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1. INTRODUCTION 

ln recent years a growing interest in the electrolysis of water can be 

noticed, particularly after the energy crisis of 1973. The expected 

shortage of fossil fuels, i.e. petroleum, natural gas and coal, and 

the increasing load imposed on the environment by the production of 

carbon dioxide (green house effect) make an energy system relying on 

hydrogen, a proposition worth to be considered. This fuel can be pro

duced from the abundant source water. The pertinent reactions in the 

electrolysis of water, with their electrochemical equivalent of free 

enthalpy change, the standard potential, are in alkaline medium: 

E
0

(V) 

Anodical: 4 OH-y:t o2 + 2H2o + 4e- 0.401 

Catbodical: 4H2o + 4e-:w:! H2 + 4 OH- -0.828. 

Moreover, there is a necessity fbr an energy storage medium. Both, 

daily and seasonally, the consumption of energy varies considerably, 

while an increasing use of nuclear, solar, and wind energy can be 

expected. Since, nuclear, and, particularly, solar and wind energy are 

difficult to adapt to a varying demand, an efficient conversion of 

these forms of energy into an energy carrier that can be stored more 

easily, is desirable. Utilization of this off-peak energy for the 

production of hydrogen, and oxygen must be envisaged. 

Hydrogen may become economically viable as a general purpose fuel. 

Water electrolysis is a suitable alternative to other hydrogen produc

tion methods, because it can make use of a variety of non-fossil ener

gy sources, ranging from nuclear to wind energy. In this context, 

hydrogen is a good, even the only candidate for a universal energy 

carrier, also because it can be transmitted in pipelines, and thus can 

be delivered to users in a conventional way. 

However, the economic constraints, and the significant technological 

breakthroughs needed to launch the "Age of Hydrogen", have not yet 

been overcome, respectively realized. One of the major problems in 

this conversion of electrical into chemical energy refers to the oxy

gen evolving anode; the high anodic overpotential is the main cause of 

efficiency loss in water electrolysers. These kinetic overpotentials 

find their origin in the low value of the rate constants for the per

tinent reactions of oxygen evolution, i.e. the high activation 
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enthalpy, which is strongly influenced by the substrate on which the 

heterogeneous reaction takes place, i.e. the anode material. Further

more, the anodic overpotential increases due to the ohmic potential 

drop over the electrode-electrolyte interfase, in the electrolyte and 

as a result of gas bubble formation during oxygen evolution. 

Summarizing, it can be stated that search for a good oxygen anode must 

be concentrated on the selection of an anode material which should 

satisfy the following requirements: 

1. a high electrocatalytic activity, expressed by a high exchange 

current density i
0

, and a low Tafel slope b. 

2. a high electrical conductivity. 

3. be stable against chemical influences. 

4. a rapid and easy way of preparing, which provides a high mechanical 

stability of the active layer. 

5. a cheap and easily available material. 

One of the most promising anode materials is Nico2o4 . 

Though numerous articles have been published on the anodic performance 

of Nico2o4 electrodes, investigation of the influence of the pre

paration technique, and conditions, on the anodic performance, the 

kinetics and mechanism of the electrocatalytic reaction, and the cha

racterization of the Nico2o4 surface features are questions which 

have been answered to a lesser extent. A study of these problems will 

give, at least partly, insight into the complicated process of oxygen 

evolution, but also may help in developing better oxygen evolution 

electrocatalysts. 

Outline of the thesis. 

In this thesis an extensive investigation of Nico
2
o

4
, prepared by 

thet'lllal decomposition, was carried out. A brief literature review of 

the electrocatalysis of oxygen evolution, and possible electrocata

lysts, is given in chapter 2. A systematic study of the preparation 

parameters such as the decomposition temperature, catalyst loading. 

etc., was carried out in chapter 3 in order to establish the optimum 

deposition conditions with respect to its electrocatalytic activity. 

The kinetics of the oxygen evolution reaction were examined in chapter 

4 with galvanostatic steady-state measurements as function of the 
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temperature, and concentration of the electrolyte. The Nico2o4 
catalyst was characterized in chapter S, using electrochemical techni

ques such as cyclic voltammetry, the galvanostatic charging method, 

and the rotating ring-disc electrode, and in chapter 6, using non

electroehemieal techniques such as X-ray diffraction, temperature 

programmed reduction, ESCA and Auger. Chapter 7 reports a comparison 

of the thermally prepared Nico2o4 electrodes with the electro

chemically formed oxides on nickel-cobalt alloys, using cyclic voltam

metry, kinetic analysis, and ellipsometry. This thesis is concluded 

with a general discussion in chapter 8. 
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2. LITERATURE REVIEW 

2.1. Introduction 

The study of the oxygen evolution reaction goes back to the early days 

of electrode kinetics (1,2], particularly with the work of Bowden 

(3] and Hoar [4]. 

From a general evaluation of metals as electrocatalysts for oxygen 

evolution, Hiles reported that in alkaline solution [5] a good 

electrocatalytic activity is exhibited by Ni, Fe, and the noble 

metals, whereas in acid solution [6] the following sequence of 

activity was found Ir ~ Ru > Pd > Rh > Pt > Au; nearly all other 

metals either dissolved, or passivated. The most serious problem faced 

in the use of metal anodes is the progressive, slow increase of the 

potential with time. 

Nickel has for long been known as a very suitable anode material for 

oxygen evolution [7-10], and is used in most commercial water 

electrolysers, which usually operate at 70 to 90°C in 30 to 50'1 KOH. 

The voltage efficiency amounts to 60-70~ at current densities of 

2 kA m-2, with a current efficiency of 100'1 [11]. The metal is 

stable under anodic polarization in alkaline solution, and the over

potential is reasonable.[8,12-15]. However, the potential drifts 

unavoidably towards more anodic values with long-term anodic perfor

mance [15,16]. Oxygen evolution occurs on an oxide surface, where 

the average oxidation state of the Ni-ions is 3+ [17]. It has been 

suggested that Ni3+ presumably converts to Ni4+ at higher poten

tials [12,18]. This valence state is inactive for oxygen evolu-

tion, and, therefore, causes the progressive deactivation of the anode, 

2.2. The metal oxides. 

There is evidence that thermally prepared nickel oxide [19], and 

thermally oxidized nickel [20] are electrocatalytically more active 

than the electrocatalytlcally grown oxide. Alloys of nickel with a 

number of other metals, especially, Ir and Ru have been explored for 

use [21]. However, after prolonged oxygen evolution the 



oxide layer on the Ni-Ir, and Ni-Ru alloys predominantly comprises 

nickel oxide, and thus behave as a Ni 'metal' electrode. 

5 

A large number of exhaustive reviews have been written on oxide growth 

and oxygen evolution on metals and metal alloys [22-33). Mostly, 

gas evolving anodic reactions are implicity related to oxide electro

des, in that the case of oxygen evolution on 'bare metal' electrodes 

is practically unknown [22). Since the oxygen evolution reaction 

takes place at an oxide layer on the metal, it can be concluded that 

the properties of the metal oxide determine the electrocatalytic acti

vity. Hence, it is logically to investigate the oxides as candidate 

materials. Therefore, this review will be mainly confined to the work 

on bulk oxide electrodes. 

A comparative investigation of the anodic performance of a number of 

thermally prepared metal oxides in alkaline solution was carried out 

by Srinivasan et al. [34], who found the following activity sequence 

for oxygen evolution: Ru > Ir = Pt = Rh ~ Pd = Ni = Os >> Lo >> Fe. 

The much poorer performance of Co and Fe oxides might be due to their 

instability during prolonged anodic polarization. The increase in the 

electrocatalytic activity of thermally prepared oxides is partly due 

to the increase of roughness. Among the metal oxides the anodic per

formance of Ru and Ir oxide was generally found to be superior, as 

illustrated by figure 2.1 which shows the E-log i relationships for 

oxygen evolution on various thermally prepared oxides. 

1.2 

-8 -4 -3 -2 

log t {Acnr't 
I 

Fig. 2.1. Tafel lines for oxygen evolution in alkaline medium on 

various thermally prepared oxides. Data from ref. [41]. 
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An extensive review of Ruo2-based electrodes was given by Trasatti 

and Lodi [35]. These electrodes are known for their use as anodes 

in the chlor-alkali cells [36-38], where these so-called ~imensio

nally ~table Anodes (DSA) as invented by Beer [39], with high 

corrosion resistance, and electrocatalytic activity. have replaced the 

graphite electrodes. 

The oxygen evolution on Ruo2-based electrodes proceeds in acidic 

(40,41] as well as in alkaline solution (19.40,42]. Ru oxide, 

prepared by thermal decomposition on an inet't substt'ate like Pt or Ti, 

has the highest known initial electrocatalytic activity for oxygen 

evolution in acid electrolyte (34,41,43-46], but this oxide is not 

stable in an acidic environment; also the oxygen overpotential inct'ea

ses with time [47,48]. The stability exhibits by such electrodes in 

alkaline medium is even less satisfactory [41,49]. The kinetic 

parameters have been studied in detail, both in stt'ongly acidic 

(40,41] as well as in strongly alkaline solution [19,42,50), and they 

do not vary substantially going from pH 0 to 2 or, from pH 11 to 14. 

The Tafel slope at moderate current densities [19,40,47-50] is 

around 0.040 V, and seems to increase at higher current densities 

[46,47 ,49). 

An interesting aspect is that oxygen evolution takes place at even 

lower overpotentials on Ru 'metal',(41.51] which, however, under-

goes marked dissolution irrespective of the solution pH [52,53]. In 

the E-range where oxygen is evolved, Ru metal is covered with a thick 

layer of hydrous Ruo2 (54-57). 

Iro2 is a relatively good electrocatalyst, but not as good as Ruo2, 

as follows from the Tafel line behaviour in figure 2.1 [42]. 

It has been reported that enhanced oxygen evolution takes place at Ir 

[18,58-60), Rh [61,62], and Ru [63], covered with a thick hydrous 

oxide, grown by a potential multicycling procedure. These electrocata

lytically formed oxides are expected to behave as the corresponding 

thermal oxides. However, these thick hydrous oxide layers are unstable 

toward dissolution and are totally destroyed at higher potentials. 

Summarizing, it can be concluded that the noble metal oxides Ru and Ir 

are electrocatalytically good anode materials for oxygen evolution. 

However, these materials are too expensive for technological applica

tions. 
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Recent research into developing new anodic materials is directed 

towards the utilization of transition metal oxides. These mixed oxides 

can be divided into two classes, i.e. the perovskite oxides (the mine

ral CaTio3>, presented by the formula AB03, and the spinel oxides, 

presented by the formula AB2o4 with a crystal structure identical 

to the compound MgA12o4 . Both mixed oxides exhibit interesting 

features for the oxygen evolution reaction. 

No satisfactory explanation has yet been given for the different over

potential values on different substrates at particular current densi

ties. So, there is no answer lo the question "Which are the factors 

governing the choice of oxides for the evolution of oxygen?" 

Up to now, electrocatalysis is still mainly an experimental branch of 

eleclrochemistry, although its ultimate goal is to predict the elec

trocatalytic properties of materials on the basis of fundamental 

structural and electronic parameters. The most useful and reasonable 

guides are still correlations, where electrocatalytic properties are 

assessed on a relative scale by way of comparison with other physico

chemical properties of materials. Therefore, as a rule, data from 

experiments in the gas phase on oxidic catalysts are employed. A 

review of the possible factors on which a predictive basis for the 

choice (design and optimization) of electrocatalysts may be esta

blished, was given by Trasatti and Lodi [35]. 

Matsumoto et al. [65-71,80] have advanced an electronic theory to 

explain the behaviour of perovskite oxides both in the reduction, and 

the evolution of oxygen. According lo these authors, the first step of 

the oxidation of water or OH- to adsorbed OH takes place through the 

a* band, which is considered to extend up to the surface where e g 
orbitals of the metal ion overlap with the sp

0 
orbital of the 

adsorbing oxygenated intermediates. Thus, the degree of the orbital 

overlap at the surface may be predicted by the degree of the orbital 

overlap in the bulk. This concept predicts the catalytic activity of 

the oxide having the a* band to be high. This theory is an attempt 

to place electrocalalysis on a predictive basis which involves the 

intrinsic properties of the solids. 

Tseung and Jasem [16,88,89] have put forward a guideline for the 

choice of semiconducting oxides for the evolution of oxygen in alka

line media. they emphasized the role of the metal/metal oxide or the 
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lower metal oxide/higher metal oxide couple in determining the minimum 

potential for oxygen evolution. This consideration, and other essen

tial requirements such as electrical resistivity and corrosion resis

tance, led to the ehoi~e of NiCo
2
o4 and Li-doped co

3
o

4 
spinel 

oxides as active electrocatalysts. 

2.3. Perovskite oxides AB03 . 

A detailed review of the physicochemical, and electrochemical proper

ties of perovskite oxides was given by Tamura et al. [64). Not all 

these oxides are suitable for use as electrocatalysts in strong 

caustic solutions, because of their excessively high resistivity or 

'lheir lack of corrosion resistance with respect to the electrolyte. 

The evolution of oxygen has been studied essentially in alkaline 

medium on SrFeo3 [65], SrFe0 . 9M0 .1o3 (with M = Ni, Co, Ti or Mn) 

[66], La1_xSrxHn03 [67], La0 . 7Pb0 . 3Hno3 [68), LaCoo3 [72, 78], 

I.a1 Sr coo3 (69), La
1 

Ba Coo3 [72-76], La1 Sr Fe1 Co o3 -x x -x x -x x -y y 
[70], La1 Sr Fe1 Ni o3 [71], NiLn2o4 (with Ln "' La, Pr or Nd) [77], -x lC -y y 
Ni0 •2co0 . 8Lao3 (78], and Nd1_xsrxcoo3 (79). In figure 2.2 the Tafel 

lines for the oxygen evolution reaction on various perovskite-type 

oxides in alkaline solution are compared. Table 2.1 summarizes the 

kinetic parameters like, if available, the exchange current densities, 

i
0

, and Tafel slopes, b, and gives the values of the overpotential 
. -2 at the apparent current density of 10 mA cm • The parameter a (= 

b log i
0

) is a better comparison for various materials, since the 

best electroeatalyst is one with a high i
0 

and low b value. The 

activity for oxygen evolution at La1_xsrxMno3 CO s x s 0.4) [67] 

increases with the value of x up to a maximum of 0.4, as seen in 

figure 2.2. Fairly good electrocatalytic properties were observed on 

SrFeo3 electrodes (65) (Fig. 2.2). However, dissolution of the 

electrode was observed above 1.60 V vs. RHE. Matsumoto et al. [66] 

reported that the anodic dissolution is substantially surpressed by 

the substitution of Fe with M = Ni or Co in 

SrFe0 _9M0 _1o3 , and that the catalytic activity increased (SrFe0 .9Ni0 .1o2 
in figure 2.2). La1 Sr Coo

3 
electrodes appeared to be suitable in -x x 

alkaline medium [69), because anodic dissolution scarcely occurred, 

and the activity of the electrode with x = 0.4 was higher than that of 
x .. 0.2. 



Fig. 

EvsRHE(V) 

1.70 

-s 

2.2. Tafel 

-4 -3 

lines for oxygen 

" 

-2 _, 0 
logi(A,cn1

2
) 

ev.olulion in alkaline medium on 

various perovskite oxides. References: 1,2 [67]; 3,4 [69]; 
[65]; 6 [66]; 7,8,9,10 (72}; 11 [77]. 

Table 2.1: Kinetic parameters of oxygen evolution on perovskites. 

Electrode; med b(V) i (A cm-2> a{V) 2) TJ(V) at 
0 

-2 10 mA cm 

0.062 -8 0.49 0.39 SrFeo3 I 1.2.10 

SrFe0.9Ni0.103 I 0.040 6.6.10-ll 0.40 0.30 

SrFe0 . 9co0 •1o3 I 0.045 3.2.10-11 0.43 0.35 

La0 . 7Pb0 .3Mno3 I 0.095 1.10-9 0.86 

La0 .8sr0 . 2coo3 I 0.065 3.10-9 0.55 0.44 
-9 

La0 •6sr0 . 4coo3 I 0.065 7.4.10 0.53 0.41 
-4 

La0 •8aa0 •2coo3_y III 0.057 4.8.10 0.19 0.30 
-3 La0 _5aa

0
. 5coo3_

1 
III 0.059 2.6.10 0.15 0.27 

-4 
La0 . 7sr0 •3coo3_

1 
III 0.059 1.1.10 0.23 0.34 

-3 La0 .3sr0 . 7coo3_
1 

III 0.074 2.3.10 0.20 0.34 
-5 NiLa2o4 II 0.040 2.4.10 0.19 0.29 

1) I 1 M KOH; 25°C 

II 6 M KOH; 25°C 

Ill 6 M KOH; room temperature 

2) a = b log i 
0 

9 

5 

Ref. 

65 

66 

66 

68 

69 

69 

72 

72 

72 

72 

77 



10 

Kobussen et al. [72-76] found that Ba doping is more 
effective than Sr doping of Lacoo3 • and that within each set of 

electrodes the activity increased with doping, as seen in figure 2.2. 

Oxides with perovskite type structure like La1 Sr Fe1 Co o3 [70], 
-x x -y y 

and La1 Sr Fe1 Ni o3 [71] have been synthesized, and it was found -x x -y y 
that the catalytic activity for the oxygen evolution reaction increa-

sed with increasing x and y values in the composition range of the 

perovskile single phase, whereas the resistivity decreased. No appre

ciable difference in the electrocalalytic behaviour was observed for 

the perovskite- like oxides NiLn2o4 with Ln = La, Nd or Pr [77], 

which are very promising anode materials, as illustrated by NiLa2o4 in 

figure 2.2. The oxygen evolution reaction on perovskite oxides (70-77] 

has been explained by applying the theory of a"' band formation [72), 

which is the same as that proposed for oxygen reduction on perovskite 

oxides [86]. 

The spinel oxides, especially Nico2o4 , are also very promising 

anode materials. A review of the properties of the spinel oxides was 

given by Tarasevich and Efremov [81]. The use of Nico2o4 as an 

electrocatalyst for oxygen evolution in alkaline solution was sugges

ted by Tseung and Jasem [16]. A maximum in the electrocatalytic 

properties for Ni Co o4, both for reduction [34,82], and x y 
evolution [81], is observed when the Ni:Co mole ratio corresponds 

to the spinet Nico2o4 . The performance of Nico2o4 electrodes 

is better than that of lithiated NiO and Ni screens [83]. The 

activation energy is reported to be close to [19], or possibly 

slightly higher [84] than that of Ruo2 based electrodes. The 

oxygen evolution reaction. on Nico2o4 is controlled by two Tafel 

slope regions, i.e. at low n a slope of about 0.040 V [16,19,81, 

85,86] or 0.060 V [87] increasing to a slope in the range of 

0.070 to 0.120 v (30,16,81,85-87] at high n. The results may be 

complicated (88] by the formation of higher oxides, gas bubbles and 

emptying of the eleetrocatalyst pores. Problems related to the 

structure of the electrode have been discussed by Tseung et al. 

[16,83], who strongly favoured Teflon-bonded active layers. 
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However, Singh et al. [33] reported that Nico2o4 layers prepa-

red by thermal decomposition are more active than Teflon-bonded elec

trodes. Tseung et al. [89] carried out long-term endurance tests on 

Teflon-bonded Nico
2
o

4 
electrodes, prepared by the cryochemical 

synthesis (82], by evolving oxygen at a current density of 1 A 

cm-2 al 85°C in 457. KOH for 3000 h with less than 50 mV increase in 

overpolenlial. Vandenborre and Leysen (90] found that the perfor

mance of Nico
2
o

4
, prepared via thermal decomposition, was the best 

of four electrocatalysts studied, and, exhibited a stable potential 
-2 for over 2000 h of operation al a current density of 1 A cm at 

85"C in 507. KOH. 

Shub et al. [91] reported that oxygen evolution at co3o4 in acidic 

medium lakes place together with corrosion and dissolution of the 

layer. A linear Tafel line is observed in a narrow potential range 

(1.45 to 1.55 V), with a slope of about 0.06 V. co3o4 is anodically 

more stable as the pH of the solution increases [84,88,92-97]. 

Shaloginov et al. [98] have investigated a series of co3o4 
electrodes in alkaline solution, prepared at different temperatures 

between 300 and 450°C, and observed a decrease in activity with 

increasing preparation temperature. Belova et al. (93] have rela

ted this effect to a decrease in excess oxygen in the film as the 

firing temperature is increased. Tamura et al. (94,95] have prepa

red co3o4 film anodes bf thermal decomposition of an aqueous solu

tion of Co(No3>2 .6H2o. The anodic polarization characteristics 

in 1 H KOH were found to be greatly affected by the kind of metal 

substrate (Ni, Co, Fe, Ti, Nb, Ta or Pt) used. Among them, the 

co3o4/Fe electrode has the lowest oxygen overpolential, being 

comparable to those of Ru02/Ti, Iro
2

/Ti or Rh02/Ti (99], i.e. about 

0.04 Val 100 mA cm-2• A mechanistic study of the oxygen evolution 

was carried out on preanodized Teflon-bonded Co3o4, and Li-doped 

co3o4 electrodes [99,105] in 5 M KOH. The anodic performance was found 

to increase with increase in Li-doping. A Tafel slope of 0.060 V was 
3+ observed on all the oxides, and it was suggested that the Co -ions 

are the major active sites. 
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Cast magnetite has long been used [100,101] as an anode in techno

logical applications like the chlorine and chlorate production. How

ever, this material is not a good anode for oxygen evolution because 

of its relatively high overpotentials [102]. The activation energy 

for oxygen evolution in alkaline solution is 109 kJ mol-l [103), 
-1 which can be compared with 59 kJ mol for Pt 'metal'. Mixed oxides 

of Fe and Ti, Ta and Co have been tested [104] for oxygen evolu-

tion in acidic solution. The overvoltage is approximately the same on 

all these oxides, and compared to Fe3o4 , a decrease in the corro

sion rate has been noticed. MxFe3_xo4 ferrites with M = Mg, Zn, 

Mn, Co and Ni have found [105] to be much more corrosion resistant 

than Fe3o4 , with a maximum for H ~Ni. The spinel ferrites NixFe3_xo4 
[106], co3 Fe o4 , and Mn3 Fe o4 [107] have been investigated for -x x -x x 
oxygen evolution with the purpose of establishing a relationship 

between the magnetic and the electrocatalytic properties. The oxygen 

evolution occurs al an appreciable rate on NiFe2o4 and CoFe2o4 
with a common slope of about 0.04 v. 

Figure 2.3 presents a summary of the ·better anode electrocatalysts in 

alkaline medium. lt must be noted that in this figure the work of 

different authors has been compared based on, consequently, different 

physical forms of the catalyst, different roughness factors and poro

sities of the active layers, different concentration and temperatures 

of the electrolytes, different conditioning of the electrodes prior to 

the kinetic study, etc. 

From this set of data, it follows that the best electrocatalysts for 

oxygen evolution presently are Nico2o4 , NiLa2o4 , La0 •5sa0 . 5coo3 and 

Ruo2 . In particular oxides con~aining Co and Ni ions in the lattice 

are excellent. The presence of Co in these compounds is certainly 

important. Co as a metal (substrate) has been shown to exhibit a lower 

~ for the oxygen evolution reaction in alkaline medium than the 

commonly used Ni electrodes (16]. 

Therefore, one of the most promising anode materials in alkaline solu

tion is the spinel oxide ~ico2o4 . From a fundamental point of 

view, a lowering of the large ~ is the most important challenge. 

However, on practical basis, the long-term stability is an even rele

vant parameter on which a possible choice is made. Nico2o4 has shown 
to be stable in alkaline water electrolysis [89,90] for over 3000 h. 
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Fig. 2.3. Summary of the Tafel lines of anode electrocatalyst in alka

line medium. References: 1[65];2(121: 3[461;4[97] ;5!211; 6172lj 

1(501 ; 8( 19] ; 91771 j10f88). 

2.4.1. Crystal structure of spinel compounds. 

The unit cell of the ideal spinel structure, named for the mineral 

spinel MgA12o4 , is face centered cubic, with a large unit cell 

containing eight formula units [108). In this ideal structure the 

anions form a cubic close packing, in which the cations partly occupy 

the tetrahedral and octahedral interstices as shown in figure 2.4.a. 

The unit cell contains 32 anions forming 64 tetrahedral interstices, 
and 32 octahedral interstices; of these 8 tetrahedral and 16 octahe

dral interstices are occupied by cations. The general formula of 

compounds with spinel structure is A{B2]X4 • [Octahedrally coordinated 

ions are by convention placed within square brackets]. Here A is a 

tetrahedrally surrounded cation, B an octahedrally surrounded one and 

x an anion. There are twice as many B cations as A cations. A and B 

are transition elements and X = O, S, Se or Te. 

The non-ideal structure is derived from the ideal one by moving the 

anions from their ideal positions in a [111] direction away from 

the nearest tetrahedral ion. The deviation of ideal structure u = 
0.375, which corresponds to perfect close packing of the anions. In 

reality, u is often slightly larger, this implies larger A-sites and 

B-sites. 
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The position of the metal ions is fixed by the symmetry of the struc

ture. Each anion in the spinel structure is surrounded by one A and 

three B cations. The B-B distance is considerably shorter than the A-A 

distance, for the anion octahedra surrounding the B cations share 

edges, whereas the anion tetrahedra surrounding the A cations do not 

have any contact. 

,' 

I 
I 

: ·--x:: ___ _ 

a/ 

b/ 

Fig. 2.4. (a) Two octants of the normal spinel structure. Open circles 

with D and T refer to di- and trivalent cations, respecti

vely. Solid circles to oxygen anions (b). Same for inverted 

spinel. 

The oxide spinels (X ~ 0) are ionic crystals. In the oxide spinels, 

two main combinations of valence states of the cations occur: the 2-3 

spinals, where Nico2o4 belongs to, and the 4-2 spinels. The oxide 

spinels will also tolerate a large number of metal ion vacancies. The 

existence of these metal ion vacancies frequently makes it difficult 

to prepare spinels with the stoichiometric metal: oxygen ratio. 

An interesting property of compounds with the spinel structure is the 

so-called cation distribution, i.e. the distribution of the cations 

present among the tetrahedral and octahedral sites. In principle, the 

following cation distributions can be distinguished, with the 2-3 
2+[ 3+ spinels (i.e. He He ]2o4> as an example. 
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(i) Normal spinel or regular spinel: A{B2)04 . (Fig. 2.4a) 

If the tetrahedral sites are occupied by A-ions and the octahe

dral sites by B-ions, e.g. Me2+[He3+]2o4 , then the divalent metal 

ions are on tetrahedral sites. 

(ii) Inverse spinel: B[AB]04• (Fig. 2.4b) 

If the tetrahedral sites are occupied by B-ions and the octahe

dral sites by a random arrangement of A and B-ions, e.g. 

He3+[Me2+He3•]o4 , then the divalent metal ions are on octahedral 

sites. 

(iii) Intermediate spinel: between normal and inverse spinel. 

2.4.2. Electrophysical parameters of Nico2o4 . 

The relevant electrophysical parameters of the oxide, within the 

framework of the bandmodel, are the electrical conductivity, electron 

work function, concentration and mobility of current carriers, and the 

forbidden band gap. These parameters are highly sensitive to the che

mical, and structural composition of the oxide system, and therefore 

depend on the method and the conditions of the oxide synthesis. The 

reported electrophysical characteristics [81] of the Ni-Co-0 sys-

tem are listed in table 2.2. An increase in the conductivity, carrier 

mobility, and carrier concentration was found, going from simple to 

spine 1 oxides. 

Table 2.2: Electrophysical characteristics of Ni-Co-0 system [81] 

Co content Conductivity Hole concentt"ation Cart"ier mobility 

(atom f.) (S m-l) (m-3) <m2 V s-1> 

0 8.10-3 3.1027 4.6.10 -3 

25 3.10-1 

67 60 9.1027 1.4.101 

82 20 8.1027 6.4 

100 2.10-2 9.5.1026 S.6.10-2 
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Nico2o4 and co3o4 are p-type semiconductors. In addition p-type 

conductivity varies considerably with deviations from stoichiometry. 

The electrical conductivity is expected to increase with increasing 

stoichiometric excess of oxygen. The conductivity of Nico2o4 has 
-1 -2 -1 been reported to be 10 S m [82], and that of co3o4 10 S m 

[109]. The appearance of ions of different valencies in spinels is 

mainly determined by the structural defects. The excess oxygen in 

cobalt is thought [91] to determine the defect structure, in which 

a part of the M3+ ions is converted into M4+, 

M4+ = M3+ + h+ 

where h+ stands for an electron. Another type of defect structure 

may arise when part of the M3+-ions in the octahedral sites are 

converted into M2+ [110], 
MJ+ = M2+ + h+ 

In both situations the electron holes are assumed to migrate via a 

hopping mechanism. 

The other electrophysical parameters have been scarcely investigated 

in the literature. The electron work function of Ni-Co oxides, when 

the Ni:Co ratio changes, has been determined (110]. The ratio of 1 

to 2, i.e. Nico2o4 , showed the highest value,, 6.23 eV. 

The forbidden band gap for Nico2o4 is about 0.1 to 0.4 eV [111]. 

No data are available regarding a correlation between the forbidden 

band gap, and the activity of complex oxides in redox reactions. 
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3. PREPARATION 

Abstract1 

Nico2o4 was investigated as anode material for alkaline water 

electrolysis. This catalyst was prepared by thermal decomposition of 

metal salts and this rapid and simple technique gives reproducible 

results. A study of the preparation parameters shows that factors, 

such as decomposition temperature, duration of the heat treatment and 

catalyst loading, determine the morphology of the oxide layer and so 

influence the performance of the catalyst. The conductivity of the 

oxide layer was found to change markedly with the final heat treatment. 

Il is shown that alternative Teflon-bonded Nico2o4 electrode 

structures give approximately the same activity. 

3.1. Introduciion 

The oxygen evolution reaction during water electrolysis is of special 

interest, because of its high anodic overvoltage. The main cause of 

efficiency losses is the bad electrocatalytic properties of the pre

sent anode materials. A good anode material should have a high exchan

ge current density (i
0

) and a low Tafel slope (b). 

Recent research into developing new anode materials has been mainly 

directed to the use of transition metal oxides. One of the most promi

sing materials in an alkaline electrolyte is the p-type, spinel oxide 

Nico2o4 , which is, moreover, a cheap electrode material. A review 

at Nico2o4 and other spinels was given by Trasatti and Lodi 

[l). Many papers have been devoted te a study of the kinetics of 

these materials [2-7} and differ~nt,preparation techniques have 

been used, e.g.: thermal decomposition [5,8], cryochemical synthe

sis [3,4,8] and coprecipitation [4,8]. Sometimes an effect of 

the substrate (Pt or Ni) has been noticed [2}. Tseung et al. [3) have 

investigated the use of ~eflon-bonded Nico2o4 electrodes 

1 Publication: J.G.D. Haenen, W. Visseher, E. Barendrecht 

J. Appl. Electrochem. !.:!.. 29 (1985). 
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and found an increased electrochemical activity. Singh et al. [5], 

on the other hand, notie'ed that non Teflon-bonded electrodes have 

higher activity and st~bility than Teflon-bonded systems; moreover, 

the Teflon incorporation inrluences the gas bubble evolution and this 

also affects the anodic behaviour. 

