

value of iex by extrapolating the Tafel line to the reversible 

potential. In other words, the iex is not a very sensitive 

measure for comparing two electrocatalysts for the OER. 

Due to the difference in reaction mechanisms among Ni 

electrodes deposited in various baths, a divergence in iex 

values was expected. As explained in Section 2.5.1, to 

eval uate two electrodes' performance by comparing current 

densities at the same �, we could obtain the same evaluation 

by comparing the iex on the two electrodes. It should be 

certain that the mechanisms of the two electrode reactions are 

identical. As we have seen in Table 4-1, the Tafel slopes on 

Ni electrodes prepared from the various baths were different. 

It is not certain that the OER mechanisms on those electrodes 

are the same. It is then not appropriate to use the iex as the 

parameter for evaluating electrode activity in this case. 

5.2.2 Surface conditions 

Among the Ni electrodes prepared from different baths, 

the electrode deposited from the NiC1
2 

bath showed outstanding 

electrocatalytical properties based on the b, �100 and Cdl" It

is interesting to know what makes the difference in the Ni 

electrode activity. Since the chemical compositions of the Ni 
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electrodes prepared in various baths (Ni > 98 wt% by EDS 

analysis) were nearly the same, the difference in electrode 

performance must resul t f rom the electrode surf ace morphology. 

According to Brown and co-workers(94), the chloride bath 

produces a deposit with a hard, fine-grained and highly 

stressed surface. Residual stress is in the range of 2800 to 

3500 kg/cm2
, which is the highest value among Ni deposits from 

all kinds of baths ( 94). According to Pinkerton and Carlin 

( 118) , the stress on Ni deposi ts from various baths was

tensile stress. High stress can cause spontaneous cracking 

during deposition(94,118), and in fact, the SEM micrographs 

illustrated the existence of microcracks on the Ni deposits. 

These cracks may result in an increase in real surface area. 

Since the sulfate bath has a greater tendency to form a nodule 

and tree structure than the chloride or the Watts bath, the 

high interna! stresses in the deposit cause a sporadic 

cracking(94), which can be seen in Fig.4-l(c). The degree of 

the cracking was, however, much less than that on the Ni 

deposited from the chloride bath. The real surface area may be 

lower than that on Ni deposited from the chloride bath; 

therefore, the electrode performance for the OER was poor. By 

mixing sulfate and chloride salts in the deposition bath, we 

obtained a Ni electrode with a better electrocatalytical 

property for the OER (on the basis of �100) than the electrode

deposited from the sulfate bath. Decreases in the b and Rct
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were also observed (see Table 4-1&2). The sulfamate bath gave 

a deposi t wi th low stress and good ductili ty, ( reported 

residual stress was 35 kg/cm2 ), and it was the lowest value 

for nickel deposited from any bath(94). In electrocatalysis, 

which is favoured by a larger real surface area, cracks can 

not be induced on a low-stressed deposit surface; therefore, 

a Ni deposit surface was obtained as seen in Fig.4-l(e), 

without any surface cracks or nodule structures. Although a 

few highly stressed spots with cracks existed on the surface 

of Ni from the acetate bath, the majority of the surface was 

still covered by a relatively smooth compact deposit. 

If the surface interna! stress is responsible for the 

spontaneous cracking of the deposit, however, measurement of 

the interna! stress level would be difficult. When measuring 

the residual stress on the deposit, what we measured would be 

the resul t of the cracking, and not the stress that caused the 

cracking, because cracking releases the stresses. Therefore, 

attempts to measure the stress values in deposits were not 

considered, and efforts were focused on catalytic activity by 

electrochemical measurement. 

Since Ca1 indicates the real surface area on the

electrode, it is reasonable to assume that the Ca1 would be

high on Ni electrode prepared from a chloride solution. The 

close relationship between Rct and Ca1 was given in(lOB) as:
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1 
(5-1) 

where �c is the angular frequency at maximal impedance phase 

angle, located at the summit of the arc. Assuming a constant 

�c, the higher the value of Cdl' the lower the Rct would be. 

This explains why a low Rct appears on the Ni deposited from 

the chloride solution. 

It has been reported that the catalytic activity of the 

RUO
2 

oxide electrode is dependent on the crystal face(119). 

The study of the Ruo
2 

indicated that the value of the Tafel 

slope is face-specific as a result of difference in crystal 

orientation. For example, the Tafel slope on the (010), (110) 

and (011) face of the Ruo
2 

electrode was 75, 105 and 140 

mV/dec, respectively(119). It was suggested that the crystal 

structure of the oxide was of key importance for the 

properties of DSA electrodes(14 1 119). 

The Ni deposited from electrolytes of various anionic 

compositions has a polycrystalline surface with different 

preferred orientations(120). The electrocatalytical 

activity on nickel powder(l15) and Co(l21), deposited from 

various baths, was related to the preferred orientations. X

ray diffraction studies proved that the preferred orientation 

on Ni was {110} (from chloride bath) and {210} (from sulfate 

bath)(120). The preferred orientation was found again to be 
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{110} on Ni deposited from the chloride-sulfate mixture bath.

A good electrocatalytical performance for the OER was obtained 

on the Ni from the chloride and an improved performance on the 

one from the chloride-sulfate bath (see Table 4-1). Since the 

Ni electrode from these two baths shared the same orientation 

{110}, and it was suggested that the preferred orientation 

{110} plane could then be the one favouring the OER. This is

another reason why a good electrocatalytical performance is 

obtained on Ni deposi ted f rom the chloride bath, and an 

improved catalytic property is found on Ni deposited from the 

chloride-sulfate mixture bath. 

5.2.3 Selection of deposition baths 

Based on evaluation of the electrocatalytical activity, 

the chloride bath is a favourable choice for the deposition 

bath for preparing Ni electrodes. There are also other 

advantages of the chloride bath. A high deposition current 

densi ty can be employed in the chloride bath, as chloride 

solutions have a high conductivity. The presence of ci- ions 

in the deposition bath will also improve the anode dissolution 

by reducing polarization (94). Nickel chloride is a chemical 

salt which is relatively cheap and readily available; 

sulfamate and acetate salts are more expensive. Although 

sulfate salt is the most popular compound used in 

electroplating on an industrial scale, the Ni deposited from 

this bath offers a relatively poor electrocatalytical 
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performance for the OER. 

5.3 OXIDATION POTENTIAL VS. ELECTRODE ACTIVITY AND STABILITY 

5.3.1 OER overpotential 

The presence of Ru or Ir in the Ni-based electrode 

decreased the OER overpotential by 30 and 40 mV, respectively 

(Table 4-4). This indicates an even better result for Ir than 

for Ru in improving the Ni-based oxide electrode performance 

for the OER in KOH solution. This improvement of performance 

on the electrode for the OER has been attributed to the 

surface concentration of active sites on the oxide layer(15), 

al though the exact nature and location of the se si tes have not 

been determined experimentally. All the discussions in the 

li terature were tentative deductions. In this study, the Ru or 

the Ir element was detected on the electrodes by the EDS. The 

improved electrocatalytical performance should be attributed 

to the modification of the Ni electrode surface. Therefore, 

the presence of small amounts of Ru or Ir species in the oxide 

layer must f avour the formation of such special si tes and 

increase the electrocatalytical effect. How would those 

special sites function in promoting the OER? Since we did not 

get the answer to this question from microscopic examinations, 

we turned to electrochemical methods. 

As observed in the cyclic vol tammograms (Fig. 4-7), forward 
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potential scanning on the Ni-based electrodes showed a 

potential peak (Pl in Fig.4-7) before the OER. This peak 

represents surface oxidation. It is well established (15,17) 

that oxide layers are formed before the oxygen evolution takes 

place. Sorne studies(lS,28,122,123) of the OER have 

suggested that the oxidation process of the metal on the 

electrode surface was involved in the OER process, or that it 

became one of the progressive steps in the OER mechanism. 

We can take another approach to this phenomenon. Let us 

divide the overall overpotential for the OER into two parts 

(see Fig.5-1): 

(5-2) 

where âE
0x 

is a polarization potential between the reversible 

oxygen potential (1.23 V vs.SHE) and the electrode surface 

oxidation potential (Pl); and âE
02 is the potential difference 

between the OER ( i=20 mA/cm
2

) and the peak (Pl) potential. 