Comparison of the results of various authors is difficult because of 

different preparation techniques, which result in differences in poro

sity and hence surface area. Furthermore, the various conditions for 

the deposition of the Nico2o4 layer on the substrate appear to 

have a large influence on its activity and, moreover, discrepancies 

are evident in the way the iR-drop is corrected. Therefore a systema

tic study was carried out to establish the kinetic parameters of the 

oxygen evolution reaction at Nico2o4 electrodes with emphasis on 

the preparation technique. The thermal decomposition method was chosen 

because it results in electrodes with a high mechanical stability, and 

this preparation technique is an easy and rapid one. Furthermore with 

this technique, both Teflon and non Teflon-bonded electrodes can be 

prepared, whereas with Nico
2
o4 prepared via cryochemical synthesis 

(frtreze drying followed by decomposition in vacuum) or coprecipita

tion, only Teflon-bonded electrodes can be made. In this work the 

optimum deposition conditions for thermal decomposition were deter

mined, and the anodic performance of Teflon bonded and non-Teflon 

bonded NiCo2o4 electrodes were compared. 

3.2. Experimental 

3.2.1. Electrode preparation 

Preparation of porous Nico2o4 electrodes 

All porous Nico2o4 electrodes used in this study were prepared by 

thermal decomposition on a substrate; In principle, the preparation 

method was as follows. Ni(No3>2 .6 u2o and Co(No3>
2

.6 n2o, 
mixed in st~icbiometric amounts, were dissolved in water or in 

alcohol. A nickel screen of 30 mesh (1 cm2> was spot-welded to a 
nickel wire. 



After cleaning it was preheated for 3-5 minutes in an oven at TF •c 
(TF =temperature of the final heat treatment). The nickel screen 
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was dipped into the solution of the nitrates, dried in hot air to 

remove the solvent before decomposition, and heated in the furnace in 

air at TF •c for 3 to 5 minutes to decompose the nitrates. This 

process was repeated until the desired loading had been reached. The 

electrode was then finally cured at TF °C for tF hours (tF = 

duration of the final heat treatment) to complete the thermal decompo· 

sition. 

Preparation of Teflon-bonded NiCo2o4 electrodes. 

In order to compare the Teflon-bonded and non Teflon-bonded electrode 

structure, the same preparation method of the NiCo2o4 catalyst, 

namely thermal decomposition, was used for both electrode structures. 

The Teflon-bonded electrodes were prepared by mixing the appropriate 

amounts of Teflon (Teflon 30 N Dupont or Teflon powder 0.3 - 0.5 p) 

and Nico2o4 catalyst in a small bottle, and dispersing it in an 

ultrasonic bath. The resulting mixture was then painted onto the 

nickel gauze. The electrode was then dried in hot air and finally 

cured in air in a furnace at J00°C for 1 hour. 

The Nico2o4 catalyst was prepared according to two variants. In 

the first {9,10), the two nitrates, Ni{N03>2 .6H2o and 

Co(N03> 26HO 2were weighted in the exact proportion Ni:Co • 1:2 

and dissolved in water. The solution was evaporated to dryness until 

there were no more N02 fumes. The black powder was heated in an 

electric furnace in air for tF hours at temperature TF. In the 

second variant, the Nico2o4 catalyst material wa$ scraped from the 

nickel carrier of porous Nico2o4 electrodes, prepared as described 

before. 

3.2.2. Physical characterization 

An X-ray pattern of the samples was obtained using HoKa or FeKa 

radiation and compared with ASTH data for nickel cobalt oxide. 
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Thermogravimetric analysis was applied to study the course of the 

decomposition as a function of temperature with a Mettler thermoanaly

zer 2. 

3.2.3. Electrochemical characterization 

All experiments were performed in a thermostatted, (25°C) three com

partment Pyrex glass cell containing 5 M KOH, prepared from Merck 

potassium hydroxide p.a. and double distilled H
2
o. A piece of 

7 x 2.5 cm platinum foil was used as the counter electrode and the 

potential of the working electrode was measured against the ~eversible 

,hydrogen ~lectrode (RHE) or the mercury(ll)-oxide electrode (Hg/HgO, 

5 M KOH; 0.926 V vs. RHE, 25°C), via a Luggin capillary close to the 

working electrode. 

To determine the electrocatalytic activity steady-state galvanostatic 

measurements were carried out. The 1electrodes were firstly subjected 

to anodic polarization for 30 minutes to 2 hours at the highest cur

rent densities to be studied, to ensure the presence of higher oxides 

on the surface (see chapter 5). The potentials were measured with 

decreasing current densities. The time between each reading was 5 

minutes. The time required to reach steady-state was in all cases 

within 2 minutes, and usually within 1 minute. 

The ohmic potential drop between the tip of the Luggin capillary and 

the working electrode was measured by tlte current interruptor techni

que [11]. 

3.3. Results and Discussion 

3.3.1. Preparation parameters 

The following parameters were investigated: temperature of the thermal 

decomposition, duration of the final heat treatment, catalyst loading, 

number of coatings, type of anion in the metal salts, solvent and 

support material. 



3.3.1.1. Influence of the decomposition temperature and duration of 

the heat treatment. 
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In order to investigate the effect of the heat treatment on both the 

electrocatalytic activity and the mechanical stability of the deposit, 

the temperature and duration of heat treatment was studied. The tempe

rature range between 250°C and 600°C was examined whilst the time of 

heat treatment was varied between 15 minutes and 100 hours. 

Although there is a possibility of segregation of the individual oxi

des, NiO and coo, during decomposition, the spinel structure could be 

confirmed for all the electrodes by X-ray analysis in the temperature 

range 250° - 400°C. With temperatures above 400°C and longer time of 

heat treatment, lines corresponding to another cubic phase, presumably 

NiO appeared. The thermogravimetric diagram for NiCo2o4 is in 

agreement with X-ray analysis for Nico2o4 and reveals furthermore 

that lhe decomposition of the Nico2o4 spinel sets in at tempera-

tures above 400°C. These results are in agreement with those obtained 

by other authors [8,12,13). 

Decomposition temperature. 

Figure 3.1 shows the effect of the temperature of the heat treatment 

on the anodic perfol."lllance of Nico
2
o4 for oxygen evolution at 

200 mA.cm-2 (iR-corrected). Lowering the temperature of the final 

heat treatment leads to an increase in the electrochemical activity of 

the catalyst. Actually. the figure can be divided into two parts. In 

the spinel-only area (Part A: below 400°C}, the oxygen overvoltage 

decreases with decreasing temperature of heat treatment. In part B 

(above 400°C), where the decomposition in binary oxides of the spinel 

structure starts, the oxygen overvoltage increases faster with increa

sing temperature TF. It was suggested [8,12,13,20) that the 

NiCo2o4 decomposition takes place as follows: 3 Nico2o4 ~ 

3 NiO + 2 co3o4 + [o]. From the data without iR-drop correc-

tion and with iR-correction it appears that the resistance of the 

oxide layer increases because of the decomposition of the Nico2o4 
spinel structure. 
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E vs RHE (V) 

1 
( 2.15V) 

0 

1.70 
PartB Part A 

0 • ' I 
I 
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I 
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1.60 0 • • I 

• 1 
I • I 
I 

200 300 400 500 600 

HEAT TREATMENT TEMPERATURE ('C) 

Fig. 3.1: Effect of the temperature of the final heat treatment on 

the anodic performance of NiCo2o4 electrodes for oxygen 
-2 evolution at 200 mA cm in 5 K KOH. 25°C. 

[•] 200 mA cm-2• (iR-corrected) 

[o] : 200 mA cm-2 (not iR-corrected) 

Heat treatment Catalyst loading 

TF (°C) and tF (h) -2 (mg cm ) 

250 1 20.85 

300 1 18.65 

350 1 20.40 

400 1 17.70 

450 1 14.20 

500 1 18.95 

600 5 17.35 
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However, the heat treatment temperature of 250°C al a duration of 

1 hour appears insufficient lo complete the decomposition and, conse

quently, the mechanical stability was not satisfact~y since the elec

trode tends to shed the Nico2o4 oxide layer: nearly half of the 

catalyst loading was lost. The 1stability of the other electrodes was 

good. No visible damage was observed. 

The surface morphology of the Ni\co2o4 layer was found to be depen

dent on the preparation lemperat\ire. Visual and microscopic observa-
1 

tlon of the Nico2o4 electrodes i~dicale that the roughness factor 

increases with decreasing tempera~ure. Our results are in agreement 

with the work of Tamura et al. (14', 15], who observed the same 
\ 

tendency for Co3o4 electrodes, als~ prepared by thermal decomposi-

tion. The difference in oxygen over~oltage can be ascribed partly to 

the change in the roughness factor. ',Many authors suggest the existence 

of a relation between high surface area and low oxygen overvoltage. 

This is in contradiction with the observation of Tseung et al. 

(4,8] who concludes that there is no correlation between the sur-

face area and the electrochemical performance and who suggests that 

for maximum activity the formation of a metastable spinel on the point 

of losing its oxygen is required. 

Duration of the heat treatment. 

The duration of the heat treatment, tF, which was varied between 

15 minutes and 100 hours, gives no significant changes in activity or 

iR-corrected results in the temperature range up to 400°C. 

However, the conductivity changes with the final heat treatment, as is 

shown in table 3.1, for all temperatures from 400°C on. Because the 

conductivity of.the oxide layer seems to decrease with increasing 

duration of the heat treatment, it is advisable to restrict the dura

tion. lt has been established (8,12,13] that with increase in 

temperature and duration of the heat treatment, above 400°C a cubic 

phase, presumably high resistance HiO appears, due to the decomposi

tion of the spinel structure; consequently, we might expect a decrease 

in conductivity. It is, however, noted here that at the same Luggln 
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TABLE 3.1 
EFFECT OF THE DURATION OF THE FINAL HEAT TREATMENT ON THE MAGHITUDE OF THE 1R-DROP 

<AT THE SAME LUGGIH -CAPILLARY TO WORKING ELECTRODE DISTANCE> GIVEN AS 
1R <TEMP. TF<°C>. DURATION tf (h). 

1R <3oo0c, lh l 

DURATION OF THE HEAT TREATMEHT tf < h l 

l 5 10 24 100 
TEMPERATURE OF THE 
HEAT TREATMENT (OC) 

250 l l 
300' l l l l l 
400 l 1.5-2 2 2 > 2 
450 2 2-3 
500 > 3 

GOO 20 

capillary to working electrode distance the measured iR-drop increases 

for prolonged 400°C heat treatment; the powder X-ray patterns, how

ever, confirmed the spinel structure. The iR-drop for the 400°C -

1 hour heal treatment is nearly the same as for the Nico
2
o

4 
electrodes prepared in the temperature range 250°C - 350°C, which did 

not change with increasing duration of heat treatment. The lower limit 

of detection with the D.S. powder X-ray diffraction method is about 

53, so some NiO might be present in the layer after treatment at 

400°C. However, the magnitude of the iR-drop for the 450°C treatment 

is not larger Cin which case a cubic phase is definitely detected). 

The lack of knowledge of the magnitude of the ohmic drop can give rise 

to misleading conclusions. The iR-corrected results show nearly the 

same electrocatalytic activity for the 400°C series, but the electrode 

resistance increases when the duration increases. 

3.3.1.2. Influence of the number of coatings and catalyst loading. 

Concentration of the dipping solution. 

Firstly, the concentrations of the mixed nitrates in water was varied, 
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in a constant stoichiometric ratio of Ni:Co = 1:2. Table 3.2 shows for 

the same catalyst loading the effect of the concentrations of the 

nickel and cobalt nitrates, the number of coatings and the percentage 

of the holes per cm2 gauze which are completely filled up with 

NiCo2o4 . 

As the number of coatings increases, the eleetroeatalytic activity for 

oxygen evolution decreases. The Nico2o4 layers are prepared by 

repealed immersion in the mixed nitrate solution. With decreasing 

concentration of the dipping solution the number of coating layers 

must be increased, in order to obtain the same catalyst loading. If in 

that case the number of coatings (i.e. innersions) increases, a denser 

and smoother structure of the Nico2o4 layer is obtained with most-

ly open holes of the gauze substrate. If at constant catalyst loading 

lhe number of coatings decreases, the resulting Nico2o4 layer is 

rougher and lhe holes nearly all completely filled. In all eases the 

TABLE 3.'l 

lrtFLUENCE OF THE NUMJ!ER OF COATINGS AND CONCENTRATION RATIO OF THE MIXED NITRATES ON THE ANODIC 
PERFOR11Ai-.cE OF N1Co20q Ill 5 11 KOH, 2s0c (I R-CORRECTED> 

1t1rno3>2.GAQ:eomo3>2.6AQ i.0:2.0 s.10-l:i.o 2.s.10-1:s.10-1 i.w-1:2.10-1 s.10-2:i.10-1 
CM) 

NUMBER OF COA TlllGS 

CATALYST LOADHIG 
(MG CM-2) 

% OF THE HOLES WHICH ARE 
COHPLETEL Y FI LLEil UP (%) 

POTENTIAL (MV) AT C.D. :. 

C 1 R-CORRECTED> 
200 MA.CM-2 

100 MA CM-2 

2 

11.80 

85 

1615 
1592 

lj 

10.00 

40 

1633 

1616 

8 

10.15 

0 

1651 
1629 

20 

11.35 

0 

1672 
1652 

50 

10.15 

0 

1674 

1646 

nickel wires of the screen were completely covered with Nico
2
o4 

and the gauze profile was maintained. 
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The morphology of the nickel cobalt oxide layer is influenced by the 

rate of deposition of the layer. A gradual formation of the Nico2o4 
electrode leads to a smoother structure in contrast to a faster depo

sition which gives a rougher Nico2o4 surface. Hence, we conclude 

that the total top surface area of the Nico2o4 layer is greater in 

the case of a highly concentrated solution. The difference in oxygen 

overpotential is a consequence of the difference in roughness of the 

electrode surface: the lower the overpotential, the rougher the sur

face. This is in contrast with the earlier mentioned observation of 

Tseung et. al. [4,8]. 

Catalyst. loading. 

The variation in anodic perfot'lll8.nee with the catalyst loading can give 

an answer to the degree of utilization of the electrocatalyst surface. 

A visual observation of the course of the catalyst loading process 
-2 shows that at lower loadings, up to 5 mg cm , the nickel wires are 

not completely covered by the Nico2o4 • As the loading is increased 

further, the wires become completely covered and subsequently the 

holes at the centre of each mesh opening become filled, probably rea

ching then the maximum surface area. Finally, at higher loadings, the 

coating becomes much denser. The electrode surface is flattened and 

consequently the roughness decreases. 

In the previous section, it has been shown that the number of coatings 

influences the morphology of the porous layer and hence the electro

catalytic activity. 

In the stepwise deposition, which occurs from a more diluted dipping 

solution, (see figure 3.2),·the catalyst loading has virtually no 

influence on the anodic performance, while the percentages of the 

boles per cm2 gauze which are filled increase slightly. This indi

cates that lhe utilization of the porous NiCo2o4 electrode is 

limited to the top surface. The same effect was observed more clearly 

for a nickel plate as substrate. 
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E vs RHE (V) 

1.65 

* 
* * * * 

1.60 

• 
• 

• • 
• "--.-~~-.-~~-.--...~-.-~~ ...... --1J~--T~·~ • 

5 10 15 20 25 50 

CATALYST LOADING (mg.cm-2) 

Fig. 3.2 Influence of the catalyst loading on the anodic performance 

of Nico2o4 electrodes in 5 H KOH, 25°C at two current 

densities (iR-corrected). 

Stepwise deposition (occurs from a more diluted dipping 

solution): o.s M Ni(N03>2 .6 aq : 1.0 M Co(N03>2 .6 aq). 

Heat treatment: 300°C - 1 h. 

[•] 100 mA cm-2 

[*] 500 mA cm-:2 

Catalyst loading 5.50 10.00 15.50 20.00 25.75 
-2 (mg cm ) 

Number of coatings 3 5 7 9 11 

7. of holes per 
-2 which 10 20 20 30 35 cm are 

completely filled 

up (3) 

49.50 

19 

70 

Figure 3.3 shows the result when the deposition proceeds from a more 

concentrated solution: the catalyst now seems to influence the perfor

mance. these differences in oxy:en overpotentials are due to differen-
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-2 ces in roughness: in the range 15-20 mg.cm Nico
2
o4 maximum 

activity coincides with maximum roughness. 

At extC'emely high loadings, the elect.C'ode resistance increases as a 

consequence of the denser structure. 

E vs RHE (V) 

1.65 

• 

1.60 
• • 

• • • 

---.....-~-.-~-.-~-.,..~--,...--If I • 

5 10 15 20 25 50 

CATALYST LOADING (mg.cm-2
) 

Fig. 3.3 Influence of the catalyst loading on the anodic performance of 

Nico2o4 electrodes in 5 M KOH, 25°C at two curC'ent densi

ties (iR-corrected), 

Faster deposition (proceeds from a more concentrated solution): 

1.0 M Ni(N03)2.6 aq : 2.0 M Co(N03)2.6 aq. 

Heat treatment: 400°C - 1 h. 

[•] 100 mA cm-2 

[*] 500 mA cm-2 

Catalyst loading 3.30 9.25 16.15 19.50 26.50 53.50 
-2 (mg cm ) 

Number of coatings 1 2 3 4 s 9 

4' of holes per 
-2 which are 40 85 85 85 95 100 cm 

completely filled 

up (3) 
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3.3.1.3. Influence of the anion in the metal salts and the solvent. 

Effect of the anion of the metal salts. 

Anions of metal salts other lhan No;, such as CH3coo- and 

Cl- have been examined for possible effects on the catalytic activi

ty. The metal salt should be able to decompose in about the same tem

perature range and produce the Nico2o4 spinel only. 

The experimental results for electrodes prepared under identical con

ditions did not show any difference in activity. In the previous sec

tion, it has been shown that the concentration of the mixed salt solu

tion influences the morphology of the deposited layer and hence the 

anodic performance. The solubility of the mixed nitrates in water is 

the greatest of the various anions investigated; it was therefore 

decided to use the nitrates in the further study. 

Solvent effect.. 

Different solvents, i.e. water and alcohols, were examined for the 

best deposition conditions. Non-aqueous solvents spread out better on 

the surface, and evaporate at lower temperatures. The NiCo2o4 
layer deposited from an alcohol solution has a lower oxygen overvol

tage than the same electrode obtained from an aqueous solution (see 

figure 3.4). [The other preparation parameters were the same]. The 

percentage of the holes per cm2 gauze which are filled, shows the 

influence on the surface morphology. 

Though there is a decrease in oxygen overpotential as a result of the 

use of an alcohol as solvent which spreads out better, there is a 

negative aspect: because of the smaller solubility of the mixed nitra

tes in alcohol as compared with water, a greater number of dips is 

required to obtain the same loading. This also affects the morphology. 

Under similar preparation conditions, the more interesting solvent 

appears to be 1-butanol (see figure 3.4). But there are no significant 

differences in overpotential, if for each solvent the more concentra

ted dipping solution is used for both water and BuOH. 
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E vs RHE (V) 

1.65 

• 

• 
t60 

• • • • 

• 

H20 MeOH ElOH 2-ProOH >-BuOH 

Fig. 3.4: Influence of the solvens of the dipping solution on the anodic 

performance of Nico2o4 electrodes in 5 M KOH, 25°C (iR-cor

rected). 

[•] : 100 mA cm-2 

-2 [A] : 200 mA cm 

Heat treatment: 400°C - 1 h. 
2+ 2+ Concentration of the mixed nitrates: 0.4 M Ni :0.8 M Co . 

Solvens H2o MeOH EtOH 2-ProOH 1-BuOH 

Catalyst loading 13.60 12.40 13.45 15.90 14.75 

(mg 
-2 cm ) 

'I. of holes per 
-2 which 25 70 45 45 cm are 

filled up ('I.) 

3.3.1.4. Ageing phenomena and long-term performance. 

The effect of ageing was studied in order to.compare our results with 

these of Tseung [16] and Davidson (17). An initial decrease in 

performance of freshly prepared NiCo2o4 electrodes at constant 

70 
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current density can mostly be observed, see figure 3.5. After 1 hour, 

the anodic behaviour remains almost constant. Figure 3.6 shows the 

performance of Nico2o4 electrodes prepared at different tempera-
-2 tures and durations of heat treatment at 500 mA cm during a 24 h 

run in 5 H KOH. The rate and magnitude of ageing is not always the 

same and varies with different parameters, like the electrode prepara

tion and the applied current density. The increase in overpotential 

takes place only if the electrode is submerged in the electrolyte. If 

a porous Nico2o4 electrode is kept in air, even for several 

months, no change in the activity occurs. Study of the ageing phenome

non is continuing. The decline in performance may be ascribed to a 

surface modification, resulting in a decrease of the roughness of the 

electrode surface or to a chemical transformation by a change in 

valency states. Other authors [16] have mentioned partial charge 

compensation in the oxide surface by hydroxyl ions from the electro

lyte. 

E vs RHE (V) 

500 1000 

i (mA.cm· 2
) 

Fig. 3.5: Initial dec.rease in performance of a Nico2o4 electrode for 

oxygen evolution in 5 M KOH, 25°C (iR-corrected). 

[o] measurements taken immediately at freshly prepared 

electrode 

[•} after 1 h polarization at the highest current density. 
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E vs RHE (V) 

1.65 

..____________,_ ---- -· 
-- .............. ..A 

1.60 

L-~~~---...-~--1~ 

2 3 4 5 6 24 

TIME (h) 

-2 Fig. 3.6: Performance at 500 mA cm (iR-corrected) during a 24 h run 

of Nico2o4 electrodes in 5 H KOH, 25°C prepared at diffe-

rent decomposition temperatures and durations of heat treatment. 

Symbol Heat treatment Catalyst loading 

TF {"C) tF(h) -2 (mg cm ) 

[*] 400 1 18.15 

[l\] 350 1 19.45 

[+) 300 10 17.30 

(A] 300 1 20.60 

[•] 250 10 19. 70 

In view of possible practical applications long-term stability tests 

were carried out for up to 350 hours continuous operation. It was 

noticed that after the earlier mentioned initial rapid decrease in 

anodic performance, only a small increase in oxygen overpotential was 

found. Table 3.3 shows data at 1, 250 or 350 hours (2nd column). At 
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the end of this long-ter:m perfot'lllance. the KOH solution was renewed 

and the potential was measured again. as shown in table 3.3 (see 3rd 

column), the values were found to be only slightly higher than the 

1 hour data. The change of electrolyte is necessary because of the 

excessive water loss by evaporation and possible co
2 

uptake. The 

porous electrodes were mechanical stable. This was checked by deter

mining the loss of Nico2o4 particles by weighing before and after 

the long-term performance and was less than 3~ after 300-600 h. 

TABLE 3.3 

LONG-TERM PERFORMANCE OF N1C°204-ELECTRODES FOR OXYGEN EVOLUTION IN 5 M KOH, 2s0c (1R-CORRECTED> 

CURRENT POTENTIAL vs RHE, l h AFTER CATALYST N12+ : Co2+ ·HEAT 
DENSITY AFTER x HOURS CHANGING 

ELECTROLYTE 
LOADING TREATMENT 

(Ml\.CM-2) (h) : (MV) (MV) (MG,CM-2) <M> T F(oC) tf(h) 

200 1 : 1615 1620 17 .75 s.10-1 : i.o 400 - 1 

250 : 1630 

200 1 : 1590 1600 18.90 1.0 : 2.0 400 - l 

350 : 1635 

500 1 : 1605 1620 23.00 1.0 : 2.0 320 - 1 

250 : 16JO 

3.3.2 .. Comparison of Teflon-bonded and non Teflon-bonded electrode 

structures. 

Some authors [3,4,5) have observed differences in anodic perfor-

mance as a consequence of the incorporation of Teflon in the catalyst. 

Therefore, the Teflon-bonded and non Teflon-bonded electrode structure 

were compared, with the Nico2o4 catalyst prepared by thermal 

decomposition for both electrode structures. The Teflon bonded elec

trodes were made as described earlier and the ratio of catalyst: 

Teflon was varied. 

The measured R-values for Teflon-bonded NiCo2o4 electrodes as a 

function of the Teflon content is shown in figure 3.7 for the same 
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Luggin capillary to .working electrode distance. It is interesting to 

note that in the range 0-303 Teflon content the measured iR-drop is 

nearly the same and that beyond 3~ there appears a sharp increase in 

the electrode resistance (30-4~ is a transition range). It is evident 

that, as long a~ the volume of the Teflon aggregates is smaller than 

the volume of the catalyst aggregates, the latter will be in contact 

with each ot~er. 

% TEFLON CONTENT 

50 

40 

30 

20 

10 

0.5 

RESISTANCE (a) 

1.0 

Fig. 3.7: Influence of the Teflon content (3 w) on the electrode 

resistance of Teflon bonded NiCo
2
o

4 
electrodes in 5 H 

KOH, 25°C. 

Catalyst loading: ± 20 mg cm-2 

Figure 3.8 demonstrates the effect of the catalyst: Teflon ratio on 

the anodic behaviour of the Teflon-bonded Nico
2
o

4 
electrodes by 

applying the current interrupt.or technique. The iR-corrected curve 

also shows a decrease in performance with decreasing catalyst: Teflon 

ratio. 
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Fig. 3.8: Influence of the Teflon: catalyst ratio on the anodic 

behaviour of Teflon bonded NiCo
2
o

4 
electrodes in S K 

KOH, 25°C (iR-corrected). 

(•] : 100 mA cm-2 

[A] : 200 mA cm-2 . 
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Oxygen bubbles formed on Teflon-bonded electrodes are larger than 

those formed on porous non Teflon-electrode surfaces. The bubble size 

increases, and the bubbles detach with greater difficulty with increa

sing Teflon content due to the increasing hydrophobieity of the cata

lyst surface. The larger bubble formation on the Teflon-bonded elec

trode surface leads to an increased resistance at higher current den

sities, and also reduces the electrochemically active surface avail

able for oxygen evolution. The irregular detaching of larger bubbles 

hinders accurate measurements at high current densities during steady

state oxygen evolution. 
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TABLE 3 '1 

COl1PARISON OF THE ANODIC PERFORMANCE OF TEFLON BONDED AND llON-TEFLON BONDED N1Co204-ELECTRODES 
IN 5 M KOH, 25°C (I R-CORRECTED>. HEAT TREATltJIT: 4oo0c - 1 TO 2 h • 

RATIO N1~4 : TEFLON 100 : 0 90 : 10 90 : 10 85 : 15 80 : 20 

PREPARATION METHOD 
(2) 

(1) BY EVAPORATION 
Cl} (2) (l) (1) 

(2) BY DIPPl NG 

CATALYST LOADING 23.25 - 24 - 13 - 24 - 24 
(MG 9M-2) 

POTENTIAL <MVl AT C.D.: 
250 MA Cll-2 1615 1612 1625 1620 1613 
100 MA Cll-2 1590 1585 1600 1593 1583 

Table 3.4 shows a comparison of the anodic performance for Teflon

bonded and non Teflon-bonded Nico2o4 electrodes in which the 

Nico2o4 catalyst material was prepa~ed by thermal decomposition 

with the same thermal treatment (duration tF and temperature TF) 

and the same catalyst loading. The Teflon content was limited to a 

maximum of 203. Beyond 107. Teflon content the structure was friable. 

and the Nico2o4 layer tended to fall off during oxygen evolution. 

It is seen that the alternative Teflon-bonded electrode structure 

gives about the same activity and ohmic potential drop as the porous 

electrode. Thermal decomposition by evaporation (first method) or by 

. dipping (second method) did not significantly change the anodic per

formance. The influence of the catalyst loading on the anodic behavi

our in case of the alternative electrode structure shows the same 

activity for loadings in the range 15-25 mg.cm-2 Nico2o4 , indi

cating that only the top surface is active. With respect to the sub

strate the same tendency was observed with the alternative and the 

porous electrode: at lower loadings a nickel gauze support material 

was more favo~rable than a nickel plate support. At higher loadings 

the electrode surface was flattened and" consequently, the electro

catalytic activity was the same. After careful examination of the 

data, we conclude that the catalytic activity of porous electrodes is 

at least comparable with the Teflon-bonded Hico2o4 electrodes. In 

no case was a superior behaviour of the Teflon-bonded electrodes 

observed. 
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In the literature, contradictory results have been reported about the 

effect of Teflon incorporatlon: according to Tseung et al. [3,4,17], 

the far better performance of the Teflon-bonded electrode structure ls 

a result of the incorporation of Teflon in the catalyst ensuring grea

ter utilization of the available catalyst surface, because the inte

rior of the electrode is not completely denuded of electrolyte. This 

alternative structure is presented as a hydrophobic porous Teflon 

phase, intertwined with a porous hydrophylic catalyst phase. The com

parison of Teflon-bonded with non Teflon-bonded electrode structure 

has been made with electrodes in which the NiCo2o4 catalyst is 

prepared in the former structure by cryochemical synthesis (freeze 

drying followed by decomposition in vacuum) and in the latter by ther

mal decomposition. Results of Singh et al. [5] have shown that 

Nico2o4 layers prepared by the thermal decomposition method are 

more active than Teflon-bonded electrodes. 

The results of our study indicate that mainly the top surface of the 

Nico2o4 electrode is electrochemically active, independently of 

the electrode structure. It has also been shown that the alternative 

Teflon-bonded Nico2o4 electrode gives about the same activity and 

no drastic changes with the catalyst loading have been observed for 

both structures. According to the criterion for the choice of semicon

ducting oxides for oxygen evolution reaction, presented by Tseung and 

Jasem (2,6], the potential of the metal/metal oxide or the lower 

metal oxide/higher metal oxide couple must be reached before oxygen 

evolution takes place. This hypothesis implies that the final step in 

the irreversible reaction of the oxygen evolution on a metal or metal

oxide surface takes place by the breakdown of a species in a high 

oxidation stale, which is formed on the active site. Since our results 

show that only tbe top layer is active, it can be said that these 

active sites must be limited to the surface only. This is in agreement 

with the work of Rasiyah et al .. [18], on Teflon-bonded electrodes, 

and of Hibbert [19], on porous Nico2o4 electrodes. 
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4. OXYGEN EVOLUTION REACTION KINETICS 

4.1. Introduction 

In this chapter, the electrode kinetics of the oxygen evolution reac-
I 

lion on Nico2o4 spinel oxide as a function bf the temperature, 

i.e. from 10 to 80°C, and the electrolyte concentration, i.e. from 0.1 
I 

to 7.0 M KOH, will be investigated. In the previous chapter, it was 

shown that the anodic performance is influenced by the temperature 

TF of the final heat treatment. Therefore, the determination of the 

kinetic parameters has been studied as func~ion of TF. Furthermore, 

the kinetic behaviour of Teflon-bonded and non Teflon-bonded Nico
2
o4 

electrodes is compared. 