Table 5-1 shows the overall oxygen overpotential and its 

divided values in terms of âE
0
x and âE

02• The lowest âE
0
x value 

corresponds to the Ni-Ir oxide electrode, and the highest to 

the Ni oxide electrode. In the case of âE
02, the position is 

different. The lowest âE
02 value belongs to the Ni-Ru oxide 

electrode and the highest âE
02 value appears on the Ni-Ir 

oxide electrode. The Ni oxide is in the middle. We will 

discuss the âE
0
x and the âE

02 in greater detail in the 

following section. 
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An illustration of division of the total oxygen 
overpotential into two parts: �=àE

0
x + AE02•



TABLE 5-1 
DIVIDED OER OVERPOTENTIAL VALUES AT 20 mA/cm2 

ON THE Ni-Ru AND Ni-Ir ELECTRODES 
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--------------------------=-=--======== ==================== 

ELECTRODE T)/mV 
===--======================================================= 

Ni 
Ni-Ru(2.2%) 
Ni-Ir(2.3%) 

5.3.2 Peak potential 

188 
178 
132 

122 
102 
138 

310 
280 
270 

The oxidation potential peaks were observed·both on the 

pure metal oxide (Ru02 and Ir02) and on the mixed oxide (Ni-Ru 

and Ni-Ir) electrodes. In the case of the pure metal oxide, 

the peak potential was observed at a value very close to the 

thermodynamic potential calculated for transforming the oxide 

Ni3+/Ni4+, Ru4+/Ru8+ and Ir4+/Ir6+ (comparing Ec & E
0
x in Table

4-5). It can be seen that the peak potential for the Ru oxide

is rather close to that of the Ni oxide; it appears only 44 mV 

before the Ni oxide peak (see E
0
x in Table 4-5). The Ir oxide 

peak is observed at a much less noble value, and it appears at 

some 234 mV before the Ni oxide peak. 

Although the Ni oxide dominates the surface oxidation 

reaction, the Ir in the Ni oxide results in a displacement of 

the Ni3+/Ni4+ peak position to a lower value, and this

decreases the âE
0
x value on the Ni-Ir electrode (âE

0
x=132mV). 

Since the OER takes place on the oxide formed at the peak 

potential, i t is possible to say that the catalytic oxide 

layer formed by oxidation of Ni3+/Ni4+ is produced more easily

on the Ni-Ir oxide than on the Ni-Ru oxide. 
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5. 3. 3 âE
02

The second part of the overpotential, âE
02, represents

the effectiveness of the electrocatalysis on the mixed oxide 

surface, because the OER always takes place on an oxidized 

surface. Table 5-1 shows that the Ni-Ru oxide has the lowest 

âE02 value and corresponds to a better and more effective

mixed oxide surface for the OER. A larger value of the âE02 
on 

the Ni-Ir oxide ( see Table 5-1) indicates that this mixed 

oxide layer is less electrocatalytically active. However, the 

total overpotential of the Ni-Ir oxide remained at the same 

level as that of the Ni-Ru oxides. This is because of the 

lower value of âE
0x on the Ni-Ir oxide. The lower value of âE

0x

compensated for the higher value of the âE
02 

when the total 

overpotential Tl was counted. It should be noted that in 

studying various oxide coatings for the OER in acidic solution 

by cyclic voltammograms, the different anodic charge 

behaviours were found on Ru02-Ti02 and Ir02-Ti02 oxide

systems ( 124) . The reason was not el ucidated in the 

literature, but we suggest that it might be explained by the 

difference in the oxidation behaviours in the Ruo
2 

and Iro
2

oxide systems. 

5.3.4 Corrosion behaviour 

Al though the overall overpotential is rather similar for 

b.oth mixed oxides, their stability in alkaline solution is not 

the same. Corrosion of the Ru on the oxide layer resulted in 
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a loss of electrocatalytical property. Makarychev and co

workers (125) reported that the higher the Ru content, the 

more rapidly the electrode corroded. This is why the Ni-Ru 

oxide containing 2% or more Ru showed almost the same 

catalytic effect as the pure Ni oxide after immersion of the 

electrode in a SM KOH solution for more than 30 minutes. By 

comparison, the Ni-Ir mixed oxide electrode in this study was 

much more stable, and it retained its good electrocatalytical 

activity for more than 24 hours at a current density of 100 

mA/cm2
• 

5.4 COMPOSITE-COATING ELECTRODE WITH A VERY ROUGH SURFACE 

5.4.1 Effective surface areas 

It was believed (17) that the oxygen evolution takes 

place on oxidized surfaces. When the metallic electrode 

surface undergoes an oxidation process, the surface will be 

oxidized before the OER occurs. It has been reported(28) that 

the top oxide layers on the Ni electrode determine the 

kinetics of the OER. oxidation can be achieved via different 

processes and routes. Electrochemical oxidation is performed 

in situ before electrochemical characterization. After 

activation, a hydrous oxide or hydroxide is formed on the Ni 

electrode surface(28), which favours the electrode kinetics 

and increases the surface stability and its catalytic 

activity. 
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On the basis of overpotential, the composi te-coating 

electrode is more active for the OER than the Ni electrode. We 

suggest that the improved catalytic properties of the 

composi te-coating could corne f rom the surf ace activation 

and/or utilization of very rough and porous surfaces. It was 

found in this study that improvement of the performance for 

the OER on the Ni electrode (� from 730 to 396, see Section 

4. 4. 3) was more significant than that achieved on the Ni

composite-coating electrode (� from 372 to 362) by 

electrochemical oxidation. Lu and Srinivasan(28) stated that 

the improvement of electrocatalytical activity for the OER on 

the pre-anodized Ni electrode was associated with the 

formation of the "right type of oxide", namely P-NiOOH, which 

provided active sites, such as Ni+3 ions, for the OER. The 

active site here is defined as a special spot on the electrode 

surface, where the activation energy of the RDS for the 

electrochemical reaction is lower than other places on the 

electrode. Bockris and Otagawa(126) gave an example of 

this: when the OH- desorption step is the RDS for the OER 

mechanism on the mixed oxides of Ni-Fe, and when nickelate has 

a lower adsorption energy for OH- than ferrite does, then a. 

lower activation energy for the RDS will be on the nickelate, 

and the nickelate will be the active site on the electrode. In 

our case, less improvement in the activity on the composite

coating electrodes by oxidation may suggest that significant 

active sites have not been formed on the surface. 
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Another possibili ty is that the conditions used for 

electrochemical oxidation of the composi te-coating surface may 

be improper for achieving complete oxidation, due to a very 

high real surf ace are a and low true current den si ty on the 

composite-coating. We therefore tried a higher current with a 

prolonged time for the oxidation of composite-coatings. 

However, no beneficial effect was observed at the end of the 

tests. Thus, it appears that improvement in the catalytical 

property on the Ni composite-coating electrode is limited by 

the technique of surface activation. Much efforts should 

therefore be devoted towards increasing the surface area on 

the composite-coating electrodes. 

The most significant difference observed by SEM between 

the conventionally deposited Ni and the Ni composite-coating 

is the surface roughnèss, as shown in the micrographs in 

Fig. 4-:9. Based on this, Co and Fe composite-coatings were 

prepared with the hope of achieving a rougher surface with a 

larger real surface area available to the reaction. The 

availability of the electrode surface for the reaction is very 

important. To acquire this information, it is necessary to 

measure the real surface area on the electrode and to evaluate 

its availability for the electrochemical reaction. 

5.4.2 Estimation of real surface area 

As discussed in Section 2.3.3, kinetic parameters �uch as 
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the iexr b and T) are valuable parameters for evaluating 

electrode performance. An evaluation based on information 

given by these parameters is, however, not complete unless 

information related to the electrode surface is provided. The 

surface area and structure are critical factors in determining 

the reaction kinetics. Moreover, the real surface area of the 

electrode can strongly affect electrode performance. If this 

information is missing, eval uation of the electrode 

performance becomes vague. 

Evaluation of the real surface area of a solid electrode 

is traditionally made by the Brunauer-Emmett-Teller (BET) 

method (127), which has been accepted as a standard method 

of measuring real surface area. However, it should be 

mentioned that values of the real surface areas obtained by 

this method depend on the hypothesis of monolayer coverage of 

the adsorbate. This assumption can not always be made, because 

the gas adsorbate (such as Ar2, Kr2, N2 and C02) used for the 

BET measurement is not necessarily always adsorbed in a 

monolayer on the surfaces. Sorne special sites, such as grain 

boundaries, dislocation lines, surface defects, etc., which 

have a lower adsorption energy, can attract more adsorption. 

The calculation of the BET surface area is based on the 

estimated value of the cross-sectional area of an adsorbed gas 

molecule, which is not a highly accurate value. The different 

gases selected for the BET test will give different values of 
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the surf ace are a. We should consider the se uncertainties 

before we accept the BET surface area. 

Accessibili ty of the pore to the adsorba te and the 

structure size on materials measured are other uncertainties 

for the BET measurement. For example, a porous Australian 

brown coal(128) has a BET area in the range of 1-5 m2/g by 

N
2 

at -196 ° C, 200-300 m2/g by co
2 

adsorption at -78° C, and

more than 200 m2 /g by water adsorption at ambient temperature. 

Brunauer( 129) pointed out that the 11absolute 11 surface area 

values determined for certain adsorbents were in error by as 

much as 20%. The surface area given by this method is only 

meaningful for pure gas adsorption. 

It should be remembered that electrochemical reactions 

occur in aqueous media, and the active surface accessed by gas 

adsorption is not the one available for an electrochemical 

reaction in solutions. The double-layer capacitance, on the 

contrary, is measured at the electrode/electrolyte interface 

by electrochemical techniques, and it is frequently used as an 

indication of the electrode surface area. This gives an 

indirect measure of the electrode surface area with an 

emphasis on the electrode/electrolyte interface. 

Table 5-2 gives the real surface area values on solid Pt 

electrodes, reported by Brodd and Hacherman(130). It shows 
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that the BET surf ace are a by Kr adsorption varied f rom 2 3 . 9 to 

615 cm2 among six electrodes prepared under identical 

conditions. The reproducibili ty was poor among the electrodes. 

The double-layer capacities measured by the electrochemical 

polarization method were, however, consistent, and the 

difference among the electrodes was much smaller. It is also 

possible to say, on the other hand, that the BET measurement 

is too sensitive to microporosity on the surface. However, 

this microporosity on the surface is not necessarily actively 

available to the electrochemical reaction in a solution. This 

also proves that the capacitance could serve as a better 

indicator of the active real surface area available to the 

electrochemical reaction in a solution. 

TABLE 5-2 
SURFACE AREA AND DOUBLE LAYER CAPACITY OF Pt ELECTRODES(l30) 
=========================================================== 

ELECTRODE BET SURFACE AREA

cm2
CAPACITY 
µF/cm2

============================================================ 

1 

2 

3 

4 

5 

6 
AVERAGE 

56.7 
271 
615 
407 

80.3 
23.9 

242.3 

21.4 
21.8 
17.3 
21.5 
18.2 
20.7 
20.1 

============================================---------------

5.4.3 Impedance characterization 

It has long been known that surface roughness can 

influence the impedance frequency dispersion of an electrode 

(131,132,133). In this study, it was seen in Fig.4-12 

that the complex-plane plots were not perfect semi-circular 
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arcs, but depressed ones. The simple R-C equivalent circuit 

cannot fit these plots. We consider that this represents an 

advantage to be used for characterizing the rough surface. To 

deal with this problem, we must first find a suitable 

equivalent circuit to fit the impedance responses from the 

rough surface. Second, the parameters of the equivalent 

circuit should be related to the surface geometric conditions 

of that electrode. The roughness of the electrode surface can 

then be evaluated. 

The OER was investigated by the impedance technique 

(134,135,136). Those results were limited to providing an 

impedance diagram or using double-layer capacitance to 

evaluate the surface. No fractal dimension of surface 

roughness eval uation was reported for an oxygen electrode. Our 

study is the first report of the impedance characterization of 

the oxygen electrode with a very rough surface. 

5.4.3.1 Impedance responses on the rough surface 

The first attempt to calculate the ef fect of surface 

roughness on impedance was made by De Levie ( 133). For an 

infinitely long and thin pore, in the absence of the faradaic 

process, De Levie determined that the admittance of an 

electrode with a rough surface was Y=l/Z=(j�c)0 ·5, where an

exponent 0.5 was introduced by the surface geometric factor. 

Later, on the ideally polarizable rough electrode, Nyikos and 
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Pajkossy(l37) used an empirical relationship to describe the 

impedance over a wide range of frequencies: 

(5-3) 

where z is impedance; j=✓-1; ô is a frequency independent real 

constant; and� is an exponent with a value between 0.5 and 1 

(132). In the complex-plane plot, the equation is represented 

by a line rotated clockwise through an angle�- The impedance 

data can be fi tted by this equation over a wide range of 

f requencies. Since those works were based on an empirical 

relationship, a direct link between impedance responses and 

the surface geometric conditions cannot be established. 

Let us consider the impedance responses on some of the 

equivalent circuits that represent the electrode system. 

Figure 5-2a is the equivalent circuit of the electrode system 

wi thout faradaic or diffusion processes on the interface 

(which could be simulated on the real electrode under no 

polarization and strong agitation). The ac impedance response 

on this type of electrode system with a perfectly homogenous 

smooth surface is · in the form of a vertical line in the 

complex-plane plot (Fig. 5-2b). The impedance response is 

expressed as: 

(5-4) 

The impedance response of this type of electrode system with 

a rough surface is found again to be a straight line, but it 

is rotated clockwise through some angle� (112,137,138). 
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Equivalent circuits for solid electrodes and 
their irnpedance responses under the condition 
of no Faradaic and diffusion processes. 
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(Fig.5-2d). This phenomenon is also described over a limited 

range of frequency by the constant phase element ( CPE) 

(108,112,137,138,148); the equivalent circuit for this 

electrode system is presented in Fig.5-2c, and the impedance 

responses can be approximated by Eq.(5-3). 

An irreversible electrode reaction takes place on the 

surface when a polarization is applied. On a perfectly smooth 

homogeneous electrode surface, the system is represented by an 

equivalent circuit consisting of R-C and a solution resistance 

(R
6

) (Fig.5-3a). The impedance response of this equivalent 

circuit follows the equation: 

Z(w) (5-5) 

In the complex plane, the result of this equation would be a 

semi-circle with a diameter Rctr with the left end on the real 

axis with a value of R
6 

and the right end on the real axis 

with a value of R
6
+Rct· (Fig.5-3b). 

For a rough sol id electrode, a simple R-C equi valent 

circuit will be replaced by a distribution of similar branches 

parallel to the R-C branch (Fig.5-3c). The impedance response 

is a clockwise rotation of an 11 ideal" impedance diagram over 

some angle ( <f>), shown in Fig. 5-3d, and the angle ( </>) is 

referred to as the depressed angle of the semi-circular arc of 

the complex-plane plot. On the other hand, the rotated semi-
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circular complex-plane plot suggests a lack of homogeneity on 

the electrode surface. This behaviour can be theoretically 

modelled with an equivalent circuit (Fig.5-3e), which consists 

of a charge transfer resistance (Rct> and the (CPE). The Cdl 

in the equivalent circuit of Fig.5-3a is replaced by the CPE 

in Fig.5-3e. In the case of the electrode with an irreversible 

reaction, the presence of the CPE causes a rotation of the 

complex-plane axis by an angle�' and the impedance of the CPE 

is defined in a form very similar to Eq.(5-3)(148): 

ZCPE =

C (j CA> ) 1-a: 
(5-6) 

where ZcPE is the impedance of the CPE, Q cm2
; C is a constant

related to the electrode capacitance; � is angular frequency, 

rad/s; j = v-1; and a (=1-P) is a parameter corresponding to 

a depression angle, which is equal to � = a*rr/2. When a=O, 

�=O, C corresponds to the electrode capacitance; when a=l/2, 

�=45 °, C is a resistance, such as the Warburg impedance. In a 

limited frequency range, the depressed angle of the complex

plane plot represents the roughness on electrode surface. 

With these equivalent circuits, we used the CNLS program 

for the curve fitting, as seen in Fig.4-12 and Fig.4-21. Is it 

then possible to link the parameter in the equivalent circuit 

to geometrical roughness on the surface? In the following 

section, we will see whether this kind of bridge can be 

established by the fractal concept. 
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5.4.3.2 Fractal magnification 

It is almost impossible to relate the surface roughness 

to an impedance parameter by classical mathematical analysis 

( such as the Laplace Equation). Characterizing the random 

roughness without requiring a detailed description was also 

very difficul t. The situation changed drastically recently 

after Mandelbrot(139) introduced the concept of the fractal 

magnification to description of the electrode wi th rough 

surface. 

The fractal concept means that the magnification of an 

irregular surface has self-scaling characteristics. Figure 5-4 

shows two types of magnification methods. In (b), the 

conventional simple method, every part in (a) is magnified, 

and no new structures are generated; if the magnification 

factor is r, a measure after magnification will be r times its 

original, or A'=rA; in (c), the fractal magnification not only 

increases the image of the original profile, but also 

generates new structures according to the pattern in the 

original prof ile. According to this concept, the magnification 

factor is r0
, where D is the fractal dimension. A me as ure 

after magnification will be A'=r0A. This type of self-scaling 

feature is also a general form in many systems (139,140,141). 

Description of the surface roughness by the fractal concept 

gi ves us the essential and general image of the roughness 

wi thout detailed geometrical information. This concept was 
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(a) 

Electrode surface magnification methods: 
(a) rough surface profile; (b) conventional
simple magnification; ( c) fractal magnification.

An illustration of division of the irregular 
surface of an electrode into small segments by 
the finite-difference procedure. 
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first applied to electrochemical problems by Le Méhauté and 

co-workers ( 140). Only recently, the fractal model of rough 

surface and its relation to impedance measurements have been 

gradually developed. The fractal model was the subject of 

several papers, but there have been fèw experimental results 

to confirm or verify the concept in a real electrode system 

with a very rough surface. 

It has been found that the electrode with a rough surface 

has similar self-scaling characteristics (141): the surface 

area measured by adsorption techniques has yielded different 

values for different adsorbents with varied molecule sizes. 

Smaller adsorbents are sensitive to the fine details of the 

rough surface, and the apparent area thus increases. The 

impedance response is also closely related to the geometry, 

namely pore size and texture of the · porous surface ( 142). 