Since, sometimes an effect of the substrate ,[8], on the anodic 

behaviour has been noticed with respect to the nature or to the mesh 

size of the support material, also experiments were carried out with 

different substrates. 

Several workers [1-7] have also investigated1the kinetics of the 

anodic oxygen evolution reaction. It was reported that the oxygen 

evolution reaction on Nico
2
o4 is controlled ;by two Tafel slope 

regions, i.e. 2RT/3F [l-5] or RT/F [6] at low TI increasing to 

a slope of 2RT/F [1-6] at high '11· There is sbme disagreement 

about the observation of the lower Tafel slope with decreasing elec

trolyte concentration: Rasiyah et al. [4,5] >reported that. in KOH 

electrolytes of concentration less than 1.2 H KOH the slope of 40 mV 

is not observed, whereas Efremov et al. [3] reported that the first 

segment with the lower slope is not observed in solutions less than 

0.03 H KOR. Moreover, at higher n, a range of Tafel slopes was 

observed ranging from 70 to 120 mV, which was assumed to be 2RT/F 

[2-6]. Hibbert [7] showed from measurements with incorporation 

of 180 in a Nico
2
o4 electrode that during the evolution in KOH 

solution an unstable oxide is formed. Thus, the irreversible process 

of oxygen evolution on the transition metal oxide anode in alkaline 

solution may pro~eed via unstable, higher oxidation states of the 

metal cations. The appearance of two Tafel slopes has been discussed 
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in relation to the nature of the active site, i.e. the di- or triva

lent cation sites of Nico2o4 , by several authors [3-5] in a 

different way. 

No definite mechanism has yet been put forward that involves the iden

tification of the active sites of the mixed spinel. Therefore, it is 

tried to elucidate the oxygen evolution mechanism on Nico2o4 and 

to postulate a role for the different surface sites on Nico2o4 
during the reaction. 

4.2. Experimental 

4.2.1. Electrode preparation 

All porous Nico2o4 electrodes used in this study were prepared by 

thermal decomposition onto a 30 mesh nickel screen (1 x 1 cm geometri

cal surface area), as described in section 3.2.1. A mixture of 1 M 

Ni(N03>2 .6H2o : 2 M Co(N03>2.6H2o dissolved in water was 

used as dipping solution. The temperature TF was varied between 300 

and 400°C and the duration tF was kept equal to 1 h. 

The Teflon-bonded Nico2o4 electrodes were made as reported in sec

tion 3.2.1. 

Before actual measurements were done, the Nico2o4 electrodes under 

study were subjected to prolonged oxygen evolution in order to obtain 

'aged' electrodes (see chapter 5). For Teflon-bonded Nico2o4 elec

trodes the preanodization gave rise to smaller oxygen bubbles. 

4.2.2. Electrochemical characterization 

The experiments were performed in a thermostatted, three-compartment 

Pyrex glass cell. The potentia~ of the working electrode was measured 

against the £eversible hJdrogen ~lectrode (RHE) via a Luggin capillary 

close to the working electrode. A piece of 7 x 2.5 cm platinum foil 

was used as counter electrode. All experiments, except for the study 

of the temperature, were made at 25°C. Electrolyte solutions of diffe

rent concentration were prepared from KOH pa (Merck) and double 

destilled water. The solutions were freshly prepared prior to each set 
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of experiments. The temperature dependency of the oxygen evolution was 

measured in 5 H KOH. 

Steady-state galvanostatic measurements were carried out as follows: 

the Nico
2
o4 electrodes were first subjected to anodic polarization 

for 1 h at the highest current density (upper limit 1.5 A cm-2>. 
thereafter, the potentials were measured with progressively decreasing 

-4 -2 current densities, down to 10 A cm ; by doing so the electrode 

potential was always maintained above the potential of the higher oxi

de formation, i.e. > 1.40 v. The time between each reading was 5 minu

tes. The time required to reach steady-state was in all cases less 

than 2 minutes, and usually within 1 min. The ohmic potential drop 

between the tip of the Luggin capillary and the working electrode was 

measured with the current interruptor technique [9]. The current 

densities are calculated on the basis of the apparent geometrical sur

face area and are IR-corrected. 

4.3. Results 

4.3.1. Tafel lines 

Steady-state polarization measurements on Teflon-bonded and non 

Teflon-bonded Nico2o4 electrodes in 5 M KOH at 25°C are shown in 

figure 4.1. 

The E-log i curves illustrate the increase in the electrochemical 

activity of the non Teflon-bonded Nico2o4 electrode with lowering 

of the temperature of the final heat treatment TF, as seen by compa

rison of the curves indicated with the symbols [o], i.e. TF = 300 

and[•], i.e. TF = 400°C. 

Figure 4.1 also shows a comparison of the anodic performance of 

Teflon-bonded, i.e. the curves indicated with the symbols [A,*], 

and non Teflon-bonded, [•}, Nico
2
o4 electrodes. The data clearly 

show that the Teflon-bonded NiCo
2
o

4 
electrodes give about the same 

activity, if for both electrode structures, the Nico
2
o

4 
catalyst 

is prepared by the same preparation technique (thermal decomposition) 

and -conditions, as is the case in figure 4.1. 

The anodic behaviour of these Nico2o4 electrodes is also compared 
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with that of a Teflon-bonded electrode, as received from 

A.C.C. Tseung, prepared by freeze drying followed by decomposition in 

vacuum, as described in [12]. This Teflon-bonded electrode indica

ted with the symbol [+] in figure 4.1, is comparable in activity 

with that of the non Teflon-bonded electrode, prepared by thermal 

deeompos.ition with TF = 300°C, i.e. [o]. 

E vs RHE IV) 

1.70 

Figure 4.1: Tafel plots for oxygen evolution on Teflon-bonded and non 

Teflon-bonded Nico2o4 electrodes in 5 M KOH, 25°C 

Symbol 

[o] 

[•] 
[A.] 

[*] 

[+) 

( iR-eorrected). 

Teflon content Support material 

(wt 'I.) 

0 30 mesh Ni 

0 30 mesh Ni 

10 Ni-plate 

15 30 mesh Ni 

26 100 mesh Ni 

300 - 1 

400 - 1 

400 - 2 

400 - 2 

(1) 

Catalyst loading 
-2 

(mg cm > 

26.1 

24.0 

15.0 

24.0 

29.0 

1: as received from A.C.C. Tseung. Nico2o4 catalyst was prepared 

i . 2 -1 by the eryoehem cal synthesis. BET-surface area = 122 m g • 



The apparent exchange current densities i and the Tafel slopes b, 
0 
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calculated from the Tafel lines in figure 4.1, are summarized in table 

4.1. It is seen that the Teflon-bonded and non Teflon-bonded 

Nico2o4 electrodes have the same Tafel behaviour. The Tafel plots, 

as given in figure 4.1, can be divided in two regions, one with a 
slope of about 40 mV for an overpotential TI < 280 mV and one with a 

slope of 75 to 95 mV for TI> 280 mV. 

Table 4.1: Kinetic parameters for oxygen evolution on Teflon-bonded 

and non Teflon-bonded NiCo2o4 electrodes in 5 M KOH, 

25°C. 

Non 

l Symbol 

Teflon-bonded 

[o] 

[•] 

b(mV) 

low TI high TI 

40 85 

37 81 

Teflon-bonded 

1 

2 

[.t.] 35 74 

[*] 36 80 

[+] 38 94 

for explanation see figure 4.1. 

based on the geometrical surface area. 

i (A.cm-2 >2 
0 

low TI high TI 

3.6.10 -9 1.8.10 -6 

t.i.10-10 
5.0.10 -6 

8.0.10-11 2.0.10 -6 

1.6.10-10 5.3.10 -6 

1.4 .10 -9 4.0.10 -5 

Figure 4.2 shows the E-log i curves of Teflon-bonded Nico
2
o
4 

elec

trodes with different NiCo2o4 :Teflon ratios. As mentioned in chap-

ter 3.3.2, it appears that below 3<>'1. Teflon content the anodic perfor

mance is similar. 
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E vs RHE(Vl 

1.70 

-4 -3 -2 •1 leg I IA.em-II) 0 

Figure 4.2: Tafel plots for oxygen evolution on Teflon-bonded 

Nico2o4 electrodes as function of the Teflon content 

in 5 M KOH, 2~°C (iR-corrected). 

All other preparation parameters were the same. 

[-] 10 wt '1.0 [o] = 15 wt 7.; (A] = 20 wt 'I.; 

[ •] = 30 wt '1.. 

Figure 4.3 shows the Tafel lin.es of non Teflon-bonded Nico2o4 
electrodes on different supporting materials, i.e. Pt-plate [o], 

Ni-plate [•] and 30 mesh Ni-gauze (*] with the same high cata-

lyst loading (see section 3.3.1.2). All other preparation parameters 

were the same. Virtually no influence of the nature (Pt or Ni) or mesh 

size (plate or gauze) of the substrate on the anodic performance was 

found. From the SEH photographs of the above mentioned Nico
2
o

4 
electrodes on different substrates, as shown in figure 4.4 on Ni-plate 

(picture a) and Pt-plate (b) and in figure 6.3 on 30 mesh Ni-gauze, it 

appears that the surface morphology was not influenced by the substra

tes. All Nico2o4 electrodes show circular, scaly surfaces and 

exhibit Ct"acks. 

Also, no difference in anodic performance was observed between Teflon

bonded NiCo2o4 electrodes on nickel plate or on 30 mesh nickel 

screen. 
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log I (A.cm-2) 0 

Figure 4.3: Tafel plots for oxy~en evolution on non Teflon-bonded 

Nico2o4 electrodes deposited on different substrates 

in 5 M KOH, 25°C (iR-correct~d). 
-2 TF 400°C and tF = 1 h; catalyst loading - 25 mg cm 

[o] = Pt-plate; [•] =Ni-plate; [x} 30 mesh Ni-gauze. 

Figure 4.4: SEH Hicrographs of the surfaces of non Teflon--bonded 

Nico2o4 electrodes deposited on different substrates. 

Magnif ieation factor 208 x. 

a = on Pt-plate; b = on Ni-plate. 

51 
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4.3.2. Temperature dependence 

The temperature dependence of the current density was studied on 

ico2o4 electrodes, prepared 

TF, i.e. 300, 350 and 400°C. 

The resulting Tafel lines for 

by thermal decomposition at d fferent 

The duration tF was in all cases 1 h. 

evolution four temperatures 

are shown in figure 4.5 for Nico2o4 prepared at TF = 300°C. A 

break n the Tafel lopes with ncreasing overpotent is observed at 

all temperatures. The Tafel slopes b and the exchange current densi-

ies are presented in the 4.2 4.4 The value the 

overpotential ~c' where the change in Tafel slope takes place, is 

also iven the tables The -values were determi by extra

polating the potential of the change in the Tafel slope to the rever-

ible potent al of oxygen evolut at respective temperature. 

vsRHE 

i.10 

t50 

1.50 

t.40 

-· ·2 ·1 log I (A.cm-•) 0 

Figure 4.5: Tafel plots for oxygen evolution on Nico2o4 electrode 

as a function of the temperature in 5 H KOH CiR-corrected). 

300°C and tF = 1 h; catalyst loading 26.05 mg cm-2 
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Table 4.2: for oxygen evolution on NiCo 2o 4 elec-

T = F 
300°c = 1 h; catalyst 26. 

mg 

T b i Tic 0 

(°Cl low T] high ll low TJ high T] (mV) 

8 40 69 4.3.10-10 3.7.10 
-7 

285 

25 40 85 3.6.10 -9 1. 8 .10 -6 280 

50 37 76 4.5.10 
-9 1. 5 .10 -5 270 

80 44 94 1. 2 .10 -7 2.8.10 
_;4 

275 

Table 4.3: for oxygen evolution on N.ico2o4 elec-

TF 350"C = 1 h· catalyst . 
-2 

b (mVl i -2 
T (A cm l Tic 

("Cl low T] 

11 41 

25 42 

50 35 

80 40 

Table 4.4: 

T 

("C) low T] 

11 41 

25 37 

so 37 

80 37 

0 

high T] low TJ high T] (mVl 

90 9.5.10-10 1.5.10 
-5 

290 

70 1. 4 .10 -9 8.0.10 
-7 

290 

7.0. .0.10 -5 
280 

1. 6 .10 .5.10 -5 280 

for oxygen evolution on Nico2o4 elec

trode in 5 K KOH. TF 400°C and tF = 1 h; catalyst loa
-2 ding = 24.6 mg cm 

b (n\Vl i (A 
-2 cm l Tic 0 

high T] low T] high T] (mV) 

7. 5. 2.7.10 -6 
280 

1. 0 .10 5.0.10 -6 
270 

3.0. 1.8.10 -6 260 

1.0. 260 
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A Tafel slope b of about 40 mV is found at lower overvoltage over 2 to 

3 decades of the current density and at higher overpotentials the 

Tafel slope increases and varies between 70 and 95 mV . Thus, a linear 

dependence of the Tafel slopes on the temperature is not observed, as 

theoretically expected when the overall transfer coefficient a is 

assumed to be constant. The observed Tafel slopes as function of the 

temperature T suggest that~ is a function of T, i.e . a generally 

increases with increasing T. 

The accuracy of the determination of the Tafel slope at higher over

voltages decreases with increasing temperature, because the region in 

which the second Tafel slope is measured, is smaller at higher tempe

ratures. 

It can be inferred from the Tafel plots that no major change in reac

tion mechanism or electrocatalytic activity takes place over the 

temperature under investigation: the oxygen evolution reaction is 

still controlled by two Tafel slopes. 

The apparent exchange current densities i 0 , determined by extrapola

tion of the Tafel lines in the lower overvoltage region to the equili

brium oxygen potential at the respective temperature show an increase. 

with increasing temperature as seen in tables 4 . 2 to 4.4. The tempera

ture dependence of the i 0 in the higher overvoltage region is less 

evident, because of the earlie.r mentioned discrepancy in the second 

Tafel slope. 

The break in the Tafel slope, indicated by the nc-value, does not 

appear to depend on the temperature. 

The apparent activation energy at constant overpotential .6H(n) can 

be calculated from the observed current densities as function of the 

temperature, using the equation 4.1 [13], 

.6H ( n> (4.1) 

where R is the gas constant equal to 8.314 J mol-l K- l and T is 

the temperature in Kelvin. Sets of current density-temperature data 

for three values of the overpotential, i.e. 230, 250 and 350 mV were 

determined. An overvoltage of 230 or 250 mV was chosen in order to 

obtain current density data for the lower Tafel region and a n of 

350 mV for these of the second Taf~l region. A plot of the log 
-1 

versus T shows reasonable straight lines, as given in figure 4.6 
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for Nico2o4 prepared at 400°C for 1 h. From the data in the tempe

rature range of 10 to so•c, in 5 M KOH, the apparent activation ener

gies were calculated with Eq. 4.1 and summarized in table 4.5. 

log I {A.cm-2} 

0 

Figure 4.6: Temperature dependence of the current. density for oxygen 

evolution on NiCo2o4 at different overpotentials in 5 

M KOH. TF = 400°C 'and t, = l h. 

Tl = 230 111V (*]; Tl = 250 mV [o); TI • 350 mV [•]. 

Table 4.5: Apparent activation energy at constant. overpotential 6Hl11> 

of NiCo2o4 electrode prepared at diffe~ent TF and tF = l b. 

Overpotential -l hH<11> (k.J mol > 

(mV) TF 3oo•c TF 35o•c TF • 400°C 

230 47 46 56 

250 45 48 50 

350 37 48 50 
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Theoretically, ll.H(TJ) is a function of the overpotential TI and 

decreases with increasing TI according to the equation 4.2 [13] 

ll.H ( TJ) (4.2) 

By using an average of the measured transfer coefficients a, the 

apparent activation energies ll.H(T1) of table 4.5 can be extrapola

ted to zero overpotentiaL Table 4. 6 shows the apparent activation 

energies for TI= O, i.e. AH(TI = 0), for the different 

NiCo2o4 electrodes and for their different Tafel regions. 

These activation energies are in general not very revealing for a spe

cific mechanism. However, one expects the apparent activation energy 

to change if there would occur a change in mechanism when going to 

higher overvoltages. So support for a change in reac·tion mechanism or 

rate determining step could be extracted from temperature dependent 

measurements, ti's was done by Iwakura et al. [14) for oxygen evolu

tion on Pto2 . The measured apparent activation energies 

AH(TI = 0) decFease going from the low TI to the high TJ region, 

as seen in ta.ble 4.6, which therefore points to a change in the reac

tion mechanism or rate determining step. 

·' Table 4.6: Extrapolation of apparent activation energies AH (TJ = 0) 

using an averaged value a of the transfer coefficient. 

TF low TJ high TI 

(°C) a AH (TJ=O) a AH (T1=0) 
-1 

(k:J mol ) 
-1 (kJ mol ) 

300 1.55 82 o. 79 64 

350 1.59 81 0.83 76 

400 1.65 91 0. 73 75 



Furthermore, it is noticed that the AH also reflects the influence 

of the temperature TF on the electrocatalytic behaviour: ili.H 

increases with increasing TF. This is seen in table 4.5 and 4.6 by 

comparing the results of the 300 and 400°C heat treatment. 
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The AH<n> values in table 4.5 compare reasonably with the value of 

49 kJ mol-1. determined at 1.6 v vs. DHE in 5 H KOH from 25 to 70°C 

for Teflon-bonded Nico
2
o

4
, prepared via crl'ochemical synthesis, as 

reported by Jasem et al. (3). From a plot of the log i versus 
-l -l 0 

T , an activation energy of 71 kJ mol was calculated for the 

lower n region by Davidson et al. [6], for llimilar Teflon-bonded 

electrodes in 303 KOH from O to 165°C. Thi~: value is slightly smaller 

than the AH<n ,,. 0) values in table 4.6, but differs from the acti

vation energy of 48. 6 kJ mol-l found by Singh et al. [l] for 

oxygen evolution in the lower n region <n <: 300 mV) on Nico
2
o

4
, 

thel'mally deposited on Ni-plate, in the ten1perature range of 25 to 

l00°c in 303 KOH. 

4.3.3. Effect of the electrolyte concentrat.ion. 
i 

The current-potential curves for oxygen evolution were a~so measured 

in alkaline solutions with different concea:trations in the range of 

0.1 to 7.0 H KOH. Figure 4.7 shows some typical Tafel lines on 

Nico2o4 , prepared at TF ,,. 300°C and tF = 1 h, in electrolytes 

of concentutions 0.1, 0.5, 1.0 and 5.0 M I<.OH. A change ~n the Tafel 

slope at higher overpotentials is discernible and the ob~erved Tafel 

slopes are similar in all electrolyte concentrations: at: low over

potentials the slopes vary between 36 and 40 mV and at high overvol

tages between 85 and 105 mV. 

Furthermore, it appears that the oxygen evo,lution performance remains 

nearly constant in electrolytes of KOH concentrations greater than l M. 

From this kind of measurements the reaction order can be calculated. A 

point which causes confusion in the literature is the difference 

between the reaction order 111easured at constant potential and those at 

constant overpotential. However, since the dependence of the equili

brium potential on the activity of the hydroxyl ion is the same for 

the theoretically reversible oxygen electrode <ROE) and the used 

reference electrode, i.e. the reversible hydrogen electrode (RHE), the 
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E vs RHE(V) 

1.70 

1.60 

l.50 

... ·2 -1 log 1 (A.cm4) o 

Figure 4.7: Tafel plots for oxygen evolution on Nico2o4 electrode 

in different KOH concentrations at 25°C (iR-corrected). 
-2 TF = 300°C and tF = 1 h; catalyst loading = 26.o mg cm 

[o] = 0.1; [•] = 0.5; (A]= 1.0 and[•]= S.O M KOH. 

logl ( A.cm·2 ) 

0 

• • • 

0 

~+-~~-..-~~~.--~~.......-~~--.-~~~r--~~-+ 

0.5 0 0.5 1.0 

log a0 H" (mol.dm-3 ) 

Figure 4.8: Dependency of the current density on the hydroxyl ion 

activity at 25°C. measured at ~ = 320 [o] and 370 mV 

[•] for a Nico2o4 electrode, prepared at TF 
-2 tF = 1 h; catalyst loading = 23.3 mg cm 

400°C and 
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measured potential differences are independent of the hydroxyl activi

ty . This means that the reaction order can be measured at constant 

overpotentlal TJ. The reaction order p, with respect to the hydroxyl 

lon, is defined as given in equation 4 .3, 

( a log i \ 
Pott- = I 

a log aow- j TJ, T 
(4.3) 

The activities of the KOH solutions were calculated from the. molali

ties and the appropriate activity coefficients as given by Akerlof and 

Bender [15]. The p0H- measured on Nico2o4 should be, like the 

Tafel slopes, different for the two overpotential regions. No reliable 

reaction order could be determined in the lower overpotential region, 

as indicated by figure 4 . 7. 

In figure 4 . 8 a plot is shown of the log i versus log a0H- at con

stant overpotentials 320 and 370 mV, i . e. in the second Tafel region 

for a Nico2o4 electrode prepared at 400°C. The curves show a line-

ar relationship in electrolyte concentration ~ l M KOH. At higher KOH 

concentrations, it seems that there is nearly no dependence on the 

hydroxyl ion activity . This is in agreement with the results of 

Rasiyah et al. [4]. Table 4 . 7 shows the values of the reaction 

order p0H- at constant T], obtained in the concentration range 

~ l M KOH, for Nico2o4 electrodes prepared at different temperatures TF . 

Table 4.7 : Reaction order at constant overpotential with respect to 

hydroxyl ion activity for Nico2o4 electrodes prepared at 

different TF. 

300 

400 

TI 

(mV) 

320 

370 

320 

370 

0.61 

0.65 

0. 59 

0 . 61 
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4.4. Discussion. 

Summarizing, virtually no effect on the electrocatalytic behaviour of 

Nico2o4 electrodes is observed, as a result of the Teflon incorpo

ration. The non Teflon-bonded NiCo2o4 electrode, prepared by ther

mal decomposition (dipping method), is favored because it results in 

active electrodes and the preparation technique is an easy and rapid 

one. Lowering TF leads to an increase in activity. Furthermore, 

nickel gauze was chosen for practical reasons in the dipping method, 

where it provides a better adherence and spread of the nitrate solu

tion after dipping. 

Generally, the Tafel slopes observed in the lower overvoltage region 

are nearly all equal to 40 mV, which points to a theoretical slope of 

2RT/3F, whereas the slopes in the higher overpotential region varied 

between 70 and 110 mV for various electrodes under similar conditions. 

The variation in Tafel slope is .somewhat higher on Teflon-bonded than 

on non Teflon-bonded electrodes. 

A similar range of the value of the Tafel slope in the higher 

n-region in steady-state measurements has also been noticed by other 

authors [2,3,6], although it is generally assumed in the litera-

ture that the oxygen evolution reaction on Nico2o4 electrodes is 

controlled by a slope of 2RT/F at higher n. 

Several explanations for the variation of the higher Tafel slope can 

be proposed: 

1. Surfacp blockage by gas bubble formation. 

In a first explanation, it was reported [3] that due to gas bubble 

formation, and continuous pore filling and expulsing on Nico2o4, 

the amount of surface available is continuously changing with the 

overpotential, making the measurement of the Tafel equation a diffi

cult one. The author claimed to overcome these difficulties with 

potentiostatic pulse techniques, and so observed a Tafel slope of 

about 120 mV at higher n. 

However, it is surprising to find a distinct linear relationship for 

the Tafel lines in the steady-state measurements. This implicates that 

in the E-log i curves, the decrease of the available electrochemical 

active surface area, due to the gas evolution process, should take 
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place logarithmically with increasing overvoltage in the second Tafel 

region. 

Moreover, it is found that the Tafel slope in the lower n-region is 

not influenced by the gas bubble foL-mation, however, this surface 

blockage model requires indirectly that the lower Tafel line is also 

affected, otherwise the observed deviation of the slope in the higher 

n-region (decrease in b) would reflect an increase of the electro

chemical activity, which is in contradiction with the supposition of a 

surface blocking process. Thus, in order to apply this model, it must 

be considered that the gas bubble fot"lllation would cause either a 

parallel shift of the lower Tafel line to higher n without a change 

of the slope (in other words a constant decrease in surface area over 

the lower n-region) or a decrease of the nc- value and further a 

decrease of the second slope in the higher n-region. 

2. Surface blockage by higher oxide formation. 

Another approach to explain the deviation of the Tafel slope, as sug

gested by Willems [16] for the oxygen evolution on Co, is based on 

a potential dependent surface blocking by a higher oxide. A similar 

approach could be proposed for Nico2o4 , which also forms higher 

oxides, prior to oxygen evolution, as reported in chapter S. 

The main assumption of this model is that the oxidation of the surface 

and the oxygen evolution reaction are fully separated. However, this 

assumption that the higher oxide is not involved in the reaction is 

doubtful. No oxygen evolution is detected before the higher oxide for

mation is finished, i.e. about l.4S V as shown in chapter S, which 

points to a role of the higher oxides in the oxygen evolution reac

tion. Furthermore, from the galvanostatic RRDB experiments (see chap

ter 5), it appeared that no further oxidation reactions were observed 

in the oxygen evolution potential range up to 1.6 v. Also, according 

to Willems [16] the 120 mV Tafel slope will be found at very long 

stabilization times. However, no influence of the stabilization time 

on the value of the Tafel slope of Nico2o4 was observed in the 

steady-state polarization measurements. 

3. Dual barrier model. 

An unconventional transfer coefficient, i.e. 0.6 s 1-a s 0.8 could 
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account for the anomalous behaviour of the Tafel slope at higher 

potentials on Nico2o4• Unusual transfer coefficients have been 

explained in the literature with the assumption of an extra potential 

dependent process, i.e. a higher oxide on the surface which controls 

the conductivity of the oxide layer and thus behaves as a series pro-

cess. 

The effect of surface films on surface oxidation kinetics has been 

discussed by Meyer [17] using a dual barrier model. It was assumed 

that in the steady-state, two potential dependent reactions are occur

ring at equal rates. One reaction corresponds to the migration of 

charge carriers across a potential difference AE0X over the oxide 

layer and the other to an electrochemical oxidation reaction at the 

oxide surface across a potential difference AES over the double 

layer. Accordingly the transfer coefficient is given by equation 4.4 

[17], 

{1-a> 
n-aox> <1-as> 

(1-<tox> + <1-a11 > 
(4.4) 

where Cl-a0x> and (1-as) are the transfer coefficients for the 

charge carrier transport and surface oxidation reactions, respecti

vely. The concept of the dual barrier model has been applied by 

MacDonald and Conway [18) in the oxygen evolution at Au and Pd, by 

Willems [16] at Co and Co-Ni alloys, and by Smit [19] at Pt 

during the formation of the peroxodisulphate ion. 

This concept can be applied to Nico204. which also forms higher 

oxides as reported in chapter 5. Until now, we tacitly assumed that 

the experimental observed slope in the higher TJ-region on 

NiCo2o4 points to a theoretical slope of 2RT/F (i.e. a• 0.5). 

However, according to equation 4. 4, it is not possible to find a 

(1-a) > 0.5 because the Tafel slope according to the dual-barrier 

model is in fact the sum of the individual slopes, i.e. the sum of the 

slope of the electrochemical oxidation reaction at the surface and the 

slope of the charge transfer in the oxide layer. Thus, the concept is 

only useful in order to account for lower transfer coefficients (or 

hif,her slopes). 
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Another possibility could then be that the slope for oxygen evolution 

at high n is equal in fact to 40 or 60 mV. The slope of the charge 

transfer over the oxide layer is then equal to the difference between 

the experimental observed slope and that of the oxidation reaction. 

However, the dual barrier concept involves a change in the semiconduc

ting properties of the Nico2o4 electrode and this change apparent-

ly must take place above the overpotential value nc· However, no 

further higher oxide formation was observed above 1.45 V (chapter 5). 

Consequently, the variation in the Tafel slope should already be 

noticeable at low n, which is not the case. Moreover, the iR-drop 

measurements did not indicate any change in the semiconducting proper

ties of the Nico2o4 electrode with increasing n. 

Summarizing, no definite explanation can be proposed to explain the 

variation in the Tafel slope in the higher n-region. For the further 

discussion it is arbitrarily assumed that the slope ls 120 mV. From 

the experimental results, it can be concluded that the oxygen evolu

tion reaction on NiCo2o4 may be separated into two parts: a Tafel 

region with a slope of 2RT/3F at low ~ and at higher n a range of 

Tafel slopes which points to a slope of 2RT/F. Both potential regions 

will be discussed separately. 

The cyclic voltammetric study of Nlco2o~, as reported 

5, shows that the metal cation sites (M + and M3
+) on 

can undergo the oxidation state transitions H2+ ~ M3+ 

in chapter 

the surface 

H4+ 
~ . 

as derived from the observation of two anodic oxidation peaks before 

oxygen evolution starts, i.e. at about 1.45 V. The highest valence 

state before oxygen is evolved ls 4+: no higher oxidation state was 

observed in the oxygen evolution potential range up to 1.55 V. This 

indicates that the higher oxides, up to 4+, may play a role in the 

oxygen evolution reaction. The two Tafel slopes will be discussed in 

relation to the activity of divalent or trivalent sites of NiCo2o4 
with respect to the reaction mechanism. 

It has been suggested in the literature that the change in Tafel slope 

is due to a change in valence state of the oxide at the break poten

tial nc [3). Rasiyah et al. [4,5) postulated a role for the 

different surface sites in the oxygen evolution reaction on 



64 

Nico2o4: the slope 2RT/3F at low n was related to oxygen evolu-

tion taking place at trivalent cation sites via a bridge formed spe

cies, whereas the slope 2RT/F at higher~ was attributed to divalent 

cations being active, via the reaction sequence known as the electro

chemical path. This remarkable change in the active site from triva

lent cations at low ~ to divalent ones at high n is related to the 

cation distribution, as proposed by King and Tseung [12], of 

Nico2o 4at rest, i.e. 
2+ 3+ .2+ 3+ 3+ 2- -

co0.9 Coo.1 <N 10.9Nio.1c0 1.0>0 3.2°o.s• 
wherein trivalent sites are minority sites. However, it is more proba-

ble that with increase in n the divalent site becomes a minority 

site. Furthermore, Battle et al. {20] rejected such a complex 

cation distribution because it implies metallic conductivity 
associated with partially filled oxygen 2p bands as well as an easy 

electron transfer between A-site cobalt and B-site nickel. However, 

the conductivity measurements on polycrystalline materials do not 

appear compatible with broad band metallic conductivity [12,21]. 