This unique feature provides a useful measure for estimating 

the porosity and roughness of an electrode surface. Examples 

of this are gi ven by Candy and co-workers for gold powder 

(143) and Raney-nickel electrodes(144).

Let us consider Eq.(5-6), Y = 1/Z = C(j(.i))l-a. At a 

different frequency k(.i), we have: 

Y(kw) 
Y(w) 

= C(jkw) l-cz = kl-cz
C(jw) i-cz (5-7) 

This states clearly that the ratio of the complex admittances 
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at frequencies � and k� is a real number kl-a for any scale 

factor. This real number is only related to the difference in 

frequency and the parameter corresponding to a · depression 

angle. We assume that the electrode can be divided into many 

small segments by the finite-difference method, as showed in 

Fig.5-5. The admittance of each small segment of the electrode 

can be written as Yi=j�Ci/(l+j�RiCi)(Eq.5-4), where Ri and Ci 

are the resistance and capacitance of the i segment on the 

electrode. The total admittance of the electrode is: 

(5-8) 

Since the interface of the rough electrode has the fractal 

characteristic, we assume that the rough structures are 

similarly self-scaling, no matter what kind of actual 

irregularities there are; that Y, Ri and Ci obey the scaling 

law, e.g., A' =r0A; and that the electrode is two-dimensional. 

If the rough structure of the electrode is magnified by a 

factor of r, Y is, therefore, magnified as: 

Y(r,�) = r2Y(�) (5-9)

Bec a use the capaci tance is proportional to the area of the 

electrode, when the area changes by r0 ( D is the fractal 

dimension), the capacitance increases as: 

Ci(r) = r0ci (5-10)

The resistance is a bulk nature, which scales up as: 

(5-11) 

Combining Eq.(5-10), Eq.(5-11) and Eq.(5-8), considering the 
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fractal magnification, we have: 

Y(r,<i>) 

(5-12) 

and we obtain: 

1 

r 

Thus, by considering Eq.(5-9), we have: 

(5-13) 

Comparing Equations (5-13) and (5-6) with k=r0-1, we have:

r ( 1-a) ( 0-1 ) = r ,

and therefore, ( 1-a ) ( D-1 ) = 1 ( 5-14) 

where D is the fractal dimension of the rough surf ace from the 

topography, and its value is between 2 and 3. As D increases 

from 2 to 3 ( a from O to 1/2) , the surface roughness 

increases. D=2 represents the purely capacitive behaviour of 

a smooth surface, while D=3 represents a porous surface, as 

demonstrated by De Levie ( 133) . It has been found that the 

fractal dimension D provides a good indication of surface 

roughness (137,138,145,146,147,148). The a, which is 

related to the depressed angle(</>) in the complex-plane plot 

( q,=a*rr/2), can be obtained from the impedance measurements. It 

is linked to the geometric parameter of the electrode surface 
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by Eq.(5-14). Both a and D offer a simple comparison between 

surfaces with widely different morphologies. This model is 

apparently obtained when the charge transfer reaction (OER) is 

not anticipated, and the impedance responses are assumed to 

reflect the surface inhomogeneity or the fractal geometry 

without the reaction interference. In this sense, a higher D 

on the electrode would be a good indication of a very rough 

surface. Later, Mulder and Sluyters(l48) and De Levie(138) 

developed a model for the electrode with irreversible 

reactioris, that is the depressed angle of the complex-plane 

plots. 

5.4.3.3 Fractal dimension D 

Using log(-Z) vs. log(�) plots (Fig.5-6), the fractal 

exponent 1-a and fractal dimension D can be determined. The 

results are listed in Table 5-3. The values of D on the Ni, Co 

and Fe composite-coating electrodes are 2.07, 2.18 and 2.30, 

respectively, as predicted in Eq. (5-3). The highest D appears 

on the Fe composi te-coating electrode, which is consistent 

with the results from SEM and polarization characterizations. 

TABLE 5-3 

FRACTAL DIMENSION FROM IMPEDANCE MEASUREMENTS 

ON COMPOSITE-COATING ELECTRODES 
===================================================-======= 

ELECTRODE 1-a D 
===================================================-======= 

Ni Composite 
Co Composite 
Fe Composite 

0.931 
0.847 
0.770 

2.07 
2.18 
2.30 

=====================================-====-===---=---=--=== 
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Log(-Z) vs log(�) presentation of the 
impedance data of the Ni composite-coating 
electrode. 
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5.4.3.4 Depression angle� 

In the frequency range from 10-3 to 105 Hz, only one

semi-circ le wi th a depression angle was obtained on all 

electrodes tested for the OER. The depression angle is the 

frequency-independent parameter; its value is only related to 

surface inhomogeneity. The behaviour of the depressed semi

circular arc is an expression of the CPE under limi ted 

frequency range(148). It suggests inhomogeneity on the 

surface. The SEM examinations suggest that roughness 

constitutes the major surface inhomogeneity on the composite

coatings, which is also responsible for the behaviour of the 

depressed angle on the complex-plane plot. 

An increase in the� as a function of the overpotential 

from 200 to 300 mv was observed on the composite-coating 

electrodes. A typical example was presented in Fig.4-17 for 

the Fe composite-coating. De Levie(l38) pointed out that the 

depressed angle is a characteristic of the interfacial 

morphology, and that it should therefore be kept constant from 

one potential to another as long as the interfacial texture 

does not change. However, in reality, the value of� varies at 

different potentials. This phenomenon was also reported by 

Brug and co-workers ( 112 ) , but wi thout an explanation. A 

possible explanation for the changes in � is that high 

polarization (high �) activates the interna! surface of small 

pores for the reaction, thus modifying the total surf ace 
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texture available to the reaction. Consequently, there are 

more fractionally rough surface areas becoming actively 

available for the reaction, and consequently, an increase in 

the depressed angle in the complex-plane plot. In this way, 

the effective surface pore size distribution on the electrode 

surface can be appraised by the changes in the value of� with 

respect to the applied potential. Another possibility is that 

the gas bubble screen effect and the diffusion process become 

significant at high overpotentials. The release of gas bubbles 

interf eres wi th the charge transfer process on the electrode, 

and the impedance responses on the electrode change. The 

equivalent circuit used for curve fitting should be modified 

to accommodate the diffusion impedance. 

5.4.3.5 Impedance phase angle 8 

The impedance phase angle 8 is a frequency-dependent 

parameter; its value is determined by the relation tg8=Z"/Z', 

as shown in Fig.4-12. Although the dependence of impedance on 

frequency was similar among the tested electrodes (Fig.4-12), 

the value of the 8 at the same frequency varied among the Ni, 

Co and Fe composite-coating electrodes. This was demonstrated 

clearly in Fig.4-14. As the surface roughness increased, the 

position of the f requency corresponding to the maximal 8 moved 

in the direction of low frequencies (about 160 Hz on the Ni 

electrode, 10, 4 and 3 Hz on the Ni, Co and Fe composite

coatings, respectively. See Fig.4-14). The intensity of the 
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phase angle peak gradually wore away. This phenomenon is 

generally observed on the electrode with a rough surface 

( 139, 141,149). In this way, the frequency related to the 

maximal impedance phase angle can be used to characterize the 

effective surface area on an electrode. 

5.4.3.6 Surface roughness factor S 

As discussed in Section 5.4.2, the double-layer 

capacitance can serve as a relative measure of the effective 

real surface area on an electrode. For comparison of 

electrodes tested under the same conditions, it indicates the 

effective real surface area available for an electrochemical 

reaction in solutions. A 20 µF /cm2 ( 92) capacitance on the

liquid Hg was used to calculate the surface roughness factor 

(S) on the composite-coating electrodes, which is given by the

ratio S=Ca1/20. The values of S were found to be 1. 75xl03,

l.6xl04 and 5.5xl04 for the Ni, Co and Fe composite-coating

electrodes, respectively. By comparison, the surface roughness 

factor S, obtained under the same conditions and method, was 

equal to 50 and 5 on the polished Ni and smooth Pt sheet. It 

is evident (see Table 4-8) that the Fe composite-coating has 

the highest surface roughness factor, as much as 104 times

higher than that on the smooth Pt electrode. This resul t 

confirms that a highly rough surface on the composite-coating 

electrodes is mainly responsible for the improvement of the 

catalytic activity for the OER. 
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5.5 QER MECHANISMS 

5.5.1 OER mechanism on Ni electrode 

A generally accepted mechanism for the OER on the Ni 

electrode(l7) consists of the following steps: 

OH- ➔ (OH)ads + e-

OH(ads) + OH- ➔ (O-)ads + H
2
O 

2B-NiOOH +(O-)ads ➔ 2NiO
2 +H2O + e 

NiO2 + (OH)ads ➔ B-NiOOH + (O)ads 
2 (O)ads ➔ 0

2

(5-15) 

(5-16) 

(5-17) 

(5-18) 

(5-19) 

Any one of these steps may be the rate-determining step 

(RDS). Sorne data(14,28) support the charge transfer step 

(Eq.5-17) as the RDS, while Conway and co-workers(82) suggest 

that the b of about 50 mV/dec could correspond to the final 

oxygen bubble recombination step (Eq. 5-19) at appreciable 

coverage of adsorbates under activation adsorption candi tiens. 