Finally, a mean valence state of the metal ions of 2.4+ is suggested 

by the above mentioned cation distribution, which is not in agreement 

with the value of 2.67+ as determined by temperature programmed reduc

tion in chapter 6. 

Efremov and Tarasevich [2] reported a displacement of the predomi

nant location of the reaction from divalent cation sites at low n to 

trivalent cations at higher n, the overall scheme of the process 

remaining unchanged. However, this includes the formation of valence 

state greater than 4+, which is in contradiction with the results of 

the voltammetric study in chapter 5. 

For a proper kinetic formulation, the electrochemical evolution of 

oxygen requires at least three steps and indeed, a variety of mecha

nisms is given in the literatu~e. 

Taking into account the higher oxide formation, it can be suggested 

that oxygen evolution on Nico2o4 proceeds via the following path, 

H + OH- ~ HOH + e 

KOH + OH- ~ HO + H2o + e 

2 HO ~ 2 M + o2 

(4.5) 

(4.6) 

(4.7) 
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where M must represent a divalent metal cation. It is to be noted that 

the highest oxidation state of the species which can be formed in this 

reaction mechanism is 4+ in MO (equation 4.6) and is reached by a 

maximum of two electron transfers. No further transitions can take 

place before oxygen is evolved and consequently MO decomposes to form 

M, releasing oxygen (equation 4.7). 

The Tafel slope of 40 mV at lower overpotentials can be related to 

equation 4.6 being rate determining (rd) at low coverages of ;the 

intermediates with Langmuir type adsorption, i.e. 0MOH ~ 0. 

Accordingly, the rate equation that will govern oxygen evolution, is 

given by equation 4.8, 

i = 4 F k a~H-. exp [3FE/2RT] I 

where a is supposed to be 1/2, k is a constant and a0H- is ~he 
activity of the hydroxyl ions in the electrolyte. The proposed 

(4.8) 

reac-

tion mechanism is supported by the results of the voltammetric study 

of NiCo
2
o

4 
in aprotic medium (acetonitrile), as reported in sec-

tion 5.3.7, where it is concluded that the hydroxyl ion plays an 

important role in the electrochemical reactions prior to oxygen evolu

tion. 

However, a further confirmation is not possible since no reliable 

reaction order could be determined in the lower n-region. The same 

line of reasoning applies to the Krasil'shchikov path, as given in 

equation 4.9 to 4.12, 

H + OH- ~ HOH ~ e 

HOH + OH- ~ HO- + H
2
o 

HO- ~HO + e-

2 HO ~ 2 H + o2 

and to the path suggested by O'Grady [22], as shown in equations 

4.13 to 4.15 

Hz + OH- ~ HZOH + e 

MZOH ~ Hz+lOH + e 

2 Hz+lOH + 2 OH- ~ 2 Hz + o
2 

+ 2 H
2

o 

(4.9) 

(4.10) 

(4.11) 

(4.12) 

(4.13) 

(4.14) 

(4.15) 



which also take into account the formation of the higher oxides. For 

both mechanisms lhe Tafel slope of 40 mV at low overpotentials can be 

related lo lhe second charge transfer step being rate determining, 

equation 

ntermediales 

and 4.14 respectively, low coverages of the 

However, it 

Langmuir 

possible 

adsorption 

evolve on trivalent ites in the 

reaction sequence 4.5 to 4.7 (neither in the two other reaction mecha

nisms) without forming pentavalent species, which is in contradiction 

with the results of the higher oxide formation. Therefore, the triva-

involved thi reaction mechan sites cannot 

lower Tafel must be related to evolution 

divalent sites of NiCo2o4 . 

Thus the 

ng place 

If the higher Tafel slope is related to oxygen evolution on trivalent 

cation sites, T, which is more reasonable in the higher n-region, a 

ible mechan sequence , 5] on 

second elec transfer should 

another di- ivalent site, formi 

T + OH ~ TOH + e 

TOH + OH -+ TO 

+ M -+ TOM 

TOM -+ 2 T 

valent is one, wherein 

an interac 

idge spec 

with 

follows 

(4.16) 

(4.17) 

(4.18 

(4.19 

where T is a trivalent and M is a di- or trivalent cation. The higher 

slope can be due to equation 4.16 being rate determining at low TOH 

coverages, i, . -+ 0, or equal .18 taken at 

TOH coverages, i.e. 0TOH 1. 

further conf ion of the rds from reaction at constant 

potential i.e. (d log i/d log a0 H->E,T is not possible, since both 

reactions when rate determining give similar reaction rate equations. 

With the firs 

, taken 

ions, the 

whe!:'e a 112 

(Eq. 4.16) or the third step (Eq. 4.18), respecti-

rds, with respect above ment 

density can be described by a simi 

which gives n both a react 

condi

rate equation 

(4.20) 

at con-
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slant potential with respect to the hydroxyl ion activity of 1.0. 

The overpotential n can be defined in terms of the equilibrium 

potential E and E, the potential of the electrode, as follows eq 

.21) 

Substituting equation (4.21) into equation (4.20) gives 

F/2RT n> 

wh ives in both a reacti order respect to at 

constant overpotential (d log i/d log a0 H->n,T of 0.5. 

Until now, we have assumed that the activity of water is constant and 

independent of the hydroxyl activity a0 H-. In strongly alkaline 

soluti however 

also taken into 

influence of the chang 

• Then, useful 

water act 

criterion 

should 

obtained 

to distinguish between different reaction paths or rate determining 

steps. From the data of Willems [23], the slope of the plot of log 

a0 H- versus aH 0 of KOH solutions is estimated to be 
2 

(d -118 .22) 

in the concentration area of interest. The reaction order with respect 

to OH- and H2o can now be combined into an effective reaction 

order according to [23), by 

(d 
' ,T 

n + d log .23) 

where n and m are the reaction orders at constant n for the hydroxyl 

ion and water, respectively. If we take into account the activity of 

water calculati 

(Eg. being 

and for the third 

reaction order, 

determining 

obtain for the 

(equation 4 18), respectively 

step 

(4.24) 
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% 
nFk aOH-.aH 0 exp (nF/2RT) 

2 
(4.25) 

apply equation 4.22 the effect ve reaction order with respect 

lo a0H- at constant n is calculated to be 0.47 in the first case 

for latter 0.59. 

Furthermore, the dependence of the equilibrium potential on the acti-

of water is the same for the theoretically reversible oxygen 

electrode (ROE) and the reference electrode, i.e. RHE. According to 

the Nernsl law 

0 0 RT 
(Eo - EH ) + ~ ln 

2 2 
(4.26) 

2F 

Thus the measured potential differences are dependent on the water 

vity. Correct 

lions are given by 

equal on 4.24 and 4.25, the reaction rate equa-

1 
nFk .exp nF/2RT} (4.21 

step Eq. .16) be rate determining, and by 

(4.28) 

when step 3 (Eq. 4.18) is taken as rds. 

The corrected reaction order at cons n with respect to is 

calculated by applying equation 4.22 and amounts in former case 

(Eq. 4.27) to 0.5 and in the latter to 0.63 (Eq. 4.28). From the expe

lmental observed reaction orders al constant n, as iven in table 

4.7, it appears that step 3 (Eq. 4.18) being rate determining at high 

TOH coverages explains more reasonably the results than step 1 (Eq. 

when the activity water is taken into consideration Further-

more, a decrease in the concentration of a divalent at higher n is 

ikely. Consequently, the sites in equation .18 mainly triva-

This reaction order is in fact related to the KOH concentration range 



~ 1 K, while the oxygen evolution was normally measured in 5 K KOH. 

Furthermore, it appears from the data of Willems [23] that no 

linear relationship was found for the plot of log a0H- versus log 

aH 0 over the total concentration range. The value of 
2 

(d log a8 0 /d log a0 H-) is estimated to be -1/3 in the concentra-
2 
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lion range l to 7 H KOH, in which case the corrected reaction order at 

constant n with respect to a0 H-, for step 3 (Eq. 4.27) being rate 

determining, increases to 0.83. This is in contradiction with the 

experimental results, as given in figure 4 . 8, which shows nearly no 

dependence on the hydroxyl ion activity in KOH solutions ~ 1 H KOH 

<PoH->n 4 o· 

Summarizing, it can be concluded that at potentials exceeding the 

nc-overpotential, a shift in active site takes place from divalent 

(Eq. 4.6) to trivalent sites (Eq. 4.18) . 

The Tafel slope of 40 mV in the lower n-region can also be related 

to equation 4.18 being rate determining at low TOH coverages, i.e. 

eTOH 4 0. In this case, the valence state of the active site 

does not change with exceeding nc: a shift from low, 

8TOH 4 0, to high coverages, 8 TOH4 1, occurs. 
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5. ELECTROCHEMICAL CHARACTERIZATION 

5.1. Introduction 

The main aim of the work reported In this chapter is the characteriza

tion of the surface features of Nico2o4 electrodes by voltammetrlc 

and charging curves, and to elucidate the role of the surface state in 

the oxygen evolution reaction. These electrochemical technigues are 

particularly suited for in situ analysis of the electrode surface. 

The performance of a Nlco2o4 oxide electrode depends on the state 

of the surface in the potential range where the desired reaction takes 

place. The irreversible process of oxygen evolution takes place by 

breakdown of a species in a high oxidation state, which is fot'llled on 

an active site. Therefoi:-e, it ls important to establish the valence 

state of the transition metal ions at rest, the highest oxidation 

state and the oxidation state transitions, which are possible at oxy

gen evolution potentials. 

Also, the correlation between the electrocatalytlc activity and the 

surface state will be investigated. The influence of the preparation 

conditions on the anodic performance ls already reported in chapter 3. 

Therefore, the cyclic voltammetrlc behaviour will be investigated as a 

function of the temperature TF and the duration tF of the final 

heat treatment and catalyst loading. 

Finally, the ageing phenomena in the oxygen reduction and -evolution 

potential range will be examined. Though numerous articles have been 

published on the performance of the Nlco2o4 electrodes, the inves

tigation of the voltammetric behaviour of Nlco2o4 ls still sparse. 

Previous studies were aimed at investigating the relationship between 

the electrocatalytlc activity and the surface structure [1-3), the 

bulk composition [1,4,S], the preparation procedure [1,6-8] and 

other physicochemical properties [9,10). However. the investi-

gation of the surface properties under conditions of electrochemical 

woi:-k have been marginal and occasional. Trasatti et al. [11-13] 

reported the observation of one anodic peak before oxygen evolution 

starts in l H KOH. The peak position appeared to depend on temperature 

TF of the thermal decomposition and increased from about 1.38 V at 

350°c up to 1.48 v at soo:c. The most peculiar result was that the 
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voltammetrlc charge increased with increasing TP. The state of the 

Nlco2o4 surface has been found to change with the pH of the solu

tion. The voltammogra.m became modified, as the pH became slightly 

acidic. The state of the surface of Nico2o4 prior to oxygen evolu

tion was studied by Raslyah {14] in 5 M KOH. The voltammogram of 
-1 Nlco2o4 cycled at a low sweep rate, i.e. 18.3 mV s , showed 

only one broad oxide peak which resolved into two peaks at a sweep 

rate of 100 mV s-1
. 

Based on coulometric studies, they proposed the formation of three 

oxides, at 1.25, 1.31 and 1.40 V vs. DHB (Dynamic Hydrogen Electrode) 

and suggested that the formation of higher oxides is limited to the 

surface of the Nico2o4 particles only. 

Cyclic volta.mmetry 

The cyclic voltammetric behaviour of a Nico2o4 electrode must be 

treated as an electrochemical surface process. In section 5.3, the 

characteristic elements of the theory of cyclic voltammetry for a 

surface-immobilized redox system, as, described by B. Laviron [15] 

will be applied with some caution to the Nico2o4 electrodes. The 

theory of linear potential sweep voltammetry for a simple redox system 

in case of a space distributed redox modified electrode, i.e. adsorp

tion of an electroactive substance in several layers, was established 

on the basis of a multilayer model, as discussed in (15-18]. The 

theories elaborated for a simple l:'edox reaction, when both O and R are 

stl:'ongly adsorbed (15,19,20], will be, directly applicable to redox 

modified electrodes, which can be considered as representing the 

extl:'eme limit of stl:'ong adsorptlon. A detalled discussion of this 

theory ls given in (16,17,21]. The Nico2o4 catalyst can be 

treated as a surface immobilized species with •specific' catalytic 

centers at an electron conducting material. 

5.2. Bxperlmental 

Electrode design and pl:'eparation 

All pol:'ous Nico2o4 elect~odes used in thls section were prepared 



2 by thermal decomposition on a nickel screen (1 cm georaetrical sur-

face), as reported in detail in chapter 3. The porous co3o4 elec

trodes were prepared in a similar way, starting from a pure 

Co(No
3

>
2

.6H
2
o solution. 
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Also, a rotating rlng disc electrode was used. Figure 5.1 shows the 

construction of the demountable ring-disc electrode. The disc elec

trode was made of nickel, the rlng electrode of platinum. The demount

able nickel disc electrode was covered with Nico
2
o

4 
prepared by 

thermal decomposition. The preparation conditions were chosen such 

that a smooth Nico
2
o

4 
layer was obtained. The platinum ring was 

slightly platlnlzed. 

k'el F- - - -

ring : gap 
I 
I . 

disk 

il disk 

Figure 5.1: Construction of the demountable ring-disc electrode. 

Construction parameters of the demountable rlng-dlsc elec

trode. 

Disc/Ring 

Ni/Pt 

rlO 
(mm) 

2.80 

r20 

<mm> 
3.10 
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Electrochemical characterization 

Cell Design 

The electrochemical measurements with the porous electrodes were made 

ln a thermostatted, conventional, three-compartment Pyrex glass cell, 

as shown ln figure 5.2. A piece of 1 x 2.5 cm platinum foil was used 

as the 

was measur1id 

same solut 

0.926 v 
electrod4'!. 

and the polenl 

'.!:.everslble 

mercury (II) 

ia a Luggin 

are given 

of the working eleclrode 

!!_lee trade ( RHE) 

1ilectrode (Hg/HgO, 5 

llary close to the 

respect to the RHE. 

trolyte solutions were freshly prepared prior to each set of experi

ments from analytical grade chemicals (Merck KOH p.a.) and double 

distllled water. 

The rotating ring-disc experiments were performed in the cell given in 

figure 5.3 at room temperature, i.e. about 22 6 C. All other experi

mental conditions were the same as mentioned above. 

-

Figure 5 

WE 

Thermostat 

working 

electrode. 
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Experimental set~up 

The cyclic voltammetric measurements of the Nico 2o4 gauze elec

trodes were carried out using a High Power Wenking Potentiostat 
(HP 72), a Universal programmer (PAR 175) or a Wenking Voltage Scan 

Generator (VSG 71) and a Data precision 2480 digital multimeter. The 

current-potential curves were recorded on a XY recorder (Phillps 

PM 2041). 
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5.3. Freshly prepared Nico2o4 electrodes. 

Results and discussion 

S.3.1. General features of the cyclic voltannogram 

The shape of the voltammetric curve of a •freshly• prepared Nlco2o4 
electrode ls remarkably different from that for •aged ones•. There

fore, the set of electrodes presented in this section was used only 

for volta.mmetrlc measurements. The maximum applied potential scan 

range ls the E-range of 0.9 to 1.S v: The lower limit potential of 0.9 

v was chosen in order to prevent spinel decomposition and the upper 

limit of l.S v for minimum oxygen evolution reaction. Before cycling 

the electrode was maintained at its rest potential, i.e. 1.1 V to 

reduce all surface compounds. The cyclic voltammogram, which was 

always started from the rest potential, was independent of the direc

tion of the potential sweep (minimum two cycles). The number of cycles 

was limited to about 20. Prolonged cycling altered the potentlodynamlc 

behaviour. The results of this will. be discussed in section S.4. The 

removal of dissolved oxygen by bubbling nitrogen through the cell did 

not alter the E-i characteristics. 

Figure 5.4 shows the voltammetrlc behaviour of a freshly prepared 

Hico2o4 electrode cycled between 0.9 and 1.SO V at a sweep rate of 

25 mV s-l in S H KOH. A stable E-i profile ls immediately obtained, 

and maintained as long as the anodic switching potential ls kept below 

the vigorous oxygen evolution. 

Anodically, the formation of at least two higher oxides before oxygen 

evolution starts, ls indicated by cyclic vo\tammetry: the first anodic 

peak Bal at 1.21 v, and a second anodic peak Ea2 at 1.40 v. 
The cathodic profile ls less sharp, and probably consists of a doublet 

peak: a sharp cathodic peak Eel at 1.17 V, and a shoulder Ec2, at 

- l.37S V. 

The ratio of the total anodic charge versus total cathodic charge 

approaches unity. 



Figure S.4: 
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Cyclic voltammogram of a freshly prepared Nlco
2
o4 

electrode in 5 H KOK, 2S°C at a sweep rate of 2S mV 

TF = 400°C and tF = 1 h; catalyst loading = 12.30 
-2 mg cm 

5.3.2. Rest potential of Nico2o4 . 

-1 a 
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Table 5 .1 presents the rest potenH al of freshly prepared Nico
2
o 4 

electrodes as a function of the decomposition temperature TF and 

duration tF of the final heat treatment measured in 5 H KOH, oxygen 

free, 25°C. In the spinel-only range (below 400°C), the rest potential 

fluctuates around 1.1 V and above 400°C, where the decomposition of 

the spinal structure starts, the rest potential is slightly lower. 

When a potential of the oxygen evolution range, i.e. higher than 

1.45 V, has been applied to a Nlco2o4 electrode, the open circuit 

voltage is higher and appears to be determined by the lower metal 

oxide Nico
2
o

4
/higher metal oxide Nico

2
o4 couple, i.e. 

l.40-1.4S V [4,22]. 
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Figure 5.5: cyclic voltammetrlc behaviour of a freshly prepared 

Nico2o4 electrode as a function of the potential sweep 

rate v in 5 H KOH, 2s•c. T = 4oo•c and t = 1 h; F _
2 

F 
catalyst loading = 15.30 mg cm 

-1 1 a) v 1.0-2.5-5.0 mV s ; b) v = 5-10-25 mV ,-

c) v = 25-75-100 mv ,-1 • 



Table 5.1: Rest potential of freshly prepared Nico o electrodes 
2 4 

as a function of the temperature (T ) and duration (t ) 
F F 

of the final heat treatment in 5 M KOH, 25•c. 

250 -
300 -
300 -
350 -
400 -
400 -

500 -
600 -

10 

l 

10 

1 

1 

10 

l 

l 

Catalyst loading 
-2 (mg.cm ) 

21.35 

19.05 

20.70 

21.05 

20.95 

15.90 

20.00 

17.75 

5.3.3. Effect of the potential scan rate 

EOCV 
(V) 

1.134 

1.117 

1.114 

1.099 

1.120 

1.135 

1.051 

1.055 

The E-l characteristics were studied as a function of the potentials 
-1 scan rate v, in the range l to 100 mV s for fresh NiCo2o4 
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electrodes, prepared at different temperatures of final heat treatment 

TF, i.e. 300 and 400°C. The position of the anodic peaks appears to 

depend on the potential scan rate v, as given in figure 5.5a and b for 
-1 the sweep rates of l to 25 mv s • The second anodic peak Ea2 ls 

shifted more towards anodic potential values than the first anodic 

peak Eai· The peak Ba2 shows a less reversible character than peak 

Eal' With further increasing the potential sweep rate, the anodic 

peaks shifted to more positive potentials whereas the cathodic peaks 

moved towards more negative values. 

The voltammetric curves are not corrected for the ohmic drop (iRdrop). 

However, the peak currents are relatively high in the case of 

Nico2o4 electrodes and the peak current ip increases with the 

potential sweep rate v, so that, the larger the scan rate v the more 
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the peak potential B will be shifted on account of the uncompensa
p 

This becomes evident for scan rates greater than ted resistance R • 
-1 u 

25 mv s , as shown in figure 5.5c. The voltammetric curves become 

less symmetrical and flattened. Hence the upper limit of the sweep 

rate was limited to 100 mV s-l 

The cyclic voltammogram of a freshly prepared Nico
2
o

4 
electrode 

shows two anodic oxidation peaks prior to oxygen evolution in the 
. -1 

studied potential sweep rate range of l to 100 mV s • This is in 

contradiction with the work of Rasiyah [14]. According to these 

authors, at low sweep rates, only one broad oxide peak ls seen before 

oxygen evolution takes place, which resolved into two peaks at a sweep 

rate of 100 mv s-1 . 

In earlier reported work of the same authors [4], the sweep rate v 
-1 was varied between 20 and 90 mv s and only one peak was observed. 

No indication of a doublet peak was observed. Moreover, in their 

study, Rasiyah et al. [14] observed two peaks, i.e. at 1.3 and 1.5 

V, but in a peak current ratio of 2 to 1, whereas in this study and in 

the work of Yeager et al. [2] an inversed ratio of 1 to 2 is ob

served. The difference in the surface state of the Hico2o4 elec-

trode is probably a result of the difference in preparation techni

ques, i.e. thermal decomposition and cryochemical synthesis. 

Figure 5.6 shows the total anodic peak currents, l 
1 

t and i 
2 

t pa , pa , 
versus the potential sweep rate v, recorded in the B-range 0.9-1.5 v 

for Hico2o4 electrodes prepared at different temperature of heat 

treatment TF, i.e. 300 and 4oo•c. 

The difference on the potential scan rate v makes it possible to dis

tinguish between a surface- and a solution redox reaction. In the 

former, the peak current l is directly proportional to the poten-
P 

tial scan rate v and in the latter, the peak current ls proportional 

to its square root• ..rv. 

A linear relationship is found for both anodic peaks, pointing to a 

surface redox reaction. A slight deviation in the linear relationship 

between i and v is noted, as a result of the flattening of the 
p 

cyclic voltammogram for earlier reported reasons. This ls more pro-

nounced for the second anodic peak Ba2 • because of the higher peak 

currents. 
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Figure 5.6: The dependence of the anodic peak currents i 
pa on the 

potential sweep rate v in 5 M kOH, 25•c. 

TF ("C) 
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tF (h) 

1 

-2 Catalyst loading (mg cm ) 

19.05 

1 15.30 

Figure 5.7: Plot of the first anodic and cathodic i versus v relation in 
p 

5 H KOH, 25°C. 
-2 TF a 400•c and tF a 1 h; catalyst loading a 18.20 mg cm 

total peak current ipt 

peak current ipf corrected for charging current le. 

Figure 5.7 shows the first anodic and cathodic i versus v relation 
p 

for Nlco
2
o4 electrodes, prepared at the temperature of final heat 

treatment TF, egual to 400"C. The peak currents were recorded in the 

potential range 0.9 to 1.3 v, as shown in figure 5.8a and in presence 

of the second anodic peak Ea2' at - 1.4 V, in the earlier men

tioned potential range 0.9 to 1.5 V, figure S.Bb, both for different 
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Figure 5.8: Cyclic voltammetric behaviour of a freshly prepared 

Nico2o4 electrode as function of the potential sweep 

rate v in 5 K KOH, 2s 0 c. T = 400°C and t = 1 h·, 
F F 

catalyst loading= 16.20 mg cm-2. 

a) Potential scan range 0.9 to 1.3 v; b) 0.9 to 1.475 v. 

potential sweep rates. Increasing the upper limit potential to 1.5 V 

did not change the anodic peak current lpal versus v relation. This 

indicates that an upper limit potential of 1.3 V ls sufficient to 

complete the first anodic oxidation process. 

The l 
1 

versus v relation was presented with and without chal'glng pa 
cul'l'ent correction in figul'e 5.7. Since the potential is continuously 

changing in a potential sweep experiment, a charging current le 

always flows and the faradaic curl'ent lf must always be measured 

form a baseline of charging current. The capacitive current le in 

the voltammogram is given by the expression (5.1), 

le = A cd v (5.1) 

where A ls the surface area and cd is the double layer capacitance. 
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The precision of the baseline substraction depends on the choice of 

the lower switching potential, as shown in figure 5.9. Accurate base

line substraction demands scanning in the lower potential range, 

where the spinel decomposition takes place. As demonstrated in the 

figure 5.9 the charging current correction line becomes more and more 

parallel with the current axis, when the lower limit potential decrea

ses. The reproducibility of the Nico2o4 electrodes in the diffe-

rent potential ranges allows to take account of this fact during the 

capacitive current correction in the studied potential range. Note 

that while for a solution redox reaction i varies with V'v, i 
p c 

becomes relatively more important at faster scan rates. On the other 

hand, both the surface redox reaction and the changing current i 
c 

applies to a linear relationship with the potential sweep rate v. 

Therefore, the results are shown with and without baseline substrac

tion in figure 5.7. 

ilmA.cm·2) 

50 

25 

EvsRHEM 
o+-o.-1,~__,~~e~-+-:---:0:,....-~:---,.,,----:~~~-r~ts· 

I \.---------

-2 

Figure 5.9: Influence of the lower switching potential on the preci

sion of the base line substraction. 

Experimental conditions: 5 H KOH, 25°C; v 

T : 400°c and tF : 1 h; catalyst loading 
F_2 

cm 

25 mV s-1 

12.70 mg 
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The peak width at mid-height W% for a reversible surface redox reac

tion ls equal to 90.6/n mV at 25°C, where n is the number of electrons 

(15]. As shown in table 5.2, the measured width of both the cur-

rent peaks at mid-height are only slightly higher than the theoretical 

W% for an one-electron process. A small increase in the w% for 

both anodic peaks with decreasing TF is noted. 

Table 5.2: The peak width at mid-height W% of the anodic current 

peaks of fresh Nico2o4 electrodes prepared at different 

temperatures TF. 

Expe~imental conditions: 5 H KOH, 25°C, tF = 1 h. 

catalyst loading Potential scan range 
-2 (mg cm ) (V) 

300 11.80 0.9 to 1.3 

300 19.05 0.9 to 1.5 

400 18.20 0.7 to 1.3 

400 12.30 0.9 to 1.3 

400 47.60 o. 7 to 1.475 

*: Measured W% in the potential sweep rate i:-ange 

with base Une substractlon. 

5.3.4. Effect of the catalyst loading 

Peak 

8al 
8a2 
Bal 
8al 
Bat 

Ba2 

of 1 to 100 

W*% 
(mV) 

100-120 

100-120 

105-110 

90-100 

110-115 

110-115 

mv s -1 

Figui:-e 5.10 shows the anodic voltamrnetric charge for a set of fi:-eshly 

prepared Nico2o4 electrodes as a function of the catalyst loading 
-2 (mg cm ). It demonsti:-ates that the.volta.mmetric charge is indepen-

dent of the emount of the Nico2o4 catalyst loading, from about 20 

mg cm-2 . This agrees well with the results repoi:-ted.ln section 3.1.2 

where it was found that the catalyst loading has virtually no influen

ce on the anodic performance, as shown ln figures 3.2 and 3.3. These 
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results already indicated that mainly the top surface of the 

Nico2o4 electrode is active for oxygen evolution. The formation of 

higher oxides is limited to the surface of the Nico
2
o

4 
catalyst 

layer. The discrepancy in volta.rometric charge at lower catalyst loa-
-2 dings. i.e. below 20 mg cm can be explained by the influence of 

the deposition rate or the number of coatings on the morphology of the 

Nico2o4 layer, as reported in section 3.3.2.1. 

0 

. ·>--------.&...-----·---· /· . . 
/ .. 

"</ 
,,,/' 

10 20 30 '° so Calalyet loadlng 
(m111 cm-2) 

Figure S.10: Plot of the anodic voltammetric charge Q as function 
. a,t 

of the catalyst loading for freshly prepared Nico o 
2 4 

electrodes. 

Bxperlmental conditions: S H KOR, 2s•c; v • 25 mv s-1 , 

TF • 4oo•c and tF = 1 h. 

Figure S.11 which exhibits the anodic peak currents, ipal and ipa2• 

for a set of Nico2o4 electrodes, prepared at 40o•c, as a function 

of the catalyst loading, shows that also the oltldatlon peaks are inde
-2 pendent of the catalyst loading from 20 mg cm 

The good reproducibility of the preparation method, as earlier repor

ted in chapter 3, is confirmed by the excellent reproducibility of the 

voltammetrlc behaviour of freshly prepared Nico2o4 electrodes ln 

relation to the values of the peak potentials I , peat currents I 
p p 

and voltammetrlc charges Q. 
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Figure S.12: Cyclic voltammograms of fresh Nico2o4 electrodes 

prepared at different temperatures TF of the final heat 

treatment. 
-1 Experimental conditions: S K KOH, 2s•c; v = 25 mV s ; 

t
11 

= l h. 

curve 

a 

b 

c 

d 

300 

350 

400 

SOO 

-2 Catalyst loading (mg cm ) 

19.0S 

21.05 

20.95 

20.00 

Figure 5.13: Plot of the voltammetrlc charge Qt as a function of 

TF. 

Experimental conditions: see figure 5.13. 
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Figure 5.11: Plot of the anodic peak currents i as function of the pa 
catalyst loading. 

Experimental conditions: 5 K KOH, 25°C; v = 25 mV s-l 

TF = 400°C and tF = 1 h. 

[•] ipal; [o] = 1pa2 

5.3.5. Effect of the heat treatment 

The temperature range TF between 250 and 600°C was examined, whilst 

the duration of the heat treatment tF was varied between 1 and 10 h. 

Figure 5.12 shows the cyclic voltammograms of fresh Nlco2o4 elec

trodes prepared at different temperatures of the final heat treatment. 

All other preparation parameters were the same, including the duration 

of the heat treatment of 1 h. In the spinel-only range, i.e. 

TF ~ 400°C, the anodic and cathodic peak potentials do not depend on 

the temperature TF of the decomposition. With increasing TF the 

peak profile becomes sharper and more symmetrical. In figure 5.13 the 

voltammetrlc charges as function of the decomposition temperature TF 

are given. The voltammetric charge decreases monotlcally as the tempe

rature of the heat treatment TF increases. This could indicate that 

the surface area decreases with increasing TF. The ratio of the 

total anodic to the total cathodic charge is about unity for all 

TF-values. 
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The peak currents, from the cyclic voltammograms recorded at 2S mV 
-1 s , as function of the final heat treatment temperature are given 

in figure S.14. Anodically, it appears that the second anodic peak 

current i increases faster with decreasing temperature TF than 
pa2 

the first anodic peak current i 1 . This indicates that the surface pa 
composition depends on the temperature TF. 

Figure S.1S presents the ratio i 
2 

vs. i 
1 

as a function of the pa pa 
final heat treatment, i.e. T and tF. The ratio i 2 versus F pa 
i depends on the temperature TF, it increases with decreasing pal 

TF, with the duration tF held constant. A most peculiar result was 

the change in the voltammetric charge ratio of the anodic oxidation 

peaks as a function of TF. This implies that the effect of the heat 

treatment does not only involve the extension of the surface area. 