However, there is no definitive conclusion on this matter. The 

chemical composition of Ni deposited from various baths was 

metallic Ni (Ni>98 wt% by EDS). The OER mechanism on Ni 

electrodes is identical if the characterization candi tiens are 

kept the same. Consequently, b should be the same. However, 

that is not what we obtained. A Tafel slope of 50 mV/dec was 

obtained on Ni electrodes deposited in the chloride and the 

acetate baths. This indicates that the chemical reaction step 

(Eq.5-16), the second charge transfer step (Eq.5-17) and the 

oxygen bubble formation step (Eq.5-19) or a combination of 

these steps in certain circumstances with a surface coverage 

could be the RDS of the OER. However, a Tafel slope of 70 to 
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85 mV/dec for Ni deposited in the chloride-sulfate, sulfate 

and the sulfamate baths could not correspond to any one of the 

reactions (Eq.5-15 to 5-19) above. The value of b higher than 

60 mV/dec may suggest either that the fractional coverage of 

oxygen on the surf ace or that the first electron transfer 

step, the discharge of OH- ions (Eq.5-15) with b=120 mV/dec, 

is invol ved in determining the rate of the OER. It is 

suggested from our results that the surface microstructure and 

preferred crystal orientation on the Ni electrode alter the 

reaction route and path, and that this made the difference in 

the OER mechanisms on the Ni electrodes deposited from various 

baths. It should be noted that the Tafel slope on nickel 

electrodes deposi ted in the chloride bath was the lowest among 

the electrodes. 

5.5.2 OER mechanism on composite-coating electrodes 

The Tafel slopes ( see Table 4-7) of the polarization 

curves are in the range of 50 mV/dec on the Ni electrodes and 

40 mV/dec on Co and Fe composite electrodes. This suggested 

that the RDS on these electrodes could be different. According 

to Krasil ' chikov ( 7 5 ) , the suggested OER mechanism and paths in 

alkaline solution are as follows: 

OH-(ads) ➔ OH(ads) + e 
-

b = 2.3*2RT/F (5-20) 

OH(ads) + OH- ➔ o-(ads) + H2O b = 2.3*RT/F (5-21) 

o-(ads) ➔ O(ads) + e 
-

b = 2.3*2RT/3F (5-2 2) 

2O(ads) ➔ 02 b = 2.3*RT/4F (5-23)

where the discharge of OH-ions step(Eq.5- 20 )  has b=120 mV/dec, 
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formation of H
2
o step (Eq.5-21) b=60 mV/dec, discharge of o

ions step (Eq.5-22) b=40 mV/dec and oxygen evolving step 

(Eq.5-23) b=l5 mV/dec. The Ni electrode with b=5O mV/dec 

suggests that the RDS is neither the OH-discharging(Eq.5-20) 

nor the o
2 

formation step(Eq.5-23). A b=50 mV/dec could also 

represent the formation of H2
o (Eq.5-21) as the RDS under a 

slight modification of the Tafel slope caused by the surface 

roughness. It is understood that adsorption species on 

electrode surfaces ( 5) and surface morphology changes ( 150) 

affect and modify the slope of the polarization curve. On the 

Co and Fe composite-coating electrodes, however, with b=40 

mV/dec, the RDS could be the discharge of o- ions (Eq.5-22). 

Conditions for deposi tion of the Ni composi te-coating are 

the same as for the Ni deposi t, except for the presence of 

metallic powders in the bath. The co-deposition of the Ni+2

and metallic powders produces a highly rough and porous 

surface coating. Table 4-7 shows that the i
300 

is 1.5 mA/cm2

on the Ni electrode and 15 mA/cm2 on the Ni composite-coating

electrode. This improvement was initiated by a highly rough 

surface, which was prepared with the addition of 2 g/1 of Ni 

powder to the deposi tion bath in composi te-deposi tion. An 

increase in the real surface area yields a lower overpotential 

and higher current densi ty on the electrode. The superior 

performance was displayed on the composite-coating electrode 

prepared with Fe powders in the deposition bath: the observed 
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i300 was 625 mA/cm2 on the Fe composite-coating, which is more 

than 400 times larger than that on the Ni electrode and 40 

times more than on the Ni composite-coating. With respect to 

reductions in overpotential, 246 mV was registered under 100 

mA/cm2 on the Fe composite-coating electrode, which is about 

150 mV lower than that on the Ni electrode and 116 mV lower 

than that on the Ni composite-èoating electrode. It should be 

noted that the Tafel slope of the Co and Fe composite-coating 

electrode is in the range of 40 mV/dec, which is lower than 

for the Ni electrode. The estimated contribution of low b to 

the reduction of n is around 20 mV (An=Ab*Logi=0.0l*Logl00 

=0.02V). This is still a miner consequence, compared with 150 

mV. It may be concluded, therefore, that a highly rough 

surface on the composi te-coating electrode has the most impact 

in ameliorating electrode performance. 

5.6 HER ON COMPOSITE-COATING ELECTRODES 

5.6.1 Surface roughness and electrode activity 

In general, the composi te-coating electrodes are more 

active for the HER than the conventional electroplated Ni 

electrode. The overpotential on the composite-coating 

electrode is lower than that on the Ni electrode. The 

improvement of the electrocatalytical property should be 

attributed to modification of the chemical composition of the 

composite-coating material, namely nickel, cobalt and iron 
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transition metals, and/or to an enlarged surface area on the 

electrode. However, the most significant difference between 

the Ni deposit and the Ni composite-coating, observed by SEM, 

is in the surface roughness, as shown in Fig.4-9. Results in 

Table 4-9 show that the i_200 
was less than 1 mA/cm2 on the Ni

electrode and 5.45 mA/cm2 on the Ni composite-coating 

electrode. A more than 20 mA/cm2 on the Fe composite-coating 

electrode shows that it is the most active electrode. 

An improved electrocatalytical activity for the HER on 

the Ni electrode has been achieved by coating it with 

Fe ( 151) . The improvement was attributed to the change in 

the electrode surface morphology, and consequently, an 

increase in the electrode real surface area. It was concluded 

that the enhanced electrocatalytical activity was not due to 

the introduction of active sites of iron metal(151). In the 

present study, it was found that iron powders in the 

deposi tion bath promoted uneven deposi tien, making the surf ace 

of the Fe composite-coating rougher than the surface of the Ni 

composite-coating. Fig. 4-19 demonstrates that the i_
200 is 

related to the coating compositions. As the ratio of 

Fe/(Fe+Ni) increases, the i_200 
increases, and the electrode 

acti vi ty increases. The highest i_
200 

was obtained on the 

electrode prepared in the bath with only iron powder. This 

confirms that there was no active site effect on the electrode 

prepared in the bath with nickel and iron powders. The SEM 
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micrograph examinations proved that the Fe composite-coating 

electrode had the highest surface roughness among the 

electrodes prepared with the mixed Ni-Fe powders. Hence, the 

results support the conclusion that this electrode is the most 

active among the mixed Ni-Fe composite-coating electrodes. 

Similar resul ts were obtained on the Co composi te-coating 

electrode, but the Co content on the composite-coating was 

much higher, due to a stronger phenomenon of anomalous 

deposi tion ( 1 O 9 ) . Al though the Co powders were co-deposi ted 

with Ni+2 with less difficulty than the Fe powders, the Fe 

powders were more effective in creating a highly rough 

surf ace. This is why the Fe or the Co composi te-coating 

electrode has a surface with rougher structures than the Ni 

composite-coating electrode (see Fig.4-9). 

5.6.2 Tafel slope 

It has been seen that the composite-coating electrodes 

have a lower b and a higher iex ( Table 4-9) than the Ni 

electrode. The 120 mV/dec of b obtained on the Ni electrode 

agrees with the Volmer-Tafel mechanism of the HER, which 

suggests ·· that the RDS is the Volmer dis charge step followed by 

the electrochemical desorption recombination step ( 58) . 

However, identification of the reaction mechanism by the Tafel 

slope is only possible in very limited cases. In most cases, 

the function of surface coverage of the adsorption species 

will affect and modify the value of the Tafel slope(5). 
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Furthermore, due to surface morphology changes leading to 

modifications in reaction kinetics(lS0), the Tafel slope on an 

electrode with an irregular surface will be different from 

that on the electrode with a flat surface. 

The importance of the Tafel slope lies in the fact that 

it indicates the rate of change in the current density with 

overpotential. At 25 ° C, the Tafel slope for the Ni or Co 

composite-coating electrodes is in the range of 90 mV/dec, and 

78 mV/dec for the Fe composite-coating electrode. Since these 

values are lower than 90, it is apparent that a higher HER 

rate can be obtained on the composi te-coating electrodes 

without a higher increase in overpotential on the electrode. 