On the other hand, the ratio i 2 versus i 
1 

does not change with pa pa 
the duration of the heat treatment tF, as given in figure S.lS for 

tF = 1 h and tF = 10 h, with the temperature TF held constant. 

Above 400°C, the ratio of the anodic peak currents remains nearly 

constant. 

50 

o+-~-~-~----__:__;---~-TF l°Cl 
200 300 400 '.:20 

~,.-; 

1 pc1 10,.,~.~~:~::/ 
7/ lpc2 

ipc1(nct-w1~J 
-so 

-100 

Figure S.14: Plot of the peak currents ip as a function of TF. 

Experimental conditions: see figure S.13. 



89 

ao 

~ ---------~ 2.0 

1.0 
-·----·---·~~--lpc1 / lpc2 -----.. 

200 300 400 500 

TF ("C) 

Figure 5.15: Plot of the ratio of the anodic, i.e. lpa211pal' and 

cathodic, i.e. i 111 2 , peat currents as a function pc pc 
Of TF and tF. 

Experimental conditions: 5 H KOH, 2s•c; catalyst loading 
-2 20 mg cm 

{•] = tF "' 1 h; [-] tF = 10 h; [0] over

lapping points. 

on the cathodic side in figure 5.14, the first cathodic peak current 

i 
1 

is plotted twice, once recorded in the potential scan range 0.9 pc 
to 1.3 V, as mentioned earlier, directly correlated to Eat• and in 

the potential range 0.9 to 1.475 V, with the reduction contribution of 

E 
2

• The i 
1
-curve, independently of being recorded in the 

a pa 
E-range 0.9 to 1.3 V or 0.9 to 1.475 V is perfectly reflected in the 

l 1-curve recorded in the E-range 0.9 to 1.3 V. The increase of pc 
l 1 , and i 2 with decreasing TF, ls nearly equal. The same pc pc 
fact is also observed frOlll the ratio of the cathodic peak currents, as 

given in figure 5.15 which is not strongly influenced by TF in the 

splnel only temperature range, i.e. below 400°C. Above 4oo•c, there is 

a strong deviation in the tendency of the peak current ratios, especi

ally ln the cathodic ratios, probably due to the start of the break

down of the spinel structure. 

Figure 5.16 presents the voltamm.etric behaviour of an electrode trea

ted at 500°C (TF) for 1 h (tF). In the temperature range where the 

spinel decomposition takes place, a sharp doublet of cathodic peaks 

and a clear shift of the peak potential Ea is observed. Further 

increasing of TF results in a cyclic voltammograa which is strongly 
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disturbed by the increased resistance as a consequence of the decompo

sition of Hico
2
o4 into individual oxides with higher resistances. 

In figure 5.17 the potentlodynamlc respons of an electrode treated at 
-1 600°C (TF> for 1 h (tF), recorded at 2.5 mv s , is shown. The 

anodic and cathodic peak potentials, however, do not depend on the 

temperature T of the decomposition in the spinel-only range, while 
F 

the voltammetric charge decreases monotlcally as the temperature TF 

increases. These results are contradictory to those of Trasatti et al. 

[11-13], who reported that the peak position and the voltammetrlc 

charge increased with increasing TF. This disagreement is probably 

due to the ageing process, as will be discussed in section 5.4, which 

was not recognized by Trasatti as indicated by the observation of only 

one anodic peak. 
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Cyclic voltammogram of a fresh electrode prepared 

(TF) for 1 b (tF). 

Experimental conditions: 

catalyst loading = 20 mg 
5 H KOH, 2s~c; v = 25 mv s-1 

-2 cm 

t.6 

Figure 5.17: Cyclic volta.mmogram of a nickel cobalt oxide electrode 

prepared at 600°C (T > for 1 b <t > 
F F ' 

Experimental conditions: 5 K KOH, 25°C; v • 2.5 mv s-1 ; 
catalyst loading = 17.75 mg cm-2 
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Our results are in agreement with the work of Tamura [23,24], who 

observed the same tendency for co3o4 electrodes, also prepared by 

thermal decomposition, but are in contradlctlon with the observation 

of Tseung [6,2S], who concludes that there is no correlation 

between the surface area and the electrochemical performance. 

In section 3.3.1.1, lt was reported that lowering the temperature TF 

of the final heat treatment leads to an increase in electrochemical 

activity for oxygen evolution, as given in figure 3.1. It was also 

found that the voltammetrlc charge increases with decreasing TF, as 

shown in figure S.13. It appears that the voltammetrlc charge is hal

ved ln going from 300°C to 400°C. The correlation between the increase 

in activity and the increase ln voltammetric charge with decreasing 

TF, indicates that it can be attributed to a change in the surface 

area. 

Table S.3 shows the correlation between the anodic performance and the 

voltammetric charge for Nico
2
o

4 
electrodes prepared at 300 and 

400°C. It appears that the current density at high overpotentials 

increases wlth a factor 2 in going from 400 to 300°C, while the vol

tammetrlc charge increases similarly. 

Therefore, the voltammetrlc charge of freshly prepared Nico2o4 
electrodes can be taken as a measure for the surface area. This is in 

agreement with the BBT~results, where the surface area increases with 

decreasing TF, as will be reported in chapter 6. 

However, the surface composition ls also influenced 

indicated by the change in the anodic peak currents 

as shown in figure 5.15. So it is possible that the 

by TF, as is 

ratio i 
2
1i 

1
, pa pa 

difference in 

anodic performance ls not only a result of the difference in surface 

area, but also of the difference in surface composition. 

On the other hand, the duration tF of the heat treatment gives no 

significant changes in activity, as also reported in chapter 3. Like

wise the voltammetric charge as function of tF at constant TF 

changes only slightly (maximal 15~). It appears that there is virtu

ally no further change in surface area after a 1 h heat treatment. 

Summarizing, it can be concluded that in the spinel-only range the 

surface composition is influenced by the temperature TF, but not by 

the duration tF of the final heat treatment. 
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Table 5. 

Table 5. 

250 

300 

300 

350 

400 

400 10 

500 1 

between the performance and the 

metric charge of Nico2o4 electrodes as a function TF. 

Experimental conditions: 5 H KOH, 25°C. 

1. 55 

1.60 

TF (°C) - tF (h) 

300 - 1 h 400 - l h 

0.65 

1.10 

20 

100 

400 

1020 

0.20 

0.36 

10 

45 

200 

-2 
Q t CmC cm ) a, 

502 

percentage (wt~), apparent electrochemical 

ARF) and area (ASA) of the 

electrodes as a on of TF and tF, 

cyclovoltaimmelrl charge. 

conditions KOH, 25°C; v 25 mV 

cat.loading 
-2 (mg cm ) 

Q 
a.~2 

(me cm ) 

wt~ in 4+ state ARF ASA 

Cwt~) <m2 g-1 > 

1115 5.18 2284 

1020 3.33 1306 

1155 3.48 14 

140 2.19 949 

501 1. 51 650 

15.90 405 1. 59 519 3.3 

20.70 182 0.57 233 1.2 
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The voltanunetric charge can be taken as a measure of the surface con

centration of metal lons particlpatlng ln the electrochemical proces

ses, From the charge passed to form the higher oxides before oxygen 

evolution commences, and assuming that all metal ions are oxidized to 

the 4+ valence state, the percentage of the oxidized catalyst material 

can be estimated, as shown ln tabel S.4 for freshly prepared 

Nlco2~~ electrodes with about the same catalyst loading, i.e. 20 

mg cm , as function of TF. Since the voltanunetric charge was not 

influenced by the catalyst loading, the percentage will decrease with 

further increasing catalyst loading. The values strongly indicate that 

the change ln valence state ls llmlted to the surface Nlco2o4 
. l -7 layer. The weight of an unit area monolayer N co2o4 (4.86 10 

g cm-2) can be calculated, assuming that the unit cell edge or lat

tice parameter a0 is equal to 8.11 A (26,27]. Hence, from the 

voltanunetrlc charge (which is proportional to weight per unit area 
-2 Nlco2o4 oxidized to the 4+ state) the number of monolayer (cm ) 

can be calculated. Thls apparent electrochemical roughness factor ARF 

ls a magnitude for the product of the electrochemical surface rough-
-2 ness and the depth. From this number of monolayers (cm ) and the 

-2 catalyst loading (g cm ) an apparent electrochemical surface area 
2 -1 ASA (m g ) can be calculated, as tabulated in S.4. The apparent 

electrochemical roughness factor and -surface area decrease wlth the 

temperature TF; nearly no influence of tF is observed. 

It was reported in section l.2.1 that the magnitude of the Nico2o4 
catalyst loading had virtually no influence on the anodic performance 

and on the voltanunetric charge (section S.3.4). Table S.S shows the 

weight percentage of the Nlco2o4 catalyst loading oxidized to the 

4+ state, the apparent electrochemical roughness factor and -surface 

area for a set of freshly prepared Nico2o4 electrodes (TF = 

400°C and tF = 1 h) as function of the catalyst loading. It appears 

that the weight Nlco2o4 in the 4+ valence state and the roughness 
-2 factor are virtually constant above 20 mg cm catalyst loading. It 

ls evident that the weight percentage and the surface area changes 

with the catalyst loading, because they were defined as function of 

the catalyst loading. 
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Table 5.5: Weight percentage (wt~), apparent electrochemical rough

ness factor (ARF) and -surface area (ASA) for a set of 

freshly prepared Nico2o4 electrodes as a function of 

Cat.loading 
-2 

(mg cm ) 

12.30 

15.15 

18.20 

20.10 

21.40 

22.50 

26.50 

34.00 

47 .60 

the catalyst loading. 

Experimental conditions: 5 K KOH, 25°C; v 

TF = 400°C and tF = l h. 

Q 
a,~2 

<me cm > 

350 

401 

505 

439 

470 

515 

495 

520 

526 

weight in 4+ 
-2 (mg cm ) 

0.22 

0.25 

0.32 

0.27 

0.29 

0.32 

0.31 

0.32 

0.33 

wt ~ in 4+ 

(wt ~) 

1.77 

1.65 

1. 73 

1.36 

1.37 

1.43 

1.16 

0.95 

0.69 

5.3.6. Galvanostatic charging curves 

25 mv s-1 

ARF 

448 3.6 

514 3.4 

647 3.6 

562 2.8 

603 2.8 

660 2.9 

634 2.4 

667 1.9 

673 1.4 

The appearance of oxidation state transitions before oxygen evolution 

starts is evident from cyclic voltammetry, however not, how many oxi

dation state transitions take place. Therefore, the galvanostatic 

charging method was tried to split up the anodic current peaks. 

Figure 5.18 shows the constant current charging curve for a 

Nico
2
o

4 
electrode, prepared at 300°C (TF). An anodic charging 

-2 current of 0.125 mA cm (curve I) was applied to the electrode from 

its rest potential, i.e. 1.1 V, and the change in potential was recor

ded with time (or charge). No definite plateaus and areas could be 

observed, it is possible to distinguish four regions, which are not 

clearly separated: first a fast increase of the potential versus char-
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ge (Q), due to the double layer charging, then three intermediate 

regions, where the potential increases slowly, two of which can be 

ascribed to the two earlier observed anodic processes, i.e. Eal and 

Ea
2

' and finally the last region where the potential doesn't change 

anymore with time and oxygen evolution takes place. 
-2 A cathodic charging current of -0.5 mA cm was applied to the elec-

trode after the anodic charging curve was finished, as given in figure 

5.18, curve II. The charging curve profile is even less distinct and 

only one broad reduction area is observed. 

Varying the magnitude of the charging current did not change the char

ging curve profiles. 

No further information was obtained from charging curves. 

JI 
1.2 ~ 

... 

0 $0~ 750 1000 USO 

O(mCcm')-

Figure 5.18: Galvanostatlc charging curve for a Nico
2
o4 electrode, 

prepared at 300°C (TF) for 1 h <tp>· 

Experimental conditions: 5 H KOH, 25°C 
-2 curve I: anodic charging current = +0.125 mA cm ; 
-2 curve II: cathodic charging current = 0.5 mA cm 

5.3.7. Aprotic medium 

The use of an aprotic solvent for cyclic voltammetry makes lt possible 

to investigate the role of the hydroxyl ion in the electrochemical 
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reaction before oxygen evolution takes place. Acetonltrile, CH3CN, 

serves as an excellent solvent because it is guite difficultly oxidi

zed and reduced; both anodic and cathodic limiting currents ar>parently 

are caused by discharge of the supporting electrolyte LiCl04 [28]. 

The voltammogram recorded from 0 to 1.S V vs. SCB is shown ln figure 

S.19, curve I. No sign of the valency state transitions is observed. 

The anodic scan range is limited to 1.S V vs. SCB, due to the dischar

ge of the lithium perchlorate. Prolonged oxidation at 1.S V vs. SCE 

resulted in a turbid solution as a consequence of this oxidation of 

the supporting electrolyte. In order to examine whether the oxide 

peaks were shifted to higher potentials in the aprotlc solvent, water 

was added to the CH3CN-Liclo4 solution. Now, the oxide peaks and 

the u
2
o oxidation are observed indeed before the discharge starts, 

as shown in figure S.19, curve II. Anodically, it ls not possible to 

distinguish clearly between the oxide reactions, the oxygen evolution 

reaction and further the oxidizing of the electrolyte. However, the 

reduction peaks show clearly the existence of the anodic oxide reac

tions. 

These results indicate that the hydroxyl ion plays an important role 

in the electrochemical reactions before the oxygen evolution reaction. 
l(mAerii) 

25 

20 

15 

10 

5 

-s 

-•o 

.15J 

,/ -------
/ 

/ 
/ 

I 
I 

- -------...... I ...... _,,, 

1.5 EY$ SCE(V) 

Figure S.~9: Cyclic voltammogram of a Nico
2
o

4 
electrode in aprotlc 

medium. 

Experuaental conditions: CH CN + 0.1 H Llc10
4

, 2soc•, 
-1 3 

v = 50 mv s ·, T11 = 400°C and t 1 h t F = ; ea alyst 
loading= 15.45 mg cm-2• 
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5.3.8. Rotatlng t'ing·dlsc electcodes 

A demountable cotatlng clng-dlsc electcode was used in ocdet' to inves

tigate the possibility of fucthec oxidation steps in the oxygen evolu

tion range. The nickel disc was covered with a Nlco2o4 layer via 

thermal decomposition. The platinum ring was slightly platinl~ed. 

Testing of the cing-disc system 

The solid curve in figure 5.26 shows the theocetical oxygen ceduction 
0 limiting current at the ring IR,L as function of the square coot 

0 of the cotatlon fcequency ..r<iJ. The limiting ring current IR,L 

was calculated using the Lnlch equation (29-31), 

(5.2) 

(5.3) 

with the nlimber of electrons, n equal to 4. 

The influence of the deposited Nico2o4 layer on the hydrodynamics · 

of the rotating cing-disc electcode was examined in a 1 M ICOH oxygen 

satucated solution. A less concentcated potassium hydroxide solution 

was chosen in order.' to lnccease the solubility foe oxygen. The rele

vant physical propecties of 1 H KOH solutions was obtained from. 

[32] and are summarl~ed in table 5.6. 

The IR L versus <iJ% celation was measuced on the demountable 
' cotatlng cing-disc electcode, once in which the nickel disc was 

covered with a Nico2o4 layer and once without this layer. The 

expecimental limiting oxygen ceduction curves measured on the platinwa 

ring, held at 0.2 V versus RHE, in an oxygen saturated 1 M KOH solu

tion, at coom temperature, are given in figuce 5.20. The linear rela-
% tlonshlp of the experimental IR L versus <iJ relation indicates 

• 
that the hydrodynamics of the cotating ring-disc electrode is not 

influenced by the construction, nor by the coverage with a Nico2o4 
layer. 
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>HK 

293K 

,,.,.. .... , 
Figure 5. 20: Plot of the IR, 1 versus vt.> for oxygen reduction at 

the demountable RRDE in o2-saturated l K KOH. ER = 
0.2 v. 

theoretical IR,l at T = 293 and 298 K. 

uncovered nickel disc 

NiCo
2
o

4 
covered disc. 

Table 5.6: Relevant physical properties of l K KOH solutions. 

T D \) co 
2 °-1 2 -l 

(K) (cm s ) (cm s ) (mole cm-3> 

293 1.36.10-5 0.01063 0.84.10-6 

298 l. 59.10-5 0.00950 0.89.10-6 

Collection efficiency N 

In the potential range, where the anodic galvanostatic disc current ls 

only used for oxygen evolution, i.e. when the higher oxide formation 

is finished, the ratio -IR/10 ls an experilllQntal measure for the 

collection efficiency N of the evolved oxygen. 
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The -I21I0 ratio was measured at the pure nickel disc and at the 

nickel disc covered with a Nico
2
o

4 
layer. Different galvanostatic 

anodic currents were applied to the disc electrode and the evolved 

oxygen was detected on the platinized platinum ring. Before each mea

surement, nitrogen was bubbled through the cell to remove dissolved 

oxygen. Figu..-e 

measured in an 

5.22 shows the experimental -I /I ratios (N ) 
R D exp 

l K KOH solution at ..-oom temperatu..-e. 

The collection efficiency theoretically depends only on the geometry. 

However, it was found that the experimental N ls smaller than the 
exp 

calculated Neale and is a function of the rotation frequency ~ and 

the disc current 1
0

. The major difference between the calculated 

N 1 , i.e. 0.308 and the experimental collection efficiency N , ea c exp 
approximately 0.20, during anodic oxygen evolution, is a conseguence 

of the gas bubble formation. When gas ls evolved initially at low cur

rent densities, the gas diffuses into the solution. At higher current 

densities oxygen bubbles a..-e formed. In fact oxygen evolution starts 

to evolve as bubbles when the solution ls supersatu..-ated with oxygen. 

so, the oxygen bubble formation at the disc takes place in the super-

' saturated diffusion layer. The fraction of oxygen which evolves as 

bubbles is probably not detected at the platinum ring. The detection 

of the dissolved disc oxygen at the ring will be disturbed by the 

oxygen bubble stream. 

The similar results for N on the nickel disc with and without a exp 
Nico

2
o

4 
layer confirms that it was not an oxide layer effect. 

However, the surface roughness can also give rise to disturbance of 

the Levich behaviou~ of the rotating ring-disc electrode. The Levich 

behaviour.will no longer be valid when the thickness of the diffusion 

layer beco.mes comparable with the surface roughness. Therefore, a very 

smooth Nlco2o4 layer was applied to the nickel disc, deposited 

f~om a diluted nickel cobalt nitrate solution. 

The similar results for the experimental collection efficiency N exp 
on the nickel disc with and without a Nico2o4 layer, confirms that 

it was malnly a gas bubble effect. 

It is also noted that the experimental -12110 ratios vary with the 

magnitude of the anodic disc cu~rent I 0 , as shown in figure 5.21 at 

very high disc cur~ents. This effect is clearly a consequence of the 

vigorous gas bubble evolution. The insufficient removal of the 
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bubbles, disturbes the oxygen detection. A gas bubble ring, which was 

visually observed, sticks to the gap ring and blocks a part of the 

platinum ring, thus hindering the supply of dissolved oxygen. 

Therefore the detection of any further oxidation steps in the oxygen 

evolution potential range must experimentally be restricted to a maxi

mum potential EDmax' which is determined by the maximum galvanosta

tic disc current IDmax· The value of IDmax' and therefore BDmax' 

also depends on the rotation frequency, as will be discussed in the 

next paragraph. 

At the given rotation frequency a = 33 s-l in figure S.21, the 

ratio -IR/I
0 

can be considered as nearly constant in the galvano

static disc current range of 0.125 to S mA. 

The experimental collection efficiency N is also influenced by exp 
the rotation frequency a. Figure 5.22 presents the experimental 

-IR/10 ratio as a function of ...ra, for different anodic galvano

statlc currents applied to the disc. 

Nexp 

OJn - - - - - -

020 

0.10 

. . . . . . . . 

o.o +------.------,-------.....-----~ 
0 2 

loglo<111A1 

.Figure 5.21: Plot of the experimental -IR/1
0 

ratio as a function 

of the anodic galvanostatic disc current I • 
D 

Experimental conditions,: o
2
-free 1 K KOH; ER = 0.2 V; 

a = 33.3 s-
1

; (•] = N of the uncovered nickel exp 
disc; [o] = N of the Nico

2
o

4 
disc. exp 
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Figure 5. 22: Plot of the experimental -IR/ID ratlo versus vr.> 
·for different anodic galvanostatic currents ID. 
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Experimental conditions: o2-free 1 K KOH; ER • 0.2 V; 

ID .;. 0.125 mA [-); 1 mA [o]; 2 mA (•]; 6 mA fit]; 10 mA (+]. 

-1 At lower rotation frequency, i.e. below 15 s , there ls a sharp 

decrease in N This can be explained in a similar way, as mentio-exp 
ned before. The rotation of the ring-disc electrode introduces a solu-

tion flow and as a result the bubbles will be carried away more quick

ly with increasing r.>. 

However, the purpose of the rotating rlng-dlsc experiments here is to 

establish to what extent the anodic galvanostatlc current is used for 

oxygen evolution and for higher oxide formation. With increasing gal

vanostatic disc current, the recorded limiting ring current must 

increase, according to the experimental determined collection factor 

N • A decrease in the limiting ring current IR 1 should indicate exp . , 
the presence of a disc charging current consuming process, i.e. a 

further oxidation step. The reproducibility of the -IR/ID ratios 

for the different ring-disc electrode under stipulated conditions, 

allows to execute the earlle~ stated experiments with the demountable 

RRDE. 
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Investigation of further oxidation steps in the oxygen evolution 

potential range. 

A constant anodic charging current was applied to the dlsc, covered 

with Nico2o4 layer, starting from its rest potential, i.e. about 

1.1 v, and the change ln disc potential ED versus time was recorded. 

The platlnized Pt ring was held at 0.2 V in order to detect the evol

ved oxygen, by recording the ring current IR versus time. 

The experiments were carried out in a 1 M KOH solution at room tempe

rature from which the dissolved oxygen was removed by bubbling nitro

gen through the cell. The ring current as a result of rest oxygen in 

the solution was taken into account. 

Eo(V) In (pA) 

•·• 1·0 
t.s _so 

:: t+:: 
1.1 'iO 

~~-~--
0 210 

---, 500 750 1000 

time(SJ 

Figure S.23: Constant anodic charging curve at demountable RRDE. 
-1 Experimental conditions: o2-free 1 H KOH; Q = 33.3 s ; 

D = Nico2o4 covered disc, TP = 400°C and tF = 1 h; 
-2 • i catalyst loading = 12 mg cm ; R = plat1nized plat num. 

curve 1 : ID = 0.25 mA ~ ED vs. time 

curve II: ER = 0.2 V ~ IR vs. time. 

Figure 5.23 presents the two curves i.e. the disc potential E ver-
D 

sus time {curve I) and the rlng cur~ent IR versus tlme {curve II). 

After the anodic charging current was finished, the current was swit

ched to a cathode current of egual magnitude. The resulting disc 

potential ED versus time, as given in figure S.24 gave only a broad 

reduction peak, as earlier mentioned in section S.3.6. The IR versus 

time curve decreased immediately. The galvanostatic anodic charging 



current 10 was systematically increased. This always resulted in a 

tR versus time curve with the same profile. 

The deposited Nico
2
o4 layer was also submitted to a potentiodyna-
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-1 mic experiment. A potential scan rate v of 1 mv s was applied to a 

Nico2o4 disc electrode, initially kept at 1.0 V, and then scanned 

up to 1.5 V, where it was kept constant for 5 minutes. The potentlody

namic behaviour of the disc electrode ls given in figure 5.25, curve 

I. The corresponding ring current versus the disc potential is given 

in curve II. 

Eo(V) IR<#'A) 

T 
1.3!'011 
t.2 0 

tJ 0 

1.0 • 

0 
I 

HO 
I 

SOO 
I 
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llm•(S) 

300 'ISO 

200 100 

100 50 

-
'I 

to 1:1 

A 

l fo :\SV constri 

B 

Figure 5.24: Constant cathodic charing curve at the demountable RRDE. 

Experimental conditions: see figure 5.24. 

curve I : ID -0.25 mA ~ED vs. time. 

curve 11: ER= 0.2 V ~ IR vs. time. 

Figure 5.25: Potentiodynamic behaviour of a freshly prepared Nico
2
o4 

-1 covered disc in 1 M KOH, oxygen-free, Q = 33.3 s 
-1 

Part A: ED = 1.0 v, v = 1 mv s ; ER = 0.2 v. 

curve I = ID VII. ED; curve II = IR vs. t - ED 

Part B: at B
0 

1.5 V for 5 min. 
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In the disc potential versus time, (curve I in figure 5.23), four 

areas can be distinguished, as found earlier in section 5.3.6. 

I Double layer charging area a 
lb First anodic peak Eal 

I Second anodic peak E
42

, both indicated by a slow increase c 
in the disc potential E0• 

Id oxygen evolving area, in which the disc potential ED 
becomes constant. 

The corresponding ring current IR versus time curve consists of 

three parts: 

II No oxygen reduction current is detected up to 1.40 v. This 
a 

shows that the charging current 10 ls only used to com-

plete the higher oxide formation. Ila can be correlated 

with the areas I to I . 
a c 

IIb A transition area in the potential range of 1.40 to 1.45 v. 

The oxide formation is nearly finished and the oxygen evo

lution starts, which corresponds to the Ic to Id tran

sition. 

II Only oxygen detection. The oxygen reduction current approa-
c 

ches a constant level, indicating that there is no higher 

oxide reaction participating, which corresponds with Id. 

The experimental -IR/10 ratio is about 0.20. 

The recorded ring currents IR, at higher anodic charging curves 

ID, exceed the theoretical limiting oxygen reduction for an oxygen 

saturated l K KOH solution with a factor 2 to 3, in spite of the 

decrease of the collection efficiency N, as a result of the gas bubble 

formation. This clearly indicates that supersaturation takes place. 
on the other hand, figure 5.25 also illustrates the role of the oxide 

formation prior to the oxygen evolution reaction. No oxygen evolution 

is observed before this oxide formation ls nearly finished. From the 

galvanostatlc charging cu~ves, it can be concluded that there was no 

indication of any further oxidation reactions, up to 1.55-1.60 v. 

5.3.9. Correlation between the anodic and cathodic processes. 

The cyclic voltammogram of Nico2o4 indicates anodically the forma

tion of two higher oxides before oxygen evolution starts. Any further 
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oxidation steps, i.e. above 1.45 V, could be hidden by the oxygen 

evolution current. As shown in section 5.3.8, there is no further 

anodic formation of higher valency oxides of nickel and cobalt on 

Nico2o4 in the oxygen evolution range up to 1.55-1.60 V. Therefore 

we can assume that the corresponding cathodic reduction profile con-

sists of only two reduction steps. The correlated anodic and cathodic 

processes according to this model can be presented as follows: 

8a1 
Hx+ 4 H(x+l)+ 

a a 

8a2 
My+ 

b 
4 

H(y+l)+ 
b 

8cl 
H(x+l)+ 

4 Hx+ 
a a 

8c2 
r\,y+l)+ 4 

y+ 
Hb 

where "a and ~ represent the cations ln the Nico2o4 spinel 

oxide. As mentioned before, the study of the E-i characteristics, as a 

function of the potential scan rate for freshly prepared Nico2o4 
electrodes showed that the second oxidation-reduction process was less 

reversible than the first oxidation-reduction reaction. The cathodic 

profile ls less sharp and cannot be separated in different peaks by 

varying the potential sweep rate v. As a consequence of this, the 

anodic oxidation peaks will be more separated with increasing poten

tial sweep rate v, as given in figure 5.26. This figure shows the 

potentiodynamlc respons of Nico2o4 , at two different potential 

sweep rates, i.e. 2.5 and 25 mV s-1 • It can be seen that the anodic 

peaks remain separated and no variation in peak charge (indicated by 

the peak current) is noted. However, no distinct separation of the 

cathodic profile could be obtained. 

In some additional experiments, the potential scan is interrupted in 

the reduction sweep at certain potentials and kept constant, in order 

to complete the reduction process of the second anodic peak 1a
2

• The 

interruption potentials were chosen such that the two anodic respec-

tlvely 

Figure 

trode, 

cathodic peaks, were split up. 

5.27 shows the potentlodynamlc respons of a Nico o4 elec-
-1 2 

recorded at 25 mV s , which is interrupted at 1.25 and 

1.30 V for 10 minutes, after which the potential scan was continued. 
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Figure 5.26: Cyclic voltammetric behaviour of a fresh Nico o 
2 4 

electrode at two different Potential sweep rates in 5 H 

KOH, 25~c. TF = 4oo~c and tF = 1 h; catalyst loading: 
-2 -1 15.30 mg cm ; v = 2.5 mV s (dashed curve); v = 

-1 25 mV s (solid curve). 

It follows from this voltammogram that during the arrest at 1.30 V the 

second reduction ls not complete. There is still a contribution in 

cathodic charge on top of the first reduction peak, as can be seen by 

comparing the scan, started at 1.3 V, i.e. curve I, with the reduction 

part of the linear potential sweep in the potential range 0.9 to 1.3 V 

(curve III), i.e. the Ea1/Ecl couple. 

Interrupting the potential sweep at 1.25 V for 10 minutes, Le. curve 

II, leads to a complete reduction of the second anodic process. The 

ratio anodic versus the cathodic charge of curve II approaches unity, 

because after holding at 1.25 v, the first anodic oxidation is still 

complete, so that the reduction charge of the continued sweep belongs 

exclusively to the reduction of the first anodic oxidation. 

This is also shown, more pronounced in figure 5.28, recorded at 
-1 v = 2.5 mv s , where the reduction sweep was interrupted at 1.275 v 

for 10 (curve I), and at 1.25 for 10 (curve II) and 30 minutes (curve 

III). The interruption at 1.275 V does not complete the reduction of 

the second anodic process. 
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Fixing the potential at 1.25 V the second reduction process, related 

to the second oxidation process, can be regarded as finished, for with 

increasing the time of arrest at 1.25 V, no further change in the 

potentlodynamic respons was observed. 

It can thus be concluded that the reduction of the second anodic peak 

is not complete above 1.25 V. However, these experiments do not exclu

de the possibility that the second reduction process exists of two 

steps. 

In order to establish the relationships between the different oxida

tion and reduction peaks, the cyclic voltammograms were run to diffe

rent potentials at the same scan rate, i.e. v is 25 mV s-1 • 

lfmAcm·•1 

s.o 

tO 

0 
0.8 

·1.0 

·2.0 

·3.0 

·4.0 

Figure S.27: cyclic voltammogram of fresh Nico2o4 , which is inter

rupted in the reduction sweep at 1.25 V and at 1.30 V for 

10 minutes, after which the linear potential scan was 

continued. 

Experimental conditions: 5 M KOH, 2s•c; v 
-2 TF = 4004 C and tF = 1 h; catalyst loading = 15.30 mg cm 

Curve I = continued sweep after arrest at 1.30 V for 10 

minutes; curve II = after arrest at 1.25 V for 10 minu

tes; curve III = voltammogram in the E-range 0.9 to 1.3 V. 
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l(mAcni') 
50 

-so 

Figure 5.28: cyclic voltllmlllogram of a Nlco2o4 electrode, which ls 

interrupted in the reduction sweep at 1.275 V for 10 

minutes and at 1.25 V for 10 and 30 minutes. 
-1 Experimental conditions: v = 2.5 mV s ; others see 

fig. 5.28. 

curve I = continued sweep after arrest at 1.275 V for 10 

minutes; curve II = idem at 1.25 V for 10 minutes; curve 

III = idem for 30 minutes; curve IV = voltammogram recor

ded in the E-range 0.9 to 1.275 V. 

Figure 5.29 shows that the first anodic peak Eat• at 1.21 v. corres

ponds with the first cathodic peak Eel' at 1.175 v. The ratio of 

anodic charge Qal verus the cathodic charge Qcl ls equal to unity. 

There is no further increase in the .cathodic peak height of Eel' 

when the anodic switching potential ls 1.25 or 1.30 v. 

As seen in figure S.29, it appears that the second anodic peak Ea
2 

is reduced in two steps, at two different cathodic potentials. With 

in~reaslng anodic switching potential (l.30 < E < 1.40) it ls noti-
s 

c:ed that the first part of the second anodic peak Ea2• at about 1.39 
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V, is reduced on top of the first cathodic peak Eel' at about 1.175 

v, and the remaining part of K 2 (K > 1.40 V) ls reduced at a a,s -
higher potentials, l.e. the shoulder Ec2 at about 1.375 V. The ratio 

of the total anodic charge Q L versus total cathodic charge Q L 
a,~ c,~ 

ar,proaches unity. 

llmA.cm·21 

50 

•SO 

Figure 5.29: Cyclic voltammetric behaviour of a fresh Nico
2
o

4 
electrode, run to different anodic switching potentials. 

Experimental conditions: 5 H KOH, 25°C; v 25 mv s-1 ; 
-2 TF = 400°C and tF = l h; catalyst loading = 12.30 mg cm • 

This is investigated further with the perturbation program, as shown 

in figure 5.30, which confirms the correlation of the different anodic 

and cathodic processes, as mentioned before. 

On the basis of these data, we can suggest three different models for 

the conjugated electrochemical processes, before oxygen evolution 

takes place on the freshly prepared Nlco2o4 electrode. 

1. The second anodic peak is made up of two different metal cations 

which oltidize at nearly the same potential, one of them are metal 

ions involved in the further oxidation of Bal 

Anodic: 
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Hx+ H(x+l)+ 
a a 

8 Cx+1)+ H(x+2)+ 

··] a a 

Hy+ K(y+l)+ 
b b 

Cathodic: 
H(x+l)+ Mx+ 

··J 
a a 

H(x+2)+ H(x+l)+ 
a a 

"(y+l)+ 
b 

Hy+ 
b 

2. The same as in the first model, but without further oxidation of 

metal ions involved in Ea1· 
Anodic: 

Eal : 
Mlt+ -I> 

H(x+l)+ 
a a 

'{+ H(y+l)+ 
b 

Ea2 
M(z+l)+ HZ+ 

c c 

cathodic: 
M(x+l)+ Hx+ 

a a 
Eel 

H(y+l)+ Hy+ 
b b 

Ec2 
K(z+l.>+ Hz+ 

c c 

3. One metal cation which is reduced at different potentials e.g. 

because of a difference in coordination in the crystal structure, 

Le. tetrahedr-ally or octahedr-ally. 

Anodic: 

Eal 
Hx+ -I> 

H(lt+l)+ 
a a 

Ea2 
Hy+ 

b 
a:,y+l)+ 



Cathodic: 

Eel 

Ec2 

H(x+l)+ Hx+ 
a a 
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Figure 5.30: Cyclic voltammetric respons of a fresh Nico2o4 elec

trode subjected to the perturbation program. 
-1 Experimental conditions: 5 H KOH, 25°C; v = 25 mv s ; 

-2 TF = 400°C and tF = 1 h; catalyst loading= 15.15 mg cm 



112 

5.3.10. cyclic voltammetric behaviour of Co3o4 

Figure 5.31 shows the cyclic voltammogram of a co3o4 electrode, 

run to different anodic switching potentials E , at the same scan a,s 
rate v : 25 mV s-1 in the E-range 0.9 to 1.5 V. The potentiodynamic 

behaviour of co3o4 spinet is very similar to that of Nico2o4 . 

only the reduction of the second anodic peak Ea2 is more clearly 

separated into two processes. The first anodic peak Bal' at 1.17 v, 
ls reduced at the first cathodic peak Eel' at 1.15 v. The first part 

of the second anodic peak sa2 ' at 1.46 V, ls reduced at the second 

cathodic peak Ec2 ' at 1.25 V. And the following part ls reduced at 

Eel' at 1.375 V. Sometimes a shoulder has been observed on the left 

part of sa2• 

Thus, the potentlodynamic behaviour of co3o4 can be described by 

the sam& models as presented earlier for Nlco2o4 . 

Table S.7 shows the observed anodic and cathodic potentials on the 

co
3
o4 electrodes in 5 K KOH, 25•c for two different potential 

-1 sweep rates, i.e. 25 and 2.5 mV s • There are no further shifts in 

potential values with decreasing v. 

Figure 5.31 shows also that in the E-range 0.7-1.5 v, an extra weak 

anodic peak, at 0.875 V, and the corresponding cathodic peak, at 

0.875 v, appears. These faradaic current peaks probable correspond to 

the 2+/2.67+ transition (i.e. Co(OH)
2
/co3o4 or Co0/Co

3
o

4
> 

~3,3~. 

Table 5.7: Observed potentials on co3o4 electrodes in 5 K KOH, 2s•c. 

25 

2.S 

~ 
(V) 

1.160 

1.150 

1.450 

1.410 

~1 
(V) 

1.140 

1.140 

1.250 

1.255 

1.370 

1.400 
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Figure·S.31: Cyclic voltammogram of a fresh co
3
o

4 
electrode, run 

to different anodic switching potentials. 

Experimental conditions: S M KOH, 25°C; v 25 mV s-1 ; 
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-2 TF = 400~c and tF = 1 h; catalyst loading a 20.15 mg cm • 

5.3.11. Correlation of the observed peak potentials with standard 

potentials 

The cyclic voltammogram of Nico
2
o4 represents a surface layer of 

an electrochemically formed oxlde(s), leading locally to higher valen

ce states of the Nico
2
o4 catalyst. 

on the basis of the observed potentials at which the oxidation and 

reduction takes place, we have tried to identify the ions involved by 

comparing them with the standard potentials. Any assignment of the 

current peaks to a specific surface reaction ls difficult because 

there are no definite thermodynamic data for the Nico
2
o

4 
splnel 

helping to identify the redox couples involved. However, we can 
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attempt to correlate the redox behaviour of Nico2o
4 

with the ther

modynamic data .of the individual oxides, as shown in (33 ,34). From 

the general cation distribution of the spinel structure (Nico
2
o

4 
belongs to 2-3 spinels; see introduction) and the observed peaks, it 
seems reasonable to assume that the possible transitions to higher 

valence states before oxygen evolution are limited to 
2+ 3+ i 2+ N. 3+ Ni3+ N·t4+ d C 3+ C 4+ co .-. Co ; N -. 1 ; -. an o -+ o . 

From (33] it follows that trans i Hon between 2+13+ oxidation states 

of cobalt occur at lower potentials than the corresponding transitions 

of nickel. An assignment of the first~transltion as co2+/3+ or 

Ni2+/3+ cannot be made from the observed peak poten- tlals alone. 

Cobalt for:'llls an oxide with the spinel structure i.e. co
3
o

4
• 

However there does exist a nickel spinel 'Ni
3
o

4
• like co

3
o

4
• 

Co~o4 ls a normal spinel with a well-known cation dis- tribution 

Co +[co;+]
2
o

4
. From the published standard potentials of the cobalt 

oxidation state transitions [33,34], it is obvious that the first 
2+13+ 

anodic peak Eat• reduced at Eel' is a co transition (i.e. 

co3o41coOOH or co3o4tco2o3) and the second current peak 
3+14+ E 

2
, reduced at E 2 and E 3 , a Co transition (i.e. 

a c c 2,67+/4+ 
CoOOH/Coo2 or co

2
o3tcoo2> or Co (Co3o4tcoo2>. 

From the similarity of the voltammetric behaviour of the Nico
2
o4 

an.d co3o
4 

electrodes, the assignment of the first transition to 
2+/3 . Co may therefore be justified. Nico2o4 is a 2-3 sp1nel. If 

2+ 3+ the first anodic peak is a K -. K transition, the second 
3+ 4+ anodic peak Ea2 should be a K 4 K transition. The reported 

3+/4+ 3+14+ higher couples of Ni and Co are resp. 1.43 V (34) and 

1.4S to 1.47 V [14,34], which are close to the experimental value 

for the highest oxidation state transition. From the difference in the 

published equilibrium potentials of co3+t4+ and Nll+/4+ 

transitions, there is no sufflci&nt evidence why one of them should be 

favored for the second anodlc peak. 
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5.4. Ageing phenomena: Influence of the limit potentials on the cyclic 

voltammetric behaviour. 

5.4.1. Introduction 

Electrochemical polarization conditions have a significant influence 

on the stability of oxide systems. Only a few investigations have been 

carried out on the voltammetric behaviour of nickel cobalt systems 

(1,6, 7 ,35-37]. 

Bagotzky (35] found that the reduction of the spinel oxides formed 

on nickel cobalt alloys started at 0.6 V. Likewise, Singh et al. 

[7] reported that porous Nico2o4 electrodes appear to be 

unstable in the region of potential where oxygen reduction occurs at 

appreciable rates. Nico
2
o

4 
has been shown to undergo complete 

decomposition at potentials below 0.1 V (36,37]. However, the 

influence of the lower limit potential and the anodic polarization on 

the cyclic voltammetrlc behaviour was not reported. 

The dependence of the stability of the co3o4 spinel structure on 

the potential has been studied in detail in (1, 38-41]. It has been 

shown that the co
3

o
4 

spinel structure on the catalyst surface 

undergoes decomposition in the potential range of 0.9 to 0.0 V with 

the formation of various simple compounds (38-41]. In the poten

tial range from 0.8 to 0.7 V the hydroxide Co(OH> 2 appears on the 

electrode, which loosens on further cathodic polarization. In the 

E-range 0.2 to 0.0 V large amounts of simple oxides are found on the 
2+ electrode surface, Co ions going into the solution. 

In section 5.3.1, it was reported that the voltammetrlc behaviour of a 

freshly prepared Nico2o4 electrode was found to differ remarkably 

from that of an aged one. The ageing process introduces an irrever

sible transformation in the potentiodynamic respons. 

It will be shown in this ~ection that the voltammetric behaviour of a 

fresh Nico
2
o

4 
electrode is not· only influenced by the 19wer and 

upper switching potentials of the scan range, but that the voltamme

tric respons is also influenced, in a different way, by potentiostatic 

or potentiodynamic treatment. 
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5.4.2. Results 

Influence of the lower limit potential 

The time of residence of the freshly prepared electrode at the rest 

potential, i.e. 1.1 v. in alkaline· solution was varied between 5 minu

tes and 65 hours and did not influence the voltammetric respons. Also, 

keeping the Nico
2
o

4 
electrode in air for 6 to 12 months before the 

measurements were started, did not affect the results. 
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Figure 5.32: cyclic voltammetrlc behaviour of a freshly prepared 

Nlco2o4 electrode, previously cathodically polarized 

in the E-range 0.9 to 0.7 V. 

Bxpel:'lmental conditions: oxygen-free 5 H KOH, 2S'"C; v = 
-1 

25 mv s ; TP = 400'"C and tF = 1 h; catalyst 
i -2 load ng = 22.60 mg cm • Bpol = 1.1 V - 15 mln (curve 

l); 0.9 V 15 mln (II) - 1 h (III); 0.8 V - 15 mln (IV) -

l h (V) - 2 ~(VI) - 3 h (VII); 0.7 v - 15 min (VIII) -

4 h (IX). 
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Figure S.32 presents the potentiodynamic respons of a freshly prepared 

Nico
2
o

4 
electrode •. which was previously subjected to a potential 

in the range 0.9 to 0.7 v. The voltammogram was recorded, starting 

from the rest potential, in the E-range 0.9 to l.4S V at a sweep rate 

of 2S mV s-l Curve I presents the cyclic voltammogram of the fresh 

Nico
2
o4 electrode. Previously holding the fresh Nico

2
o

4 
elec-

trode at a potential of 0.9 V for different periods did not influence 

the voltammetric respons, as shown by curve II, lS minutes at 0.9 V, 

and curve III, 60 minutes. Thereafter the electrode was held at a 

potential of 0.8 V for different periods. The voltammetric behaviour 

started to change as presented in curves IV and VI: a sharp new catho

dic peak, at about 1.3 V, and an increase in the second anodic peak 

Ea2 is observed; both continuously increasing with increasing time 

of arrest at 0.8 v. The increase in the second anodic peak Ea
2 

is 

correlated with the new cathodic peak as is indicated by the ratio of 

the respective charges which approaches unity. Further lowering of the 

arrest potential to 0.7 V did not give rise to new peaks, as demon

strated by curve VIII. With longer keeping at 0.7 V, the increase in 

both peaks will f·inally dominate the voltammetric curve, cf. curve IX. 

From the voltammetric charge of the new cathodic peak, the net mean 

potentiostatic reduction current at 0.8 V was calculated, as a func

tion of the polarization time; this is shown in figure S.33. It indi

cates that the decomposition process in the E-range 0.9 to 0.7 Vis 

slow and probably limited to the surface of the catalyst. This is also 

illustrated in the next experiment. 

The current due to the reduction of the spinel Nico
2
o

4 
was measu

red in 1 K KOH, oxygen free, at room temperature, as shown in figure 

S.34. A fresh Nico
2
o4 electrode was cathodically polarized in the 

potential region of 1.1 V to 0.6 V, with stepwise decrease of the 

potential (-SO mV). The current starts to increase below 0.9 V, but 

this increase fades with time. 

Decreasing the lower limit potential accelerates the irreversible 

breakdown of Nico
2
o4 • Below O.S V the cathodic current increases 

fast. The Nico2o4 oxide desintegrates rapidly and fine flakes of 

oxide can be seen to fall off the electrode. At 0 V the catalyst loa

ding is nearly completely lost. 
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Figure 5.33: Plot of the net mean potentiostatlc reduction current as 

a function of the polarization time at 0.8 V. 

Experimental conditions: oxygen-free l H KOH, 25°C. 

Figure 5.34: Potential-current density relation on Nico2o4 catho

dlcally polarized in the E-range 1.1 to 0.6 V, with step

wise decreasing cathodic potential of -50 mV. [o]: 

after 1 minute; {•]: after 5 minutes. 

It appears that the 'breakdown• of the Nico2o4 spinel already 

starts below 0.9 v. The decomposition of the Nico2o4 spinel in the 

E-range 0.9 to 0.7 v, as shown in figure 5.32 resembles that of 

co3o4 in which the hydroxide Co(OH) 2 appears on ·the electrode in 

the same potential region [38,41). On the basis of the obsened 

potentials at which the decomposition takes place and the standard 

potential of the individual nlckel and cobalt oxides, as given in 

[33,34], it can be suggested that the Nico2o4 structure initi-

ally decomposes with the formation of Ni(OH) 2 and that the change in 

the voltamm.etric respons is due to the appearance of the 

Ni(OH) 21NiOOH couple. Prolonged cathodic polarization in the E-range 

below 0.9 V leads to a breakdown of the spin~l structure. Thus, a 

lower limit potential of 0.9 V was chosen in order to prevent splnel 

decomposition. 
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!nfluence of the upper limit potential 

The Nico2o4 electrode was subjected to stepwise increased anodic 

potentials in order to investigate the dependence of the cyclic vol

tarometric behaviour on the magnitude of the upper potential limit. 

Figure 5.35 presents the voltQJllll\etric curves of a fresh Nico
2
o

4 
electrode, which was each time first polarized at different potentials 

in the oxygen evolution range for 15 minutes. The voltammograms were 

recorded in the potential region 0.9 to 1.475 v, at a sweep rate of 
-1 25 mV s • curve I presents the voltammogram of the fresh Hico

2
o

4 
electrode. It was found that previously holding Nico2o4 at anodic 

potentials below 1.4 V did not influence the voltammetric respons of 

curve I. Further polarizing the Hico
2
o4 electrode at potentials 

higher than 1.4 v, resulted in a change in the potentiodynamlc res

pons, as given in curves II to VI. The figure shows that the first 

anodic peak Eal decreases, while the second Ea2 increases. The 

reduction of the increased peak Ea2 results in an extra cathodic 

peak. It thus appears that the change ln the voltarometrlc behaviour 

starts ln the oieygen evolution range. Therefore, the influence of the 

polarization potential and time in the oxygen evolution range was 

investigated. 

Figure 5.36 shows the progressive change of the volta.mmetrlc respons 

of a freshly prepared Nico2o4 electrode which was previously held 

at 1.5 v, l.e. just after the oxide formation ls completed, before the 

cyclic volta.mmogram was recorded. This process was repeated and resul

ted in the same changes as observed in figure S.35. Increasing the 

polarization time at 1.S V has no effect on the magnitude of the vol

tammetdc change, as shown by comparing the different curves. It was 

also noticed that the anodic current at l.S V initially decreases 

rapidly with SOT., ln going from curve I to IV, after which it remains 

nearly constant. Finally, it appears that anodlcally and cathodicallJ 

a single peak volta.mmogram is obtained. The first anodic oxidation 

peak Eal has virtually disappeared, while the peak Ea2 is practi

cally doubled. The cyclic voltarometric respons of a fresh Hico2o4 
electrode which was previouslJ subjected to galvanostatic ageing at 

appreciable oxygen evolution is given in figure S.37. The voltammo

grams were recorded in the E-range 0.925 to 1.475 V at a scan rate v 
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Figure S.3S: The cyclic voltammetric behaviour of a freshly prepared 

Nico
2
o

4 
electrode, previously anodically polarized in 

the E-range 1.40 to 1.SS V. 
-1 

Experimental conditions: S H KOH, 2S°C; v 2S mV s ; 
-2 

TF = 400°C and tF = 1 h; catalyst loading 20.10 mg cm 

Polarization time is 1s' min at E 
1 

= 1.10 V (curve I); 
po 

1.40 V (II); 1.4S V (III); 1.47S V (IV); 1.SO V (V); 

1. SS V (VI). 

of 2S mV s-l in S H KOH, 2S°C. Curve I presents the cyclic voltammo

gram of the fresh Nico
2
o

4
. The voltammetric respons is changed 

into curve II, after oxygen evolution at 2SO mA cm-2 for 1 h. Curve 

III presents the potentiodynamic respons after oxygen evolution over-
-2 night at SOO mA cm (14 h). It appears that increasing the polari-

zation potential in the oxygen evolution range only initially accele

rates the ageing process, i.e. the change in the voltammetric respons. 

This follows by ~omparing the increase in the voltammetric charge 

(expressed by i ) of curve IV in figure S.36, i.e. after preanodiza-
P 

tion at 1.S V for 1 h, and of curve II in figure S.37, i.e. after 1 h 

oxygen evolving at about 1.62 v. It is found to be nearly equal. After 
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prolonged polarization ln the oxygen evolution range, the Nlco
2
o

4 
electrode exhibits a more or less constant voltammogram. No correla

tion was found between the time or potential of the polarization and 

the change in the voltammetric behaviour. 

Also galvanostatic rotating ring-disc experiments were performed, as 

earlier described in section S.3.8. An anodic charging current I
0 

of 

0.250 mA was applied to the freshly deposited Nlco
2
o4 layer, until 

steady-state oxygen evolution ls reached for 10 minutes. Curve 1
1 

and 11
1 

in figure S.38 represent, respectively, the change in disc 

potential and ring current versus time. Thereafter, the Nico
2
o

4 
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Figure 5.36: The cyclic voltammetdc behaviour of a Nlco2o4 elec

trode which is repeatedly subjected to anodic polariza-

-1 
Experimental conditions: S H KOH, 25°C; v a 25 mV s 

tlon at 1.5 V. 

-2 
TF = 400°c and tF = 1 h; catalyst loading = 26.50 mg cm 

curve I = voltammogram of fresh NiCo2o4 • Time at 

E = 1.s v: 5 min (curve II>; 10 mln (III>; each time 
pol 

15 minutes (IV to X>; each time 30 minutes (XI to XVI); 

15 h (XVI!). 
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electrode was brought back to the rest potential and the charging 

experiment was started again. Curve I 2 and II2 present the respec

tively repeated curves. It shows that repeating the galvanostatlc 

anodic charging process leads to an increase in overpotentlal. The 

difference in overpotential as oxygen evolution is reached, ls about 

30 mv, as seen In figure 5.38 by comparing curve I1 and I 2. Next, 

the disc electrode was subjected to prolonged anodic oxygen evolution 
-2 at a current density of 10 mA cm for 16 h. Then the galvan~statlc 

charging experiment was repeated and resulted in curves I 3 and 

t13 . No further increase in overpotentlal was observed. 

The results clearly show that the upper limit potential influences the 

voltammetric behaviour of Nico2o4. 
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Figure 5.37: Cyclic voltammogram of a fresh Nico o electrode 
2 4 

subjected to oxygen evolution. 

Experimental conditions: 5 H KOH, 25•c; v = 25 mv 9 -l; 

TF = 40o•c and tF = l h; catalyst loading 2 20.40 mg cm-2 

Curve I fresh NiC~~o4 ; after l h 250 mA cm-2 (II>; 

after 2 h 250 mA cm (III>; after 15 h 500 mA cm-2 (IV). 



1.s .., 

1.4 40 

1A ao 

... 
./ 

••o SOO 150 

I 
I 

I 
/ 

I 
1., 
I 

1000 

Ume(S) 

12:50 

123 

Figure S.38: Plot of the galvanostatlc charging curves on a demount

able RRDB. 

Experimental conditions: o2-free 1 K KOH, 20°C; Q = 33.3 
-1 s • Disc: Nico

2
o

4 
covered nickel disc; ID = 

0.250 mA ~ED vs. time (curve I). Rlng: platinized 

platinum; ER = 0.2 V ~ 1
0 

vs. time (curve II); 

curve 1
1 

and II
1

: respons of fresh Nico
2
o

4
; 1

2 
and 11

2
: repeated charging process; 13 and 11

3
: 

-2 previously subjecting to oxygen evolution at 10 mA cm 

for 16 h. 

In chapter 3, we have reported the phenomenon of ageing in the oxygen 

evolution range. An initial decrease in anodic performance of freshly 

prepared Nico
2
o4 was observed and it was mentioned that the rate 

and extent of ageing varied with different parameters, like the elec

trode preparation and the applied current density. It was found that 

the anodic behaviour remains nearly constant after 1 hour preanodiza

t ion. However, it must be noted that the electrocatalytic activity for 

oxygen evolution was determined at electrodes which were firstly sub

jected to anodic polarization at the highest current densities to be 

studied, i.e. 1000 to 1500 mA cm-2• 

A correlation of the anodic performance with the progressive change in 

voltammetric behaviour ls complicated by the fact that determining the 

change in activity demands subjecting the electrode to higher anodic 

potentials, where ageing takes place. In fact, only the anodic perfor

mance of a freshly prepared and completely aged electrode can be com-
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pared. However, the galvanostatic rotating ring-disc experiment showed 

that already after one charging experiment, an increa·se in overpoten

t ial is observed. When the electrode was subjected to prolonged oxygen 

evolution, it appears that there is no further increase in the disc 

potential ED, although the ED versus time curve is significantly 

changed. The voltammetric charge before oxygen evolution starts, is 

nearly doubled. It also shows that no oxygen evolution is detected 

before the oxide formation is nearly finished and that the start of it 

is shifted from 1.40 to 1.44 V, as seen from curves 111 and 1r3 . 

The results also show that in case of the ageing process no further 

oxidation steps take place above 1.55-1.60 V. 

Influence of cycling 

The cyclic voltammetric behaviour of Nico2o4 is also influenced by 

continuous potentiodynamic scanning. 

A freshly prepared Nico2o4 electrode was continuously cycled in 

the potential range of 0.7 to 1.5 V for about 1500 cycles at a sweep 

rate of 25 mv s-l in 5 H KOH, 25~c, as shown in figure 5.39. Both 

the switching potentials exceed the limit potentials, which were ear

lier determined. A fast change of the cyclic voltammogram of the 

Nico2o4 electrode is obtained. At first, the second anodic peak 

Ea2' at 1.40 v. increases and a shoulder on the cathodic peak Eel' 

at 1.175 v, is observed. No decrease in the first anodic peak Eal' 

at 1.225 V, takes place. After 50 scans a shoulder at Ea2 is clearly 

observed. With further increasing cycle number a new anodic peak, at 

1.35 V, increases fast and dominates Ea2 . At the same time, a new 

cathodic peak grows and shifts to more cathodic potentials. Finally, 

after 1500 scans, the voltammogram results iq one broad anodic peak, 

at 1.39 V and a cathodic peak, at 1.04 V. The total voltammetric char

ge increased with a factor 3.0, and the ratio of the anodic versus 

cathodic charge approaches unity. 

The electrode was then subjected to oxygen evolution at a current 
-2 density of 500 mA cm for 24 h. Thereafter the voltammogram exhibi-

ted the same features and the charge increase was less than 5~. 
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Figure S.39: Cyclic voltammetric behaviour of a fresh Nico2o4 
electrode continuously cycled in the E-range 0 . 7 to 1.S V. 

Experimental conditions: S M KOH, 2s~c; v 

TF = 4oo~c and tF = l h; catalyst loading 

a/ cycles 1 to 150; b/ cycles 150 to 1500 . 

25 mV s -l 

-2 22. SO mg cm 

The voltammogram of the cycled Nico2o4 electrode recorded at a 

sweep rate of 2.5 mV s-1 , is given ln flgure S.40. Lowerlng the scan 

rate results in a deconvolution of the broad peaks an anodic peak at 

1.275 V, with a shoulder at 1.355 V corresponding to Ea2*. The Eal 

peak cannot be distinguished anymore. Cathodically, the new anodic 

peak is reduced at 1.115 V. The shoulders at hlgher potentials corres

pond to the reduction of Ea2 -

This experiment was repeated with switching potentials whlch did not 

exceed the (lower) limit potential, i.e. in the potential range 0.9 to 

1.45 V, as shown in figure 5.41. In contrast with figure 5.40, the 

Foot- note: The observed peak pote ntials for the fresh Nlco2o4 
electrode at a scan rate of 2.5 mv s-l were Eal at 1 . 20 V; 

E82 at 1.35 V and Eel at 1.19 v. 
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cyclic voltammetric behaviour of the fresh Nico2o4 electrode is 

much more stable. The voltammetric charge increase was less than 5~ in 

the first 100 scans. The changing profile in the first 500 cycles 

resembl•s that of potenl:iostal:ic or galvanostatic ageing in the oxygen 

evolution range. Anodically, only an increase in the second anodic 

peak Ea2 is observed, which ls reduced in the shoulder at about 

1.25 V. Also, a slight decrease in the first anodic peak Eal ls 

noticed. Between scan number 500-1725 as presented in figure 5.4lb, a 

similar behaviour ls observed, as seen before in figure 5.39. The new 

anodic peak is distinctly observed as a shoulder of Ea2 and its 

increase is high compared to that of Ea2 • However, the change ln the 

volta.mmetric charge over 1800 cycles ls only a factor 0.5 and the 

observed peaks are Eal at 1.22 V, the new anodic peak at 1.325 V and 

Ea2 at 1.39 V. Cathodically, a broad peak is observed at 1.17 V with 

a shoulder at 1.35 v. Thereafter, the electrode was subjected to oxy

gen evolution potentials, and again one broad peak was obtained, (the 

dashed curve in figure 5.4la). 

30 

•IO 

-Figure 5.40: Voltammogralll of the cycled Nico o electrode at a 
-1 2 4 

sweep rate v of 2.5 mV s • 

Experimental conditions: see figure 5.40. 
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Figure 5.41: Cyclic voltammetrlc behaviour of a fresh Nlco
2
o

4 
electrode continuously cycled in the E-range 0.9 to 

1.45 v. 
Experimental conditions: 5 H KOH, 25•c; v -1 25 mv s ; 
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1,1 

TF = 400°C and tF = 1 h; catalyst 

a/ cycles 1 to 1800 (dashed curve 

tlon); b/ cycles 500 to 1725. 

loading -2 26.8S mg cm 

= after oxygen evolu-

Table 5.8: Comparison of the anodic performance for oxygen evolution of 

the prolonged cycled electrodes and a fresh Nico
2
o

4 
elec

trode in S H KOH, 2s•c (iR-corrected). 

Electrode treatment1 

Cycled from 0.9 to 1.45 V 

Cycled from 0.7 to l.S V 

Fl."esh
2 

-2 
E(V) at 200 mA cm 

1.60 

1.63 

1.60 

E(V) at 500 mA cm-2 

1.63 

1.66 

1.635 

1: TF 400°c and tp 1 h 2: only preanodized at 1.5 A cm-
2 

fol." l h. 
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Table 5.8 gives the anodic performance for oxygen evolution at two 
-2 current densities, l.e. 200 and 500 mA cm • for the prolonged 

scanned electrodes and for a fresh Nico2o4 electrode which was 
-2 only preanodized at 1.5 A cm for 1 h, as reported in chapter 3. 

The voltammetrlc behaviour was differently influenced by potentiodyna

mlc cycling or treatment at constant potential or current density. 

With cycling, a new anodic peak ls observed and Eal remains nearly 

constant. With subseguent cycling Eal will be hidden gradually by 

the higher anodic peaks, while with potentiostatic or galvanostatlc 

treatment, no similar new anodic peak is observed and Eal in general 

decreases. It is evident that the switching potentials, i.e. the lower 

and upper limit potential, influence this kind of ageing. Comparison 

of figures 5.39 and 5.41 indicates that it ls probably the lower limit 

potential which is responsible for the difference in the rate of chan

ges in the voltammograms. 

Table 5.8 also shows the effect of potentlodynamic cycling on the 

anodic performance. An.increase in overpotential is found for the 

electrode at which both limit potentials were exceeded, i.e. for the 

E-range 0.7 to 1.5 V. This increase ls not due to a change in surface 

area, because the voltammetric charge increases with a factor 3, which 
indicates that the surface area increases. The decrease in activity is 

probably a result of the splnel decomposition. On the other hand, the 

anodic performance of the Nico2o4 electrode scanned in the E-range 

0.9 to 1.45 V is still comparable with that of a Nico2o4 electrode 

which was only preanodized. Apparently, the ageing here is just only 

started, compared to that in figure 5.39. 