Between 25 and 75 ° C, the highest increase of b was 

observed on the Fe composite-coating electrode (from 78 to 

134mV/dec); b on the Ni electrode remained the same, while 

there was a slight increase on the Ni composi te-coating 

electrode. Temperature had no effect on the Tafel slope for 

the Co composite-coating electrode. Different increase in the 

b on the composite-coating electrodes reflects the difference 

of activation for the reaction. The highest increase on the Fe 

composite-coating electrode means activation for the HER is 

difficult on that electrode. This gives an additional 

confirmation that the improvement of electrocatalytical 

activity on the Fe composite-coating electrode is achieved by 
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high roughness of the surface, and not by the activation. 

It should be mentioned that compared with the Ni 

electrode, improvement in the electrode performance for the 

OER on the Fe composite-coating electrode is superior to that 

for the HER on the same electrode. Only a 20-times increase in 

i_200 was observed on the Fe composite-coating for the HER; 

whereas about 400-times increase in the i
300 

on the Fe 

composi te-coating was achieved for the OER. This conf irms that 

the kinetics of the OER is more dependent on electrode surface 

conditions than for the HER. 

Boudart(60) has discussed electrode reactions which are 

"insensitive" or "sensitive" to the surface structure of an 

electrocatalyst. The OER proceeds on most materials with a 

high overpotential at low current densi ties. A large variation 

in overpotential was collected on different materials ( 14). 

Even on the same material, as a consequence of dif f erent 

surface preparation procedures, various data were displayed. 

The OER is defined as a reaction which is "sensitive" to 

electrode surface structures. In other words, optimization of 

the electrode surface condition to achieve maximal reactivity 

for the OER is extremely important. 

5.6.3 Surface roughness indicated by depressed angle 

The depressed angles are 12.9, 15.8 and 18.8 on the Ni, 
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Co and Fe composite-coating electrodes, respectively. Values 

of cp up to 15 ° were previously reported( 112), and it was 

believed that the diffusion of some adsorbing components was 

not involved. A possible explanation in this particular case 

is that on a highly rough surface, such as the Co or the Fe 

composite-coating, diffusion of the reactant in the electrode 

and the release of hydrogen bubbles outside the pores could be 

difficult, thus causing some additional rotation of the 

impedance complex-plane plots. The potential oscillation (see 

Fig.4-18) at high current densities observed on the composite

coating electrodes could be caused by the release of hydrogen 

bubbles from the rough electrode surface. 

5.6.4 Surface roughness factor under conditions for the HER 

In the case of the HER, the surface roughness factor S 

was estimated, as in the case of the OER. Table 4-11 shows 

these values to be 2.1 for the Ni electrode, and 70, 60 and 

200 for the Ni, Co and Fe composite-coating electrodes, 

respectively. The exchange current density (based on geometric 

surface area) divided by the surface roughness factor gives 

the real exchange current density, which indicates the true 

electrocatalytical nature of an electrode for the HER. Thus, 

values of the i
9
x, based on the unitary real surface area, are 

-7 5.7x10 , 1. 2x10-6 and 2. 5xlo-7 A/cm2 on the Ni, Co and Fe

composite�coating electrodes, respectively, which are lower 

than on the Ni electrode, 7. lxlo-6 A/cm2 • We can therefore
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reach the conclusion that an increase in the real surface area 

may be a primary reason for the improvement of the electrode 

acti vi ty for the HER on the composi te-coating electrodes, 

especially on the Fe composite-coating electrode. Moreover, 

based on the results of double-layer capacitance, the real 

surface areas on the Ni, Co and Fe composite-coating 

electrodes are 70, 60 and 200 times larger than that on the Ni 

electrode. The i_200 (based on the geometric areas) are 6, 9 

and 20 times as large as that on the Ni electrode, which is 

about one-tenth of what would be expected based on the surface 

roughness factor. It can be assumed that the effective surface 

areas on the composi te-coatings are one-tenth of that revealed 

by Ca1• This could be related to the surf ace coverage by

hydrogen bubbles and/or to the gas diffusion overpotential on 

the composite-coating electrodes. 

It is noteworthy that the S for the HER is much lower 

than the S for the OER. A different capacitive charging for 

the OER and HER may result in a different Cai· Therefore, it 

is not surprising to find out that there are differences among 

capacitances obtained for different reactions. The questions 

we should ask are why there should be such a large difference 

and which Ca1 ( for the OER or the HER) reflects the true

interface area? At this moment, it is assumed that the Ca1

obtained under the OER serves as an indication of the real 

surface area available for the OER, but not for the HER. 
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5.7 GENERAL DISCUSSION 

5.7.1 Comparison of electrode performance for the OER 

Evaluations of the performance of the electrode prepared 

by various methods were made by comparing several kinetic 

parameters, such as i, �, i
exr b and a, and other factors such 

as the effective real surface area and the surface roughness 

factor of an electrode. Complications in evaluating electrode 

performance by the kinetic condition, polarization potential, 

reaction type and parameter dependence made it impossible to 

have an absolute appraisal of the electrode performance under 

a wide range of conditions. Only a relative comparison of the 

acti vi ty under certain specif ied condi tiens or terms was 

achi.eved. The Ni electrode prepared from the chloride bath has 

a low Tafel slope (bL=50mV /dec) and overpotential (�100=396mV).

It is more active than the electrodes deposited from other 

baths. However, the evaluation based on the iex shows that the 

Ni electrodes prepared from the sulfate and sulfamate baths 

have a higher exchange current density (iex=l0-3 mA/cm2), and

are therefore more active than the others. 

In the case of composite-coating electrodes, the values 

of the surface roughness factor, s, estimated under conditions 

for the HER was 2.1 for the Ni electrode, 70, 60 and 200 for 

the Ni, Co and Fe composite-coating electrodes, respectively. 

They are much lower than ones obtained for the OER ( 50, 
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1.75xl03
, 1.6xl04 and 5.5xl04 for the Ni electrode, Ni, Co and 

Fe composite-coating electrodes, respectively). 

It was found that a simple and practical comparison of 

the electrode performance can be made by comparing current 

densities (i) under the same overpotential (�) and vice versa.

Table 5-4 summarizes the performance of the various electrodes 

for the OER. The overpotential was measured under 100 mA/cm2
,

while the apparent current densi ty was obtained under an 

overpotential of 300 mv. 

TABLE 5-4 

COMPARISON THE ELECTROCATALYTICAL PERFORMANCE 

FOR THE OER ON ELECTRODES STUDIED 

ELECTRODE 

Ni Electrode 
Ni-Ir(6wt%) 
Ni-Ru(2.2wt%) 
Ni Composite 
Co Composite 
Fe Composite 

�100
(mV) 

396 
330 
345 
362 
299 
246 

i300
(mA/cm2 )

1.5 
30 
20 
15 

109 
625 

The lowest �, namely 246 mV, was displayed on the Fe 

composite-coating electrode, and all other electrodes showed 

a �100 less than that on the Ni electrode, i.e., 400 mV.

Looking at the apparent current density, however, a 

significant increase was observed on the composite-coating 

electrodes. The highest current density under 300 mV of 

overpotential, 625 mA/cm2, was presented by the Fe composite

coating electrode, prepared by composite deposition from the 

bath containing 2 g/1 of iron powders and 240 g/1 of 
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NiC12•6H20. This value is about 400-times higher than that on

the Ni electrode. The Ni-Ir(6wt%) electrode achieved a current 

density as high as 30 mA/cm2 under 300 mV of�, which is 20-

times higher than that on the Ni electrode for the OER. 

5.7.2 Mechanisms for improving electrode activity 

Understanding the mechanism for improving electrode 

performance would make it easier to fabricate a better 

electrode for electrochemical reactions. The techniques for 

increasing electrode activity have been discussed in Section 

2.3. Among them, surface modification and the increasing the 

real surface area have been adopted in this study. 