5.4.3. Discussion 

correlation of the change in voltammetric behaviour and activity 

It was attempted to correlate the change in voltammetric response with 

the electrocatalytic activity for oxygen evolution. A most striking 

observation was that the cyclic voltammetric behaviour of a freshly 

prepared Nico2o4 electrode differs. remarkably from that of an aged 

one. The voltammogram of a freshly prepared Nico2o4 electrode 

exhibits two anodic oxidation peaks, while that of an aged one only 
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shows one single peak. The influence of both the limit potentials and 

of the cycling procedure on the cyclic voltammetric behaviour was 

considered to be an ageing phenomenon. The shifts in the peak poten

tials and -currents, and the appearance of new anodic and cathodic 

peaks indicate that it cannot be only an increase in surface area. 

In case of the lower limit potential, it ls evident that finally, the 

decomposition leads to loss of activity. The decrease in the electro

catalytic activity is correlated with the rate of decomposition of the 

spinel Nlco
2
o4 which depends on the lower limit potential. In case 

of the upper limit potential, the anodic performance remains nearly 

constant, after an initial decrease in activity, as earlier reported 

in chapter 3. 

continuously cycling leads also to a decrease in anodic performance. 

Although in all cases, the voltammetric charge increases significant

ly, which indicates an increase in surface area, no increase in anodic 

performance was observed. 

If the voltam11'19trlc charge is a measure for the number of active sites 

for oxygen evolution, as concluded for fresh NiCo2o4 , we should 

expect an increase in anodic performance with ageing. However, the 
anodic performance remains nearly constant after ageing in the ox1gen 

evolution range. This implies that the number of active sites on the 

surface where oxygen evolution takes place is constant. Therefore, it 

must be concluded that the voltammetrlc charge of the aged electrodes 

ls no longer a measure for the number of active sites for oxygen evo

lution. The increase in the voltammetrlc charge indicates that an 

increasing part of the Nico2o4 layer becomes involved in the oxi

dation-reduction process. However, the oxygen evolution takes onl1 

place on the top surface of the Nico2o4 electrode, as earlier 

reported in chapter 3, where the number of active sites is apparently 

constant. 

Interpretation of the ageing phenomenon 

The ageing phenomenon in this section was mainlJ a phenomenological 

description of the change in voltammetric behaviour of the freshly 

prepared Nico2o4 electrode. The ageing in the oxygen evolution 

potential range is of special importance in view of the practical 
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application in water electrolysis and will be discussed here. 

The contradiction of the observed increase in the voltammetric charge, 

which should indicate an increase in the surface area, and the obser

vation that the anodic performance remains nearly constant, which in 

turn indicates that the number of active sites ls constant, could be 

interpreted in terms of partial decomposition of the Nico2o4 sur-

face layer. It seems that a part of the surface sites is unstable, 

probably as a result of the defective nature of Nlco
2
o

4
• A chemi-

cal decomposition step is not seen ln the cyclic voltammogram. 

However, Nlco
2
o

4 
was always under potential control in the alka-

line solution. No change in voltammetric behaviour was observed at the 

rest potential. Thus, polarization is essential to start the ageing 

phenomenon. These unstable sites will also be oxidized and reduced and 

lead to the change in the voltammetrie behaviour. The initial decrease 

in anodic performance must be attributed to the loss of a part of the 

active spinel sites, whereafter the number of active sites on the 

surface ls constant. It appeared that the ageing process initially 

goes rather fast, so the defect sites at the surface are preferential

ly involved. It was also reported (38,39] that preliminary anodic 

oxidation markedly increases the stability of co
3
o

4
• A similar 

effect can also explain the decrease in the rate of ageing with time 

for Nico2o4• 

It must be suggested that at least part of the unstable sites dissol

ves, resulting in a roughening of the Nico2o4 layer. So, the 

increasing voltammetrlc respons can be explained by a penetration 

effect in the Nico2o4 layer as a result of the •partial decomposi

tion• and 'dissolving• process. Conseguently, the total area increases 

Le., the number of active and inactive sites. However, this ls not 

expE'essed in an lnerease in anodic peE'formanee, because the oxygen 

evolution is limited to the surface. A dissolving or leaching process 

ls essential for the roughening or penetration process, but it is also 

limited in depth. This follows fE'om the observation that the increase 

in the voltammetrlc charge with ageing in the oxygen evolution range 

was maximum a factor 3 to 4. 

A complete decomposition, which should result in the formation of 

individual oxides of nickel and cobalt must be excluded, because then 

a sharp decrease in anodic performance and an increase in the iR-drop 
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should be observed. 

It was also found that the rate of ageing increases with lowering the 

temperature TF of the heat treatment, while the magnitude of ageing 

was nearly equal. 
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6. NON-ELECTROCHEMICAL CHABACTERIZATION 

6.1. Introduction 

The results reported in chapter 3 and 5 have shown that the prepara

tion method, and so the conditions of oxides affect the textural cha

racteristics. Besides the in-situ electrochemical analysis of Nlco2o4 
as reported in chapter 5, a number of ex-situ techniques were used to 

characterize the nickel cobalt spinel system. This chapter provides 

supplementary information about the surface features of Nico2o4 , 

in particular with reference to the heat treatment. 

Thermogravimetric analysis was applied to study the course of the 

decomposition of cobalt nitrate as a function of the temperature. 

BET-measurements and scanning electron microscopy were used for the 

investigation of the surface morphology. X-ray diffraction, tempera

ture programmed reduction and X-ray- and Auger photoelectron spectros

copy were employed to study the surface and bulk composition of 

Nico2o4 . 

6.2. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was carried out using a Mettler 

thermoanalyzer 2. The heating rate was 3°C min-l in the temperature 

range of 25 to 1000°c. 

Figure 6.1 shows the thermogravimetric diagram of the decomposition of 

Co(N03)2.6H
2
o (Herek) and of Ni(N03>2 .6H2o (Merck) and 

Co(N03>2 .6H2o mixed in a stoichiometric ratio of 1:2. The TGA 

curves are plotted as a fraction of the initial weight {G
0

-G)/G
0 

versus the temperature (G
0 

is the initial weight and G is the weight 

loss of the sample). It appears that in either case decomposition 

occurs below 300°C. It is well known that both decomposition processes 

give rise to the formation of a spinel oxide, i.e. in the former 

co3o4 , and in the latter Nico2o4• The TGA curve of cobalt 

nitrate can be distinguished into different regions: a major weight 

loss region below 280°C which can be divided into two parts, followed 

by a very small monotonic weight loss up to 500°C. Then no further 

weight loss takes place in the temperature range of 500 to 900°C. 

Finally, .a sharp weight loss is observed at 900°C. 
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Fig. 6.1. Thermogravimetric curves plotted as the fraction of the 
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The hydration water molecules are removed in the temperature range 

below 230°C as confirmed by calculations of the weight loss curve. The 

decomposition of the nitrate, with the evolution of NOx' apparently 

starts as soon as the dehydration is completed. It takes place over a 

short temperature interval of about 50°C and results in the spinel 

oxide co3o4 . The weight at 280°C does not correspond exactly to 

that of co
3
o4 . The presence of hydration water in excess over the 

nominal composition can disturb the calculations based on the TGA 

curve. Co(N03>2.6 u2o is known lo be extremely deliquescent 

(l]. The temperature at which the spinel oxide is formed, changes 

with the heating rate. Pope et al. [2] observed that the decomposi

tion was already completed at 200°C when lowering the heating rate, 

while Garavaglia (3] reported that at sufficient long times co
3
o

4 
is 

even formed at 150°C (24 h}. The small monotonic weight loss observed 

in the temperature range of 280 to 500°C has been related to the pro

gressive loss of excess oxygen in the initially non-stoichiometric 

oxide [3-6]. Further heating of the sample does not result in any 
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change in weight up to 900°C. This indicates that the oxide of the 

spinel type does not undergo further conversion in this temperature 

range. At about 900°C, a sharp decrease in the curve is noticed: the 

spinel oxide co3o4 decomposes to coo, as indicated by the weight 

loss. 

The TGA curve of the mixed nitrates is initially similar to that 

obtained for the cobalt nitrate: a sharp weight loss takes place imme

diately on heating, tapering off above 275°C, which.consists of the 

earlier mentioned processes, i.e. fusion of the salt, dehydration, and 

decomposition of the mixed nitrates. Thereafter, a steady weight loss 

starting at 27S°C up to 800°C is observed, followed by a more pronoun

ced weight loss above 800°C (as shown by the curve on an expanded 

weight scale in figure 6.1). 

It can be suggested that Nico2o4 is already formed after the 

nitrate decomposition is finished (at about 275°C). Further increasing 

in the temperature up to about 400°C causes a weight loss, which can 

be correlated with the loss of excess oxygen of Nico2o4+x" The 

weight loss above 400°C can then be interpreted as the thermal decom
position of the spinel oxide Nico2o4 • The sharp decrease above 

800°C has been attributed to the loss of all spinel phases [7]. 

From the weight loss in the range 300 to 400°C the excess oxygen, i.e. 

the value.of x in NiCo2o4+x' can be calculated from the thermogram 

using the equation (6.1), 

240.56 

x (6.1) 
16 

where GT is the weight of the sample at temperature T, GS is the 

weight expected for the formation of the stoichiometric compound and 

the constants in the nominator are the molecular mass of NiCo2o4 , 

respectively, in the denominator the atomic mass of oxygen. The 

results are shown in table 6.1. It appears that the stoichiometric 

composition is reached at about 360°C. At 400°C a negative value of x 

is found, which indicates the decomposition of the spinel structure. 

This number has no physical meaning above 400°C, i.e. in the two-phase 

region. 



137 

Table 6.1.: oxygen content in Nico2o4+x obtained from the 

thermal analysis of the mixed nickel cobalt nitrate. 

T (°C) 300 350 

x +0.40 +0.03 

400 

-0.14 

However, the restrictions of the calculation based on a simple weight 

loss curve must be borne in mind. The values were derived from TGA, 

which gives non-equilibrium data. It was also found that when the TGA 

curve is interrupted and hold constant, the weight loss still consi

derably changes. The calcination time is important here, especially at 

lower temperatures (~ 300°C). Further, the presence of excess hydra

tion water can disturb the calculation. The thermogravimetric analysis 

of the cobalt nitrate, and the mixed cobalt nitrate is in agreement 

with those obtained by other authors [1-10). 

The TGA experiments were carried out in the laboratory of Prof. 

R. Prins at the Department of Inorganic Chemistry, Bindhoven Univer

sity of Technology. 

6.3 BET surface area determination 

surface areas were measured using the ~runauer-f;.mmet-Ieller method 

(BET). Also the pore size distrlbution was determined. The NiCo
2
o

4 
powder samples were prepared by thermal decomposition as described in 

section 3.2.1. 

These experiments were carried out by the group of Prof. J. Scholten 

at the Department of Chemical Technology, Delft University of Techno

logy. 

Figure 6.2 illustrates the effect of the temperature TF and duration 

time tF of the heat treatment on the BE'I surface area of the 

Nico2o4 powders. The specific surface areas decrease with increase 

of TF' and with tF. At each temperature TF th~ surface area of 
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Fig. 6.2. BET-surface area of Nico2o4 powders as a function of 

the temperature TF. 

[o]: tF = 1 h; (+]: tF 5 h; (•): tF 10 h; [-): tF' = 24 h. 

Nico2o4 will reach a constant value as the duration time tF is 

increased. So, at each temperature TF' a duration time tF exists 

beyond which no significant changes in surface area will be observed; 

this value is, of course, reached faster at higher TF. The diffe

rence in surface area in this limit, i.e. tF = 24 h, between the 

heat treatment of 300 and 400°C is 253. This differs from the results 

reported in chapter 5, where the cyclic voltammetric charge was propo

sed to be a measure for the surface at"ea of the Nico
2
o

4 
electrode. 

The voltammetric charge strongly depends on TF, but only slightly on 

tF. Virtually no further change in surface area after a heat treat

ment of one hour was observed. tt was found that the difference in 

surf ace area between the heat treatment at 300 and 400°C was about 

1003. 

The BET-surface area of the Nico2o4 powder materials and the appa

rent electrochemical surface area of the Nico2o4 electrodes are 

compared in table 6.2. They show the same depende.nce with respect to 

the temperature TF: a decrease of the surface area with increasing 

TF. 



Table 6.2.: BET-surface area of Nico2o4 powders and apparent 

electrochemical surface area of Nico2o4 electrodes 

as function of TF and tF. 
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Heat treatment BET-surf ace area 

NiCo2o4-powders 
(m2 g-1) 

Apparent electrochemical 

surface area of Nico2o4 
electrodes (m2 g-1 > 

250 10 39.9 10.7 

300 1 32.0 6.9 

300 10 16.0 5.9 

350 1 4.5 

400 1 22.5 3.1 

400 10 13.7 3.3 

The dependence of the surface area on the duration time tF shows 

that in the case of using a voltammetric technique, an approximately 

constant surface area is reached faster. Apparently, no further sinte

ring takes place after a heat treatment of one hour, while in the case 

of powder material at least a thermal treatment of 10 hours at 300°C 
or 5 hours at 400°C is required. The discrepancies in the magnitude of 

the surface area as a function of TF and tF between the powder and 

electrodes can be explained by a difference in the morphology of the 

Nico2o4 oxide due to the slightly different preparation condi-

tions. Unfortunately, it was not possible to subject the Nico2o4 
electrodes as such to a BET examination. 

A pore size distribution was carried out on Nico
2
o4 powder sam-

ples, prepared at a/ temperature TF of 300°C and for a duration time 

of 1 hour, b/ at 400°C for 1 h and c/ at 400°C for 24 h. In describing 

pore size, the notation of Dubinin [11] is commonly adopted: 

micropores are pores with a diameter of less than 20 A, mesopores have 

diameters in the range of 20 to 300 A and macropores are those larger 
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Fig. 6.3. SEH micrographs of the surfaces of Nico2o4 electrodes 

prepared at different TF. 

a. 300°C - l h 

b. 400°c - l h 

Magnification factor ~ 204. 

than 300 A. The samples showed no distinct mean pore diameter; they 

are spread in the mesopore range. It appeared that there were no 

micropores. ln sample a/ most pore diameters are situated in the range 

20 to 50 A, in sample b/ 50 to 150 A, and in sample c/ from 70 to 

200 i. 

The observation of the samples with scanning electron microscopy (SEK) 

gives additional evidence that the surface morphology is determined by 

the preparation temperature TF. SEM micrographs of Nico2o4 elec

trodes are given in figure 6.3. The NiCo
2
o

4 
electrode prepared at 

400°C exhibits a smooth, circular scaly surface, while the electrode 

prepared at 300°C shows a rougher and more porous texture. All coa·· 

tings exhibit some cracks. 

6.4 X-ray diffraction 

The X-ray diffraction analysis of the NiCo2o4 catalyst was carried 

out using a Philips model PW 1009 rontgen diffraction spectrometer. A 

FeKtt radiation with a Hn filter was used. All diffraction patterns 
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were recorded at room temperature. The Debye-Scherrer powder diffrac

tion photographs were obtained using a camera with a diameter of 57.3 

11\11\. X-ray diffraction patterns of the Nico2o4 electrodes were also 

obtained using the Philips diffractometer. 

The phase composition was identified by comparison with the ASTM data 

[12}. 

The X-ray diffraction measurements were carried out in the laboratory 

of Prof. R. Metselaar at the Department of Physical Chemistry, Eind

hoven University of Technology. 

Table 6.3 shows the phase composition as derived from the Debye

Scherrer powder photographs of freshly prepared Nico
2
o4 as a func

tion of TF and tF. With lowering TF and tF, the diffraction 

lines became broader and less well defined. However, there was little 

difficulty in identifying the phase present. The X-ray analysis con

firmed the expectations, i.e. the detection of the single phase 

Nico2o4 spinel oxide in the TF- range of 250 to 400°C. The visu-

ally estimated intensities of the Debye-Scherrer diffraction lines 

were in agreement with the ASTM data of Nico2o4 [12}. At higher 

temperatures lines, corresponding to another cubic phase were 

observed, presumably NiO. NiCo2o4 electrodes at which oxygen had 

been evolved, were analyzed with the spectrometric diffraction method. 

Table 6.4 presents the values of the interplanar d-spacings, the 

Miller indices (hkl), and the relative intensity (referred to the 

strongest line 11 , i.e. 2 0 = 46.6°) of the NiCo2o4 coatings 

as a function of TF and tF, together with the ASTM data of NiCo2o4 
and NiO. The X-ray diffraction patterns in the TF-range below 400°C 

are characteristic for the Nico2o4 spinel. The deviation in the 

measured relative intensity, which seems to increase with decreasing 

temperature TF. can be attributed to preferred orientations. 

The appearance of NiO at TF·greater than 400°C is confirmed by the 

detection of the additional reflections at 2 0 equal to 49.0° 

(d = 2.41), 55.2° (d = 2.09) and 81.8° (d = 1.48). The values between 

the brackets in table 6.4 give the relatlve intensity 1111 , refer-

red to the strongest line 11 of the additional lines, i.e. 2 e = 55.2°. 
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Table 6.3.: Phase composition of the powders 

Heat treatment Phases 

TF (OC) 

250 l (a) 

250 10 (a) .. 
300 l (a) .. 
300 10 (a) .. 
300 24 (a,b) .. 
350 l (a) .. 
400 l (a,b} 

400 10 (a) 

400 24 (a,b) .. 

450 l (a) Nico
2
o

4 + trace cubic 

450 10 (a) NiCo2o4 + " .. 
500 l (a,b) NiCo

2
o4 + appreciable 

a.: catalyst scraped from electrode 

b.: evaporation method (see chapter 3) 

phase .. 
cubic phase 

The X-ray data analysis is in·agreement with the TGA diagram (section 

6.2), and reveals furthermore that the decomposition of the Nlco
2
o

4 
spinel sets in at temperatures above 400°C, with the appearance of 

NiO. With Rontgen diffraction no influence of the oxygen evolution 

reaction on the Nico2o4 electrodes was detected. 

The parameter of the lattice when it corresponds to the closest 

packing principle is equal to 8 A [13]. The cell parameter of 

spinels is usually greater .\,llan that predicted by the packing density 

principle. The reported unit cell dimension of NiCo
2
o4 can be 

situated in the range of 8.10 to 8.12 A [7,8,14,15]. The lattice 

parameter or unit cell dimension a
0 

was simply determined from the 



Table 6.4.~ the values of the interphnar d-spa~bg ~i>, th• Killer indices and the rebt.hre intens,ities of th• Nico2o4 electrodes as fur.ction ot Tl' «t.d lr. 

hkl 111 220 311 111 222 200 400 422 "111.333 220 ••o 
r,<·ci-t,chl d III

1 
d Illl d I/Il d ItI

1 
d I/I1 d II "i d Ilt

1 
d lilt " till d 1111 d 1111 

250 10 4.68 24 2.88 3? 2 .45 100 2.34 2• 2'.03 85 1.66 14 LS6 35 l.1413 38 

300 l 4.10 19 2.81 32 2.4S 100 2.34 22 2.03 68 l.6S 16 l.Sf:i 36 1.43 so 
300 10 4.66 lS 2.87 33 2.45 tou 2.35 19 2'.03 54 l.66 16 1.56 32 1.43 48 

350 . 1 4.66 19 2.86 30 2.4S 100 2.34 21 2.03 60 1.65 19 t.S6 40 1.43 54 

400 l 4.68 15 2.81 28 2.45 100 2.35 14 2.03 41 l.66 14 l. 56 33 l.43 •• 
400 10 4.69 13 2.81 32 2.0 100 2.35 20 2.03 48 l.66 15 L56 35 1.43 •• 
500 l 4.68 14 2.81 31 2.•<; 100 2.•1 10 2.35 14 2.09 10 2.03 55 l.66 10 l.56 34 L48 • 1.43 ., 
600 1 4.66 12 2.86 36 2.44 100 2.41 33 2.3• 12 2.09 40 2.03 45 1.65 11 1. 56 22 ! .. U: 24 1.43 •• 

(83) (100) (60' 

MiC:o
2

o4 ASTH 20-781 4.69 14 l.81 25 2.4S 100 2.34 10 ·'.;JJ 25 l.66 8 l.56 30 1.43 .s 

NIO AST!! 4-0835 2.4l 91 2.09 100 l.48 51 
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observed d-spacings for the planes {311) and (440) by making use of 

the cubic formula for the interplanar spacing d, 

a 
0 

I I 2 2 2 
"'d.h + k + 1 

where h, k and 1 represent the Miller indices. 

(6.2) 

The unit cell dimension determined from the Debye-Seherrer powder 

samples shows the tendency to increase slightly (8.08 to 8.10 A) in 

the TF-range of 250 to 400°C. Above 400°C a decrease in a
0 

was 

noticed. No appreciable variation in the lattice constant as function 

of tF was observed. 

The lattice parameter of the coatings showed somewhat higher values, 

i.e. 8.10 to 8.12 A, and more discrepancies in the temperature range 

below 400°C. The decrease in a
0 

above 400°C was more clearly obser

ved. 

The observation of the decrease in a -values above 400°C in both 
0 

cases, i.e. powder or coatings, might be related to the spinel decom-

position. The difference in a
0
-values in the TF-range of the 

spinel only phase is suggested to be a result of a difference in mea

suring technique. 

6. 5 Temperature programmed re.due t:ion 

6.5.1 Introduction 

Temperature programmed reduction {TPR) is applied to investigate the 

reduction behaviour of the oxide catalyst Nico2o4 . In TPR hydrogen 

is continuously led over the catalyst, while the temperature is raised 

linearly with time. By measuring the consumption of hydrogen, due to 

the reduction of species in the catalyst, as a function of the applied 

temperature a so-called reduction profile is obtained. The total 

hydrogen consumption during the reduction makes it possible to deter

mine the stoichiometric composition of the oxide. The ratio H21M is 

a measure for the total hydrogen consumption, and expresses the aver

age number of dihydrogen molecules required for the reduction of a 

metal ion (M) in the oxide. So, TPR allows the determination of the 

mean valency state of the metal ions in the oxide and, therefore, is 

of great value in the characterization of the catalyst. 



6.5.2 Experimental 

The TPR apparatus we used has recently been described in detail by 

Boer et al. (16]. A schematic drawing of the apparatus is presen-
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ted in figure 6.4. The hydrogen consumption is measured with a thermal 

conductivity detector (TCD) of the diffusion type. TCD is very sensi

tive in detecting small changes in the concentration of H2 in Ar 

because of the differences in thermal conductivity between the active 

phase. H2• and the inert phase Ar. The heating rate during all TPR 

experiments is 5°C min-1 • 

The TPR experiments were carried out by the group of Prof. R. Prins at 

the Department of Inorganic Chemistry, Eindhoven University of Techno

logy. 

TPR experiments of supported and unsupported catalysts were carried 

out. Nieo2o4 and co3o4 spinel oxides were prepared by thermal 

decomposition. The supports used were Tio2 (Anatase, Tioxide CLOD 

1367, 19 m2tg), and Grace Sio2 (SP 2-324-382, 290 m2tg). The 

Nico2o4 catalyst was deposited on the supports by means of a stan

dard, pore volume impregnation method: a known amount of an aqueous 

solution of Ni(No3>2 .6n2o and Co(N03>2 .6H2o, mixed in stoichiometric 

amounts of 1:2, was added to the support. The samples were dried at 

moderate temperature,, and finally cured at TF °C for 24 hours to 

form the spinel oxide. 

6.5.3 Results and discussion 

The TPR profiles of the unsupported Nico2o4 (curve a) and co3o4 
(curve b and c) are shown in figure 6.5. Curve c is the TPR profile of 

commercial co3o4 (Merck). The H2tH values are given in the 

curves. The reduction profiles of Nico2o4 and co3o4 are simi-

lar. The reduction peaks are asymmetric and broad, indicating that 

various reducible species are present. It appears that the TPR of 

Nico2o4 (curve a) takes place at lower temperatures than the 

reduction of co3o4 (curve b), for both catalysts prepared under 

identical conditions. 
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TCD 

reactor 

dryer 

Fig. 6.4. Schematic drawing of the TPR apparatus: 

1: pneumatic gas dosage system for preparing 51. H2 in Ar, 

2: thermal conductivity cell, 

3: reactor section = quartz tube placed in a silver block 

oven. 

a 

b 

c 

100 200 300 400 

Fig. 6.5. TPR profiles of unsupported Nico2o4 and co3o4 cata

lysts. 

a/ Nico
2
o4 : 400°C - 1 h 

bi co3o4 400°C - 1 h 

cl co3o4 (Merck). 
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Most probably, this is due to a difference in stability of the spinel 

oxides. It has been reported [8,17] that Nico
2
o

4 
forms a 

'metastable' spinel structure, which already breaks down above 400°C, 

while co3o4 is stable up to 900°C, as shown in the TGA-curves in 

section 6. 2. 

Two peak maxima are observed for both spinel oxides and suggest a two 

stage process. Also the same stoichiometry is observed. The H
2

/M

value indicates that the average oxidation state of the metal cation 

before reduction is 2.67+. Table 6.5 shows a comparison of the TPR 

characteristic features of the literature data and this work. 

Paryjczak et al. [18] has performed a TPR study on co
3
o

4 
pre-

pared by coprecipitation and Martens et al. [19] on co
3
o

4 
supported on Tio2 . Our results are in agreement with the literature 

data. 

Table 6.5.: TPR characteristic features of co3o4 and Nico2o4 

Sample Peak maxima 

(OC) 

Peak area 

ratio 

Ref 

co3o4 
1 347 402 1 3 l.33 this work 

(TF = 400°C - tF 1 h) 

Co3o4 (Merck) 1 336 371 1 3 1.33 this 

Co3o4 
( copreci p. ) l 320 390 1 3 1.33 [17] 

Co3o4/Ti02 
2 315 413 1 3 1.33 (18] 

NiCo2o4 
l 288 348 1 3 1.35 this 

(TF = 400°C - tF 1 h> 

1 : unsupported; 2 : supported 

2+ 3+ The first step in the TPR of Co3o4 , i.e. Co [Co J
2
o

4
, is 

the reduction of co3o4 to CoO and the second step is the reduction 

of Coo to metallic Co, as follows. 

work 

work 
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Co304 + H2 ~ 3Co0 + "20 

3Co0 + 3H2 ~ 3Co + 3H20 

H2/M "' 0.33 

HlM "" 1.00 

From the observed peak ratio and the H2/M ratio a similar course of 

the TPR of Nico
2

o4 can be proposed. 

NiCo204 ~ "2 ~ NiO + 2Co0 + "20 

NiO + 2Co0 + 3H2 ~ Ni + 2Co + 3H20 

H2/H 0.33 

H
2
/H 1.00 

The reduction of the unsupported co3o4 and Nico2o4 takes place 

in two not clearly separated peaks. However, in the case of co3o4 
supported on Ti02 (19]. two clearly separated peaks were obser-

ved with H21H ratios of 0.33 versus 1.00, which led to the two steps 

reduction model. Figure 6.6 presents the TPR profile of 7.15 wt.3 

NiCo2o4tTio2 for different calcination temperatures TF, i.e. 

300 and 400°C. 

00 

• 

b 

•50 0 100 200 300 400 

Fig. 6.6. TPR profiles of Nico
2
o

4
tTio

2 
catalysts 

a/ 7.15 wt.3 Nico
2
o

4 
300°C 

bi 7.15 wt.3 Nico
2
o

4 
: 400°C 

500 OOO 

T c•c1 
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The two reduction peaks are now completely separated, and the start of 

the reduction, i.e. the first reduction maximum, takes place at lower 

temperatures than in the case of the unsupported catalyst. This can be 

explained as a consequence of the particle size and distribution. It 

can be assumed from the properties of the supporting material that the 

Nico2o4 particles of the supported catalyst are smaller, and more 

uniform in size, whereas the unsupported particles are greater and 

have a less uniform particle size distribution. Smaller particles have 

a relative higher surface area, and thus relatively more surface 

defects where the reduction can start. The reduction of Nico2o4 
supported on Sio2 also takes place in two separated peaks, and at 

lower temperatures than for Nico2o4tTi02. This is in accordance 

with the line of reasoning described above. The expected particle size 
2 -1 2 -1 on Sio2 (290 m g ) will be smaller than on Ti02 (19 m g ). 

However, it was reported [18] that for co3o4 supported on 

silica or alumina, the reduction takes place at higher temperatures. 

This was ascribed to an interaction between the active phase, the 

oxide, and the support material. Our results indicate that there is no 

interaction between the Nico2o4 catalyst, and Sio2 or Tio2 • 

The compounds, i.e. nickel and cobalt titanates or silicates, respon

sible for the interaction are probably only formed at higher tempera

tures (TF was maximum 400°C). 

However, the complete reduction of the supported Nico2o4 takes 

place at higher temperatures than the unsupported Nico
2
o4 powders. 

It can be assumed that the second stage in the reduction of the unsup

ported sample is faster because of an earlier.presence of a metallic 

phase. 

The total hydrogen consumption of the first versus the second 

reduction peak is in the ratio of 1 to 3. The H21H value of 1.33 

indicates that the stoichiometric oxide NiCo2o4 is formed and thus 
2+ 3+ can be presented by the general formula M M2 o4• If instead of 

NiCo2o4, NiO and co3o4 were formed on the support, the H21M value 

should have been 1.22, which is substantially different from the 

observed value. It is, however, not possible to determine the indivi

dual oxidation states of Ni and Co in Nico2o4. 
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The ratios of the H21H values of both the reduction peaks indicates 

a two stage reduction. This mechanism assumes no metallic phase to be 

formed in the first reduction peak. This supposition is investigated 

in the next experiment. Nico2o4/Tio2 is reduced in a first TPR 

(figure 6.7 curve b) until the temperature of this first TPR is 280°C, 

which is the minimum in the hydrogen consumption between the two peaks 

(cf. figure 6.7 curve a). At this temperature the reactor is flushed 

with argon and quickly cooled down to 25°C. The partly reduced oxide 

is then reduced in a second TPR run to 600°C (curve c). The reduction 

peak in the second TPR coincides with the second peak of a TPR profile 

without interruption (curve a). It is known that in the presence of a 

metallic phase the reduction already starts at lower temperature, when 

the metallic phase is able to absorb hydrogen dissociatively. However, 

no shift towards lower temperatures of the second peak is observed. 

This experiment was also carried out for co
3
o4 by Paryjczak et al. 

[18], who found that in the first TPR peak practically no metallic 

phase was formed (43 metal). 