The improvement of the Ni-Ir and Ni-Ru electrode 

performance for the OER has been related to the increase in 

the surface concentration of the active si te on the oxide 

layer, reported by Trasatti and O' Grady ( 15) . This study 

maintained that the shifted oxidation potential was 

responsible for the increase in catalytic activity effected by 

introducing Ru or Ir elements to the Ni oxide layer. The 

active site theory could support the view that inclusion of Ir 

or Ru may faveur the formation of active sites, but it does 

not indicate how the active site functions in promoting the 

OER kinetics, since the activation energy level on Ru or Ir 

site cannot be measured separately. 
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In this study, the OER overpotential was di vided into two 

parts: �= âE
0
x + âE

02 
(where âE

0
x is a polarization potential 

between the· reversible oxygen potential ( 1. 23 V) and the 

electrode surface oxidation potential (Pl) and âE02 is the 

difference of the potential between the OER and the peak (Pl) 

potential, (see Fig.5-1). The lowest âE
0
x on the Ni-Ir oxide 

electrode indicates that the catalytically active oxide layer 

on the Ni electrode could be developed more easily by mixing 

with Ir oxide than with Ru oxide. This also means that Ni-Ir 

oxide may be more stable than Ni-Ru oxide. The lowest âE
02 

on 

the Ni-Ru oxide electrode means that the OER could proceed on 

this surface faster, and that its electrocatalytical power is 

high. These results suggest that although Ru and Ir are both 

beneficial for improving the catalytic property of the Ni 

electrode, the mechanism for improving the performance of the 

Ni electrode with Ir differs from that with Ru: Ir decreases 

Ni oxidation potential while Ru lowers the OER overpotential 

on oxidized surface. This constitutes the new contribution to 

the understanding of transition-metal 

electrocatalysts for the OER. 

based oxide 

A new process, composite-deposition, for fabrication of 

electrodes wi th very rough surfaces, was studied. The improved 

catalytic properties of the composite-coating could result 

from surface activation and/or the utilization of highly rough 

and porous surfaces. SEM examinations showed that the 
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composite-coating electrode has a visibly rough surface, and 

the coating roughness was increased when the electrode was 

prepared with Ni, Co or Fe powders in the bath. Impedance 

characterizations disclosed that the fractal dimension, the 

depression angle of complex-plane plot and the surface 

roughness factor obtained by double-layer capacitance 

measurement on composite-coatings were much higher than that 

on the Ni electrode. These measurements suggest that the high 

real surf ace are as on the rough electrode surfaces were 

responsible for the improvement in electrode performance for 

the OER and the HER. This understanding was conf irmed by 

polarization measurements in our tests. We first reported in 

this field (152,153) that the value of the depression 

angle of the complex-plane plot was not a constant as the TJ 

changed, and the double-layer capacitance varied depending on 

the OER and the HER. 

5.7.3 Evaluation of methods for electrode preparation 

It has been demonstrated that Ir or Ru on the Ni 

electrode increases electrode activity. As can be seen from 

Fig.4-6, for both Ni-Ru and Ni-Ir electrodes, the beneficial 

effects obtained are more significant for the first 1% of 

addition of the transition elements. With further additions, 

Ir increases the OER current density to a small extent; in the 

case of Ru, the selective corrosion of the Ru component in the 

oxide layer on the surface causes a loss in electrocatalytical 
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property. The Ni-Ir mixed oxide electrode was much more 

stable; however, this element is very expensive, and addition 

of a high percentage of Ir to the Ni electrode is not 

economically practical. Furthermore, the compact-sol id surface 

on the Ni-Ir electrode with a low real surface area cannot 

compete with the composite-coating electrode (see comparison 

in Table 5-4). It should be pointed out that based on the 

unitary surface area, the electrocatalytical activity on the 

Ni-transition metal oxide electrode is superior to that on the 

composite-coating electrode. 

The advantages of simplicity, easily controlled 

conditions and low cost of composi te-deposi tion make the 

composite-deposition method attractive and effective for 

fabricating electrodes with very rough surfaces. For the gas

evolving electrode, the effectiveness of the rough surface 

available to the electrochemical reaction is not satisfactory, 

as demonstrated by the composite-coating electrodes for the 

OER and HER (see the discussion in Sections 5.4 & 5.6). It has 

been estimated that the effective surface area for the HER on 

the composite-coating electrode is one-tenth of that revealed 

by the Cai· Surface activation for the OER on the composite

coating electrode by electrochemical oxidation has a limited 

effect · in improving its activity. If the activity on the 

composite-coating electrode is counted on a unitary basis, a 

low catalytic activity would be obtained. Increase of the 
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unitary catalytic activity (pure electrocatalytical activity) 

and improvements in the effectiveness of the rough and porous 

surface for electrochemical reactions would further improve 

the electrocatalytical performance of the composite-coating 

electrode. 



CHAPTER 6 

CONCLUSIONS 

The Ni electrode can be prepared in electrolytes with 

various anionic compositions. SEM micrographs showed that the 

electrodes have coarse surfaces, due to the high deposition 

current density employed. The surface of Ni deposited from the 

chloride bath was covered with microcracks. Those microcracks 

resulted in a larger real surface area on the electrode. Ni 

deposited from the chloride bath has a { 110} preferred 

orientation, which could favour the OER kinetics. 

Electrochemical characterizations in 5M KOH solution at 

25 ° C have showed that the electrode deposited from the 

chloride bath, with a low Tafel slope (50 mV/dec) and an 

overpotential of 396 mV at 100 mA/cm2
, is the most 

electrocatalytically active electrode for the OER. On the 

basis of the ac impedance measurements, this electrode has the 

highest real surf ace are a and the lowest charge transfer 

resistance among Ni electrodes deposited from various baths. 

The optimized iap in chloride bath was 100-300 mA/cm2
• 

The electrocatalytical activity of the Ni electrode can 

be improved by alloying the Ni with transition metals. A 

practical method for preparing the Ni-Ru and Ni-Ir electrodes 

is by co-deposition. Electrochemical characterizations showed 
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that the presence of transition metals ( Ru or Ir) in the mixed 

oxide layer of Ni electrodes lowered the overpotential and 

increased current densi ties. An overpotential decline of 30 or 

40 mV (under 20 mA/cm2) was observed on Ni-transition 

electrodes. The current density under an overpotential of 0.4 

V on the Ni electrode prepared by co-deposition with Ru or Ir 

was increased by 3-times with 2.2 wt% Ru and 6-times with 

6.0 wt% Ir, respectively. 

Cyclic voltammetric studies showed a surface oxidation 

peak before the OER peak. The OER on Ni-based electrodes in a 

SM KOH solution occurs only after oxidation of the electrode 

surface. The addition of Ru or Ir changed the surface 

oxidation peak potential, which was determined by the cyclic 

vol tammetric technique and thermodynamic calculations. The OER 

overpotential may be divided into two parts:�= ÂE
0

x + AE02•

ÂE
0
x, which characterizes the peak potential, was the lowest 

in the case of the Ni-Ir mixed oxide; ÂE02, which represents 

the potential difference between the peak and the OER, was the 

lowest in the case of the Ni-Ru mixed oxide. This suggests 

that the mechanism of improving the performance of the Ni 

electrode with Ir differs from that with Ru: Ir decreases the 

Ni oxidation potential, while Ru lowers the overpotential on 

the oxidized surface. However, the presence of either Ru or Ir 

is beneficial for improving the catalytic properties of the Ni 

electrode. 
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The beneficial effect on electrode activity of the OER 

was obtained with only a small quantity of Ru ( <1 wt%). A 

large quantity of Ru in the Ni-baséd electrode resulted in a 

selective dissolution of Ru on the electrode surface. 

Increasing the Ru content in the Ni-Ru electrode resulted in 

an increase in electrode corrosion in the 5M KOH solution. The 

electrode stabili ty tests showed that the corrosion. resistance 

of the Ni-Ir oxide was high, and it retained its good 

electrocatalytical property for at least 24 hours in the 

long-term test. 

Electrolytic composite-deposition is an effective and 

attractive method for fabricating electrodes with a highly 

rough surface in industries. Electrochemical oxidation had a 

limited effect in surface activation of the composite-coating 

for the OER. Electrochemical characterizations, including 

polarization and impedance measurements, were correlated and 

they confirmed that Ni, Co and Fe composite-coatings had a 

very large real surface area. The greatest surface roughness 

appeared on the Fe composite-coating electrode, and it gave 

the best performance for the OER and HER in the 5M KOH 

solution at 25 ° C. 

AC impedance characterizations were carried out on the 

composite-coating electrodes. The impedance spectra were 

collected in the frequency range from 10-3 to 105 Hz under
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condi tiens for the OER and HER. The electrode impedance 

behaviour was theoretically modelled with an equivalent 

circuit consisting of a Rct and the CPE. Experimental data for 

the OER and HER corresponded very well with the CNLS curve 

fitting with the equivalent circuit. The results showed that 

the values of the depression angle of the complex-plane plot 

were not constant as the overpotential changed; and the 

double-layer capacitances varied depending on the reaction 

(OER or HER). It is possible to use the impedance phase angle 

( frequency-dependent parameter) and the depressed angle of the 

complex-plane plots (frequency-independent character) for 

characterizing the electrode with a highly rough surface. 
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APPEHDIX I 

PREPARATION METHODS OF OXIDE MATERIALS 

A. Preparation of Rutile-type oxides

SUGGESTED PROCEDURES FOR PREPARATION OF 

RUTILE�TYPE OXIDE ELECTRODES (FROM 44) 
---------------------------=========================

· 
==== 

PROCEDURE SUPPORT MORPHOLOGY 
------------------------=================================

Rl.l.02 

RuClJ .nH20 d issolved in 20% HCl, 
dried by heating. Residue dissolved 
in isopropanol. Deposition layer by 
layer by brushing. After each layer, 
dried at 50 °C, kept at 300-550 °C 
for 10 min in air or 02. After final 
cooling, annealing at the same tem
perature for a few houra in air, 02, 
N2-

Plates are dipped for some minutes 
in 2 wt. % RuC1 1.nH2 0 solutions in 
isopropanol. Dried at 120 •c for 30 
min. Pyrolysis carried out in a 

quartz crucibile heated in a verti

cal furnace. Air or 02 flowing from 
the bottom through a porous dia
phragm. Heating time after each 
immersion, 15 min, 300-800 •c on 
quartz. 

Same procedure. 

RuCl 3 was dissolved in 20% HCl to 
give 0.1 mol dm- 3 solutions. Addi
tion of few drops of H2 02 found 
without effect. Solution applied 
to the support in 6 sequential 
coatings. After each, dried at 1110-

derate temperature, fired at 450 •c 
for 10 min. Final annealing at 450 
°C for l h. 

RuC1 3 in propanol brushed onto the 
support. Each layer fired at 400 •c 
for S min. Final layer 6 h at 400 •c. 

Ti, Ta, Pt. 
0.1 DID thick plates. 
Sandblasted, treated 
with aqua-regia or 
20% HCl, washed, 
rinsed in H20, dried. 

Ti, silica glass, 
borosilicate glass, 
0.5 DID thick, treated 
with abrasive and 
detersive in ultra
sonic cleaner. Ti 
dipped in 20% HCl at 
room temperature. 
Glass degreased by 
refluxing in isopro
panol. 

Glass microspheres 
of various porosity. 
Support ia first de
hydrated at 300-400 °C 

Ti plates and roda 
(disk electrodes). 
Polished with emery 
paper and cleaned by 
iDIDersion in concd. 
NaOH and concd. HCl. 

Ti plates. Etched in 
10% oxalic acid for 
30 min at 100 •c. 

Films 
(cracked) 
2 �m 

Films 
(compact) 
1-3 �m 

Films 

Films 

Films 

--------------
--
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PROCEDURE SUPPORT MORPHOLOGY 
-------------------------------------

---------------==------

RuCl 3.nH20 dissolved in 1 mol dm- 3 Pt 
HCl to give about 0.01 mol dm- 3 

solutions oxidized with 100-fold 
excess K 2 S201 in 0.5 mol dm-3 Na0H. 
Ru0 2 deposited on Pt by electroly-
sis at 0.75 V(sce). Layer used as 
such or therm.ally treated at 380 °C. 

1% RuCl 3 in isopropanol deposited 
on the support kept at 70 °C as a 
spray prepared in an atomizer under 
controlled and reproducible condi
tions. Spray strikes Ti for 5 s. 
Film dried for 30 s. Another layer 
deposited then fired at 400 °C for 
2 h. 

RuCl 3.3H,0 in n-butylacetate atom
ized onto the hot support (unspec
ified temperature). Heated in air 
at 475 •c for 20 min. Repeated 3-
4 times. 

RuCl 3.nH 2 0 in isopropanol to give 
0.4 mol dm- 3 solutions. Applied to 
substrate by a pencil brush. Solvent 
allowed to evaporate, heating at 
400 °C for 5 min. Final annealing at 
the aame temperature for 6 h. 

Ru + 02 deposited on the support 
by chemical vapor transport (af. 
Table 4) 

Ruthenium acetylacetonate sublimed 
at 190 •c and carried by a dry N2 
atream is mixed with H20-satd. N2 
(50 °C) in a concentric delivery 
tube arrangement positioned approx
imately 2 cm over the heated (250 
°C) Ti disk substrate. Deposition 
is continued until a thin red brown 
coating appears, which is baked at 
450 °C for 30 min. The procedure 
may be repeated. 

Ru02 + Ti02 

The same procedures as above can be 
used to prepare mixed oxides by em
ploying mixed solutions of RuCl1 + 
TiCl- or TiCl1 or Ti(0Bu)- in butan
ol or HCl or Ti(OEt)- in propanol. 

Ti cylinders polished 
with diamond pastes 
of corn sizes down to 
0.25 µm. Washed with 
acetone and boiling 
H 2 0. Side-walls in
sulated with thin 
teflon-tape. Used as 
disk electrodes. 

Ti metal disk. Polish
ed 

Ti, Si0 2 plates. Ti 
degreased with acetone 
and etched in boiling 
HCl for 30 min. Si02 
optically flat degreas
ed prior to application. 

Fused Si0 2 

Ti is polished with 
5 µm Al 2 0 1 and 1 µm 
diamond paste to a 
mirror finish, and 
cleaned ultrasonic
ally. 

Fi !ms 
(compact) 

0.1 µm 

Films 
(compact?) 

Films 
(cracked) 

2 µm 

Crystal
lites 

Films 
(compact?) 

========================================---====--=-�
-
�====== 
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1'r02 

0.1 mol dm- 3 lrCI_, 20% HCl with

few drops of 30% H202. Fired at 
450 •c. (cf. Ru02 ), 

Iridium chloride in isopropanol 
brushed on the support. Heated 
at 400 °C for 5 min. (cf. Ru02), 

Ir • 02 deposited on the support 
by chemical vapor transport (cf. 
Table 4). 

Pf02 

H2 PtC16 .6H2 0 dissolved to give 
0.1 mol dm- 3 aqueous solutions. 
Few drops of 30% H20,. Applied on 
the support in sequential layers. 
Dried at T < 100 °C. Heated at 
350 °C for 10 min. Final heating 
at 450 •c for l h. 

Mn02 

Electrodeposited from 0.5-0.7 mol 
dm- 3 MnS0- + 0.5-0.7 mol dm- 3 H2S0� 
at about 90 °C with a current dens
ity of 2-12 mA cm-

2 for a few min

utes. 

Vacuum impregnation with Hn(N03)2 
followed by heat treatment. Re
peated. 

Thermal decomposition of Hn(N03)2 
at 190-200 °C. Applied to the 
support by repeated soaking with 
the solution. Loading and porosity 
varied by varying number of soak
ings. 

0.l mol dm- 3 Mn(N01)2 in H20,
Applied to the support, dried at
T < 100 °C, decomposed at 170 °C 
for 10 min. Final heating at 450 
0

c for l h. 

Ti 

Ti 

Fused Si0,. 

Ti plates, polished 
with emery paper, 
cleaned including 
degreasing by re
fluxing in isopro
panol vapor. 

Graphite, Ru02, Pb, 
Pt. 

Disks or plates. Po
rous TiN. Reactive 
sintering of Ti in H2 
or NH 1 at 1000-1100 °C. 

Porous Ti, sintered 
from powder. 

Ti, Pt plates. 

Films 

Films 

Crystal
lites 

Films 

===================================================-==-=---= 
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B. Preparation of Spinel-type oxides (from 44)

Ceramic technigue--The starting materials are metallic oxides. 

The initial compounds are pulverized and then subjected to a 

prolonged calcination at a high temperature ranging from 1000 

to 1300 ° C. During calcination, the surface area of the 

specimen is considerably reduced, and there is consequently no 

advantage in using them as an electrocatalytic electrode. 

Thermal decomposition of mixed nitrates--The starting 

materials are nitrates. The mixed nitrates are thermally 

decomposed at 300 to 400 °C for 1 to 24 hours. The temperature 

should be below 450 ° C(44); at higher temperatures, the system 

may decompose, wi th a separation into indi vidual oxide phases. 

Co-precipitation of hydroxides or oxalates--The starting 

material is a mixture of nitrate solutions. The precipitation 

process is either in a potassium hydroxide or an ammonium 

oxalate solution, followed by thermal decomposition of 

precipitates. 

Cryochemical method--The starting materials are mixtures of 

nitrate solutions. The nitrate solutions are sprayed into 

liquid nitrogen, evacuated, and finally decomposed in air or 

oxygen. As a resul t, a uniform mixture of components is 

obtained. 



C. Preparation of Perovskite-type oxides

PREPARATION CONDITIONS FOR LaNiO3 (FROM 44) 

STARTING MATERIALS CONDITIONS STRUCTURE 
==========--==============-=-==--====--======-===-======= 

La(NO3)3 Decomposition Cubic 
Ni(NO3)3 at 500-600 °c 

NiO or NiCO3 Heated in a Na�co3 flux Hexagonal 
La2(CO3)3 at 800 0c in air, 72 h.

Ni(COOH)2 Heated at 800 °c Cubic 
La(COOH)2 in pure oxygen 

La2(CO3)3 Heated at 900 °c Cubic 
Ni(NO3)2 6H2O for 80 h. 
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APPEHDIX II 

EVALUATION OF IR DROP 

A 100 mA/cm2 current density is applied to the working 

electrode in SM KOH solution at 25 ° C. Then the current is 

interrupted, and the potential decay on the working electrode 

is recorded by an oscilloscope connected to the system. The IR 

drop between the working electrode and the reference electrode 

in the electrochemical cell is calculated from the potential 

decay curve as shown below. 

'O< •m �/1 m
2

1 i \1 1 

2s m� 

�� 

)Oi )nS

IR = 25 (rnV) x 5.5 = 137.5 (mV). 