420 

a 

245 

b 

c 

"25 0 100 200 300 400 

Fig. 6.7. TPR profiles of Nico2o41Ti02 catalysts: 

7.15 wt.3 Nico
2
o4 : 300°C 

500 

a/ TPR-curve in the T-range of -50 to 600°C 

600 

b/ First TPR-curve in the T-range of -50 to 280°C 

c/ Second TPR-curve in the T-range of 25 to 600°C. 
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100 200 300 400 500 

T(°C) 

Fig. 6.8. TPR profiles of Nico2o4 catalysts 

Heat treatment 

a/ 250 

b/ 300 

e/ 300 

di 400 

e/ 400 

10 

1 

24 

1 

24 

BET-surface area 
(m2 g-1> 

39.9 

32.0 

17. 7 

22.5 

13.3 

151 
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The influence of the temperature TF, and the duration time tF of 

the final heat treatment of Nico2o4 on the TPR profile is shown in 

figure 6.8. A shift of the reduction peaks towards higher temperatures 

as a function of increasing TF and tF is observed. 

For TF ~ 300°C, the H2/H ratio approaches the value of 1.33. The 

stoichiometric composition of H2+H;+o4 is reached for Nico2o4 with 

a mean cation valency of 2.67+. The increase of the H2/M ratio at 

lower TF is due to the increase in non-stoichiometry of Nico
2
o

4
, 

as indicated by TGA in section 6.2. Although, the oxidation state of 

Nico
2
o

4 
oxide is approximately the same above 300°C (TF}, the 

reducibility is different, as shown by the TPR profiles. The TPR curve 

appears to depend on the heat treatment. The reduction peaks are less 

separated at higher TF and tF. The changes in the TPR profiles are 

attributed to the changes in particle size and stability. The influ

ence of the particle size was discussed above. The temperature at 

which the reduction starts, increases with increasing TF and tF, 

and thus with decreasing in surface area. This is corroborated by the 

BET surface area data, as reported in figure 6.2. On the other hand, 
it can be assumed that the stability of the Nico

2
o

4 
phase increa-

ses with TF, resulting in a decrease in the reducibility. 

So the reducibility of Nico
2
o4 decreases with increasing TF and 

tF. 

6.6. X-ray and Auger photoelectron spectroscopy. 

6.6.1. Introduction. 

!-ray £hotoelectron §.Pectroscopy (XPS), also referred to as ~lectron 

§.Pectroscopy for ~hemical ~nalysis (ESCA), and Auger ~lectron §.Pec

troscopy (AES) were used to characterize and determine the composition 

of the surface of Nico2o4 anodes as a function of the temperature 

of the final heal treatment (TF). 

One of the major problems in the crystal chemistry of the mixed oxide 

spinels is the detet'lllination of the valence stale and the distribution 

of the cations among the octahedral ·and tetrahedral sublattices of the 

spinel structure, in particular. if two different metals are present, 
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each of which can adapt more than one valence state. The binding ener

gies and the satellite structure of the XPS photoelectron lines are 

indicative for the Ni and Co valence states in the charge distribution 

of Nico2o4 . 

6.6.2. Experimental. 

Auger electron and X-ray photoelectron spectra were recorded on a PHI 

550 XPS/AES spectrometer equipped with a magnesium anode (hu 

1253.6 eV), an electron gun and a double pass cylindrical mirror ana

lyzer. A PDP 11-04 computer interfaced with the spectrometer enabled 

signal handling to be carried out. Figure 6.9 shows the sample holder 

in its experimental set-up during XPS and Auger measurements. The 

sample is transported via a gate valve to the work chamber. The total 

pressure during the measurements in the spectrometer did not exceed 
-9 1.10 Torr. The XPS analyzer was frequently and carefully calibra-

ted with a gold sample (Au 4f 712 at 83.8 eV). The C ls binding energy 

of contamination carbon was used as internal calibration. No shift of 

the C ls line (284.6 eV) was observed, which indicates that no sample 

charging occurs. The reproducibility of the binding energy values was 

within 0.25 eV. 

The analyzed Nico2o4 electrodes were prepared as reported in chap

ter 3. 

Fig. 6.9. Schematic representation of the experimental set-up during 

the XPS and Auger measurements. 

1 = sample holder; 2 = Mg X-ray source; 3 

electron gun; 5 = analyzer. 

ion gun; 4 
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6.6.3. Results and discussion. 

The XPS survey scan for a freshly prepared Nico2o4 electrode is 

shown in figure 6.10. The survey scan is sufficient for the identifi

cation of all detectable elements present. Of course, predominantly 

the Ni 2p, Co 2p and O ls photoelectron lines are observed in this 

wide range spectrum. Also, the carbon contamination C ls-line is 

observed. 

The XPS concentrations of the various constituents were determined by 

measuring the peak area of the main photoelectron lines and by utili

zing the atomic sensitivity factors, as presented by Wagner et al. 

[20]. This approach is satisfactory for quantitative work, except 

in the case of transition metal spectra with prominent shake-up lines. 

Therefore, the entire 2p region of nickel and cobalt, i.e. 2p312 and 
1/2 2p , was used when measuring peak areas. A generalized expression 

for the determination of the atom fraction of any constituent in a 

sample ex' can be written as 

(6.3) 

3 where n is the number of atoms of the element per cm. of sample. I 

is the number of photoelectrons per second in a specific spectral peak 

and S is defined as the atomic sensitivity factor. The use of atomic 

sensitivity factors will normally furnish semiquantitative results 

(within 10-20~). 

The surface composition of Nico2o4 electrodes, determined by XPS 

measurements as described above, is given in table 6.6 for electrodes 

freshly prepared at the temperatures TF = 300 and 400°C, and for an 

electrode prepared at TF = 300°C, which is aged by previously sub

jecting to oxygen evolution. 

For freshly prepared NiCo
2
o4 electrodes, it appears that with 

lowering TF, the Ni:Co ratio changes: the nickel concentration 

decreases while the cobalt content increases. Generally, it was found 
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that the measured Ni:Co ratio (versus nickel) for TF equal to 400°C 

varied between tbe ratios 1.0 : 1.0 and 1.0 : 1.4, whereas for TF 

equal to 300°C the ratio varied between l.O : ·2.0 and l.O : 2.6. 

The surface composition of a Nico2o4 electrode has changed after 

oxygen evolution at 0.5 A cm-2 during 24 h, as seen in table 6.6: 

the nickel and cobalt concentrations decrease and the oxygen content 

increases. From this experiment it is not clear whether the change is 

due to nickel or cobalt dissolution or has to be attributed to an 

increase in oxygen species on the surface. 

j•._ CoU 

': '~ ....... '· 
Co :l'p 

Fig. 6.10. XPS spectrum of a freshly prepared Nico
2
o

4 
electrode. 

TF = 300°c and tF = 1 h. 

Table 6.6: XPS composition of Nico o electrodes. 
2 4 

Materials Elements 

Ni Co 

NiCo2o4 (theor.) 14.3 28.6 
Nico2o4 400°C-l h 21.4 22.1 
NiCo

2
o

4 300°C-l h 12.3 32.1 
Nico2o4 300°C-l h 8.8 28.0 
(after 24 h 0.5 A cm-2> 

('lo in atom) 

0 c 

57.1 

48.1 8.4 

47.0 8.6 

52.2 11.0 
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summarizing, a considerable variation in the composition of the sur

face of freshly prepared Nico
2
o4 electrodes was observed. Also, it 

was found that with increasing TF, the surface composition deviates 

more from the theoretically expected one. 

However, one must be aware that the experimental conditions of the XPS 

analysis can influence the quantitative results. Since XPS is a sur

face sensitive method, which is performed under vacuum, in situ redox 

processes and hence surface decomposition of the NiCo2o4 sample 

can be induced by the X-ray radiation and the low partial oxygen 

pressure in the spectrometer, resulting in a change of the surface 

composition. On the one hand, a surface-enrichment or -depletion of 

certain metal ions can take place, and on the other hand, a reduction 

of the sample would change the valence state of the metal ions. A 

study of the influence of the variation of the oxygen pressure in the 

spectrometer, and of the power of the X-ray source would give more 

evidence about these phenomena. 

In view of the accuracy of the XPS analysis, it is not possible to 

make accurate quantitative analyses. Therefore, in case of this study, 

the approach is useful in obtaining results in terms of orders of 

magnitudes. As a tendency, it can be concluded that lowering TF, 

leads to Co-enrichment and Ni-depletion of the surface. Furthermore, 

it confirms that the surface composition is influenced by the tempera

ture TF, as earlier indicated by the voltammetric behaviour in chap

ter S. 

Auger spectroscopy was used to investigate the depth profile of the 

elements in the Nico2o4 layer. Depth profiling was accomplished by 

sputtering the surface with argon ions. The distribution of the ele

ments as a function of depth into the specimen (sputtering time) is 

shown in figure 6.11 for NiCo2o4 , prepared at TF • 300°C. It 

appears that the nickel content increases with increasing sputtering 

time, whereas the cobalt and oxygen concentrations slightly decrease. 

However, one must be conscious because the experimental conditions can 

influence the AES analysis in a similar way, as earlier mentioned. 
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O~N 

COOAl.T 

ll H M Q •9 ~ U 
:ti]!1[P!ptl[•!lt!i,I 

Fig. 6.11. The Auger profile distribution of the elements in a fresh 

Nico2o4 layer, prepared at 300°C (TF) for 1 h (tF). 

The detected carbon contamination in figure 6.11 is negligible compa

red to the values in table 6.6. In the XPS experiments the detected 

carbon content varied significantly for Nico2o
4 

electrodes, prepa-

red under similar conditions. Since, the samples exhibit the carbon ls 

peak in different quantities, we are inclined to believe that it is 

due to experimental conditions, i.e. C-contamination in the spectro

meter, and not due to the Nico2o4 oxide sample preparation. 

Some detailed spectra of the metal photoelectron lines are given in 

figure 6.12 and the 
3/2 Co 3p , Co 3s, Ni 

3/2 binding energies (BE) for the Co 2p , 

2p312 , Ni 3p312 , Ni 3s and o ls are given in 

table 6.7. No influence of the temperature TF, i.e. 300° vs. 400°C, 

on the spectral characteristics is observed. The Ni 2p spectrum (curve 

a) of Nico2o4 shows a prominent satellite structure and the Co 2p 

spectrum (curve b) shows a weak satellite band. No satellite lines are 

observed in the Ni 3s spectrum (curve c). The Ni 3p spectrum (curve 

d), consisting of 3p312 and 3p112 shows an asymmetrical line with 

a weak satellite band. No satellite bands can be distinguished in the 

Co 3s (curve c) and Co 3p spectrum (curved); the adjacent Ni 3s and 

Ni 3p lines can mask them, respectively. 
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Fig. 6.12. Detailed scan of the XPS spectrum of Nico2o4 electrode. 

TF = 400°C and tF = 1 h. 

; 
j 

1 
1 

...... j 

1 

a/ Ni 2p spectrum; b/ Co 2p spectrum; c/ Ni 3s and Co 3s 

spectra; di Ni 3p and Co 3p spectra. 

XPS provides the ability to obtain information on chemical states from 

the variation in binding energy or chemical shifts of the photoelec

tron lines. Since the core levels of atoms may shift because of valen

ce changes and different crystallographic sites, the splitting of core 

levels is a direct proof of the presence of inequivalent atoms [21]. 

Unfortunately, it is not always possible to find separate peaks if the 
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Table 6.7: Electron binding energies for NiCo2o
4 

(eV). 

Ni 2p3/2 !::.* Ni 3p3/2 Ni 3s o ls 

855.2 17.35 67.5 111.8 529.3 

530.7 

Co 2p3/2 !::.* Co 3p312 Co 3s c ls 

779.85 15 60.75 102.6 284.6 

*: t::. = difference in BE of the (2p112 - 2p312 > lines, 

gives the position of the 2p112 line. 

Table 6.8: Core level energies of nickel. (eV) 

Ni 2+(23] 

Ni 2p312 854.9 
312 

Ni 2p sat. 862.l 

Ni 3+[23] 

857.1 

863.0 

NiCo2o4 
855.2 

861.3 

Table 6.9: Ni 2p3/2 and 3p312 levels and FWHM for nickel spinels (eV). 

Compound 2p312 FWHM 3p3/2 FWHM Ref. 

of 3p 

2+ .2+ 2+ 3+ 4+ 
Ni0.1Mno.9[Ni o.qtno.i'no.JO 4 855.0 2.0 67.1 2.5 [37) 

zn2+(Ni 2+Mn 4+)0 
4 855.1 2.0 66.9 2.0 [37) 

Nico2o4 855.2 3.6 67.5 4.0 this work: 



160 

2+ 3+ shifts are too small, as seen for example for Co and Co states 

in co
3
o4 (22]. In general, the binding energy of core levels 

shift about 1 eV, through a change of the ionic charge of an atom by 

one unit, under the assumption that no other effects, such as covalen

cy, are interfering. As the ligands are oxygen atoms for both lattice· 

sites, covalency effects are supposed to have only a minor effect, and 

the core levels M2
+ and M3

+ (M = Ni or Co) must be distinguish-

able. A comparison of the Ni 2p312 of Nico2o4 with those for 

Ni 2+ or Ni3+ in other oxides (23], as given in table 6.8, 

provide an indication that in Nico2o4 nickel is present as diva-

lent ion. The Ni 2p312 and 3p spectrum shows a broadening of the 

lines as indicated by the full !!idth at half maximum (FWHM) values 

given in table 6.9, compared to that of other spinel oxides. This may 

be caused by the presence of another valence state. However, the for

mal oxidation state of cobalt appears to have little influence on the 

metal binding energies of Co compounds. The absence of any obvious 

relationship between the formal oxidation state of the Co metal, and 

the metal binding energy has already been noted for Co oxides by 

Mcintyre and Cook [24]. 

Figure 6.13 shows the O ls spectrum of a freshly prepared Nico2o4 
electrode and after oxygen evolution. The 0. ls spectrum for Nico

2
o4 

exhibits two peaks, one at 529.3 ev, and a shoulder at about 530.7 eV. 

Contradictory opinions have been reported as to the interpretation of 

the various o ls peaks which, for example, appear in the Ni-0 (25-29] 

and Co-0 [28-31] systems. It may be expected that not only lattice 
2- - -oxygen ions O , but also chemisorbed species o2 , o2 , O oxygen in 

other chemisorbed molecules such as H2o, co, co
2 

etc .•• , as well 

as surface and bulk hydroxides could appear in the form of separate 

peaks. 

The peak corresponding to the smaller binding energy, i.e. 529.3 eV, 
2-can be assigned to lattice oxygen ions O . It was reported [24] 

that, in general, oxides of related metals which have identical crys

tallographic structures have very similar O ls binding energies. It 

appears that the lattice oxygen 0 ls binding energy of Nico
2
o4 is 

about 0.6 ev lower with respect to that of the inve~se spinet 

oxides NiFe2o4 and CoFe2o4 [24] and about 0.2 eV lower with respect to 
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that of the normal spinel co3o4 (29]. An empirical relationship 

between the O ls binding energy of the lattice oxygen and the valence 

state of the cation in oxides of the first transition metal series has 

been proposed by Haber et al. (29]. They reported that the O ls 

binding energy of co3o
4 

pointed to the mean valence state of the 

cations 2.66+. However, it does not predict the expected mean valence 

state 2.66+ when we apply it to other mixed inverse spinels, like 

NiFe2o
4

, CoFe
2
o4 and Nico

2
o

4
. Thus, no simple relationship exists 

between the binding energy of the O ls photoelectron line and the 

chemical state. 

The peak at higher binding energy is probably due to surface hydroxyl 

groups. Figure 6.13 shows the influence of oxygen evolution at a cur-
-2 rent density of 0.5 A cm for 24 h in 5 M KOH on the O ls photo-

electron line. An increase of the O ls peak at higher binding energy 

is observed, which points to hydroxyl oxygen. Also, some potassium was 

detected on the surf ace by the appearance of the K 2p312 photoelec

tron line. 

oL,_.......J~......J~........i~-..l~~~~~ 
·536 ·'m ·SlO ·Sll -526 -524 

ll!O!IG ENERGY ,CV 

Fig. 6.13. o ls spectrum of Nico
2
o4 , prepared at TF = 300°C and 

tF = 1 h. Solid curve: freshly prepared Nico
2
o

4
; 

dashed curve: after oxygen evolution at O.S A cm-2 for 

24 h in 5 H KOH. 

Sometimes, evidence for certain valencies can be obtained from the 

presence of satellites, or multiplet splitting in the spectra. 

In the Ni 2p region of Nico2o4 a prominent satellite band was 

observed, as shown in figure 6.12a, like in NiO, Ni(OH) 2 and NiFe
2
o4 

(24). The satellite shoulder on the 2p312 line, as seen for NiO, 
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does not occur. The prominent satellite structure in the Ni 3s spec

tral region, as has been observed for NiO and Ni{OH) 2 , is not seen 

for Nico
2
o4 , like for NiFe

2
o

4 
[24). Only weak satellite lines are seen 

312 next to the 2p line in the Co 2p spectrum. 

The appearance of shake-up satellite lines near the H 2p core lines 

(H ~ Ni or Co) was shown to depend on the para- or diamagnetism of the 

compound (32-34]. Frost et al. [32,33] have shown that high-
2+ spin Co -compounds have intense satellite bands associated with the 

3s and 2p lines, while satellite lines for the low-spin co3+ -com

pounds are weak or missing. 

The Co 2p spectrum of Nico
2
o

4 
shows an intermediate case. The 

intensity of the satellite structure points to a mixture of co2+ And 
3+ mainly Co Because of the absence of a strong shake-up satellite 

in the 2p spectrum, the cobalt is mainly present as diamagnetic 

co3+-ions in a low-spin state [35,36]. Furthermore, the Co 2p 

spectrum reveals a weak shake-up satellite due to paramagnetic, diva

lent high-spin cobalt. This is comparable with the mixed valence 

cobalt spinel oxide, i.e. Co2+ [co3+]2o4 , which also shows only weak 

satellite lines in the Co 2p spectrum [29]. Thus, it is possible to 

identify the presence of low-spin co3+ and high-spin Co2+ on the 

basis of the satellite structure. The appearance of Co2+ may be 

caused by the reduction of co3+-ions under the experimental condi

lions in the spectrometer. 

6.6.4. Conclusions. 

The XPS spectral characteristics of Nico2o4 , i.e. the binding 

energy and satellite structure, are described. It was noticed that the 

Nico2o4 spectra can be distinguished from the individual nickel 

and cobalt oxides and that they show some resemblance with those of 

similar mixed valence spinel oxides, i.e. co3o4 , CoFe2o4 , and 

NiFe2o4• Furthermore, the influence of the temperature TF on the 

surface composition has been demonstrated. 

The presence of divalent nickel has been proposed on the basis of the 

binding energy of the Ni 2p312 photoelectron line, and of Co as 

mainly diamagnetic co3+ in a low-spin state and paramagnetic diva

lent high-spin cobalt, based on the satellite structure. 
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7. NICKEL COBALT ALLOYS. 

7.1. Introduction. 

Nico2o4 was investigated thoroughly in the previous chapters, and 

was found to have a very high activity towards oxygen evolution. In 

addition, we have investigated the electrochemical behaviour of two 

nickel-cobalt alloys in alkaline solution. Already in 1939 Grube 

[l] investigated nickel-cobalt alloys as electrodes for oxygen 

evolution in alkaline solutions. It is known that, prior to oxygen 

evolution on a metal electrode, an oxide layer is formed. Therefore, 

the electrochemical formation of oxides on nickel-cobalt alloys, with 

emphasis on the Ni1co2 composition, was investigated with cyclic 

voltammetry, and ellipsometry. Steady-state polarization curves were 

measured to examine the electrocatalytic activity for oxygen evolution. 

7.2. Experimental. 

7.2.1. Electrode preparation. 

Nickel and cobalt are known to exhibit substantial mutual solid solu

tions [2]. Alloys were made starting from a mixture of nickel 

(Riedel De Haen 99.81.), a.nd cobalt powder (Ventron 99.991.). Two diffe

rent compositions were prepared, i.e. Ni1co1 , and Ni1co2 alloys. The 

samples were pressed into pellets and molten in a flame arc in argon 

atmosphere. The resulting buttons were machined into small electrode 

pieces, which were embedded in perspex in conical matrices. The elec

trodes were polished on carborundum 220 and 600 in order to obtain 

flat electrodes. The electrodes were etched in a solution of HN03, 

HCl, CH3COOH and, water before use. 

7.2.2. Electrochemical characterization. 

All experiments were carried out in a conventional three-compartment 

cell, as given in figure 5.3, and the temperature was kept at 2s•c. 
The potentials were measured against the RHE or the Hg/HgO (0.926 V 

vs. RHE, KOH 25°C) via a Luggin capillary close to t.he working elec-
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trode, a platinum foil (10 cm2> was used as the counter electrode. 

All potentials are given against the RHE, and the current densities 

refer to the geometrical surface area (0.40 cm2>. The electrolyte 

solution, 5 M KOH, was prepared from analytical grade chemicals 

(Merck p.a.) and doubly distilled water. 

Cyclic voltanunetry was performed with the set-up as described in sec

tion 5.2. 

Steady-state galvanostatic measurements were carried out as follows: 

the Nico-alloys were firstly subjected to anodic polarization for 30 

minutes at the highest current density, thereafter, the potentials 

were measured with decreasing current density. The time between each 

reading was 5 minutes. The ohmic potential drop between the tip of the 

Luggin capillary, and the working electrode was measured with the 

current interruptor technique [3]; iR-corrected potential data are 

given. 

7.2.3. Ellipsometry. 

Simultaneous electrochemical and ellipsometric measurements were made 

in a Teflon cylindrical vessel with quartz windows, fixed for an angle 

of incidence of 70° at the mounted working electrode. The optical cell 

contains a platinum counter electrode (1 cm2), and a Luggin capilla

ry placed close to the working electrode and connected to the Hg/HgO 

reference electrode. All potentials are referred to the RHE. The opti

cal measurements were conducted with a Rudolph automatic ellipsometer 

model RR 2200, equipped with a tungsten iodine light source and a 

monochromatic filter for 5461 A. In some experiments also intensity 

measurements were carried out with the polarizer at 0 and 90°, in 

order to obtain the reflection coefficients R and R . Before each 
p s 

experiment, the electrodes were carefully polished with alumina, down 

to finally 0.3 µm. 

7.3. Results and discussion. 

7.3.1. Electrochemical characterization. 

Figure 7.1 presents the initial cyclic voltanunetric behaviour of a 
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Ni
1

co
2
-alloy recorded in N

2
-saturated 5 M KOH at a potential 

scan rate of 20 mV s-1 . Before cycling, the Ni
1

co2-electrode was 

maintained at -0.5 V for 10 minutes, and the voltammogram was recorded 

in the E-range -0.1 to 1.55 V, starting from the lower limit poten

tial. The voltamn1ogram exhibits in the first scan an anodic doublet 

peak with the peak potentials at 0.11 and 0.33 V, where the latter 

appears to be most pronounced. This doublet peak decreases fast with 

further scanning. In addition to these peaks, initially a broad anodic 

peak is observed in the E-range 1.05 to 1.30 V. The following anodic 

potential scans exhibit a decreasing peak at about 1.1 v, and an 

increasing sharp anodic peak at about 1.38 V, which slightly shifts to 

more cathodic values. The reverse cathodic sweep shows three peaks: 

two increasing with scanning, at about 1.30 and 1.175 V, and a decrea

sing peak at about 0.15 V. 

I (mA) 

Evs RHE(VI 

Fig. 7.1. Initial cyclic voltammetric behaviour of a Ni
1

co2-alloy 

in o
2
-free 5 M KOH, 25°C at a scan rate of 20 mV s-l 

Figure 7.2 shows the initial voltammetric behaviour of the Ni1co1-
-1 

alloy recorded in N
2
-saturated 5 H KOH at scan rate of 20 mV s 

The Ni Co -electrode was prereduced at -0.5 V for 30 minutes, and 
1 1 



168 

recorded in the E-range -0.275 to 1.525 V. Similarly, an anodic doub

let peak is initially observed with peak potentials 0.115 and 0.295 V, 

but in contrast to Ni1co2 , the first peak appears to be more pro

nounced. Further, another doublet peak is observed with peak potenti

als 1.39 and 1.435 V, which increases with cycling. These peaks are 

preceeded by very weak peaks at about 0.9 and 1.1 V. The reverse 

cathodic sweep shows an increasing asynl!lletrical peak (probably a 

shoulder) at 1.285 V, and also a broad decreasing peak at about 0.1 V. 

It appears that the cyclic voltammograms of the two nickel-cobalt 

alloys are very similar, and the successive E-i recordings indicate a 

drastic change of the electrode surface. These initial voltammograms 

can be compared with the ones of pure nickel and cobalt. Both the 

voltammograms of Ni [4-5] (prereduced at vigorous hydrogen evolu-

tion potential), and Co [6-8] are characterized by two anodic peaks 

in the E-range 0.05 to 0.40 V in alkaline solution. 

i(mA) 

EvsRHE(V/ 

Fig. 7.2. Initial cyclic voltammetric behaviour of a Ni
1

co
1
-alloy 

in o2-free 5 M KOH, 25°C at a scan rate of 20 mV s-1 
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From the comparison of the voltammetric behaviour of the nickel-cobalt 

alloys and of the individual metals, it follows that the initial ano

dic doublet peak of the alloys, observed below 0.5 V can be correlated 

to the M012
+ conversion (Mis either Ni or Co): the peak at about 

0.11 V can be due to the oxidation of absorbed hydrogen [4,9] or to 

Co(OH> 2 formation [6-8], whereas the peak at about 0.30 V can be 

correlated with the Co2
+ oxide formation [5-7] or the Ni 2

+ 

hydroxide or oxide formation [4-5, 10-12]. The stronger presence of 

the peak at 0.11 Von Ni1co1 versus Ni1co2 indicates that it 

is mainly due to nickel oxidation. The appearance of the anodic peak 

at about 1.1 V, more distinctly noticed in the Ni1co
2
-alloy, is 

also observed on pure Co [6,7], but not on Ni [4,5,9), therefore 

it can be attributed to a co2
+/J+ conversion. 

When the cathodic switching potential for Ni1co2 is also taken 

-0.l V, as for Ni1co2 in figure 7.1, the anodic and cathodic peak 

profile, close to oxygen evolution, show a similar profile as obtained 

for Ni1co
2

, figure 7.1. The shape and position of the sharp anodic 

peak profile and related reduction on both alloys, strongly resembles 

to the Ni2
+/J+ oxidation, although other higher oxidation state 

transitions of Ni and Co cannot be excluded. The cathodic peak at 

about 0.15 V is characteristic for a reduction to Co metal [6-8]. 

From the voltammograms of Figure 7.1 and 7.2, it can be concluded that 

initially the nickel cobalt-alloys electrochemically behave as the 

summation of the two individual metals. 

Influence of preanodization. 

Since the oxygen evolution reaction takes place at an oxide layer, the 

Ni1co2-alloy was previously subjected to prolonged anodization. 

Cyclic voltammetry is used to examine the electrochemical formed oxide 

layer. 

Figure 7.3 shows the voltanunogram of an aged Ni1co2 alloy. which 

was previously subjected to oxygen evolution at 1.8 V for 18 h, as a 

function of the potential scan rate, v, in the E-range 0.9 to 1.5 V. 

From this figure, it can be seen that after severe oxygen evolution 

only one large anodic peak remains at about 1.40 V. This was typical 

for both nickel-cobalt alloys. The pos~tion of the anodic peak appears 
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not to depend to a surface 

redox reaction. The change at 1.8 V was also investigated as a func

tion of time, and it appeared that after oxygen evolution for 1 h at 

1.8 V, no further change in peak profile or -current took place. 

Furthermore, the ageing was also studied as a function of the poten

tial in the oxygen evolution range of 1.50 to 1.80 V, and in time the 

same stable voltammogram was obtained. 

In order to 

tic activity 

a preanodized 

compared with 

Ni 1co2-alloy 

electrocataly

determined on 

7. 4, and 

freshly polished 

the over-

potential with ageing takes place, and a shift of the Tafel slope of 

about SO mV for a freshly polished Ni1co2-alloy to a slope of 

59 mV after preanodization did not alter the Tafel line, nor the vol

tammetric behaviour. 
flmAJ 

2.s 

0 

- o.5 

-1.0 

Fig. 7.3. Cyclic 

0.9 1.0 1.1 

-· v(mVs) 

alloy, pre-

viously subje~ted to oxygen evolution at 1.8 V for 18 h, as 

a function of the potential scan rate v in 5 H KOH, 25°C. 
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EvsRHE(l/I 

1.7 

..• 

..• 

... 
-· -3 

_, 
log l(A.cni'J 

Fig. 7.4. Tafel lines on a Ni 1co2-alloy in 5 H KOH, 25°C as a 

function of the pretreatment. 

curve a 

CUL"Ve b 

nfluence of cycl 

pi::eanodized Ni 

measurements 

at 1.8 h; 

freshly 

The cyclic voltammetric behaviour of the nickel-cobalt alloy changes 

with continuous potentiodynamic cycling. 

Figure 7. 5 shows the change in the response of the aged Ni 1co2-

see figure i.ng the fi cycling at potential 

of 20 mV the E-range to 1.475 v. anodic 

potential V was chosen order to mi the oxy-

gen evolution reaction. Previously, it was noticed that with continu

ous cycling, and with decreasing the cathodic switching potential to 

at least 0.45 V, a new anodic peak at about 1.28 V is clearly observed 

shoulder on the ic side of 

oxygen evolu first, 

large anodi 

ic peak prof 

just 

th shoul-

der increases with cycling, and evolves to a distinct double peak 

profile, as seen in figure 7.5. At the same time, both the peak poten

tials shift to more cathodic values. Cathodically, the related double 

ile is less 

shoulder at 

inct, and 

.15 V, whi 

of a sharp 1.27 v 
increases fts in 
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cathodic direction, with cycling. Furthermore, a weak broad reduction 

peak is observed at about 0.55 V. The total voltammetric char~e 

increases continuously with cycling, which indicates that the surface 

area increases. With further scanning, the doublet peak profile, close 

to the oxygen evolution potential range, evolves into a single asymme

trical peak, as shown in figure 7.6. This Ni1co2- alloy was cycled 
-1 for 22 h in the E-range -0.05 to 1.475 V at a scan rate of 20 mV s • 

The increase in the peak current, as measured for the voltammetric 

charge, increases linearly with the cycling time. 

It can be concluded that prolonged cycling alters the potentiodynamic 

behaviour, and that a low cathodic switching potential is essential. 

Curve a shows the Tafel line of a Ni 1co2-electrode, on which the 

measurements were taken immediately after polishing, with a slope of 

48 mV. After prolonged cycling (22 h), the Tafel line shifts to lower 

~. and the slope decreases to 42 mV, curve b. However, after ageing 

in the oxygen evolution range at 1.8 V for 10 h, the Tafel line shifts 

to higher overpotentials, and the slope increases to 60 mV (curve c). 
( ~·ig.7. 7) 

i(mA) 

1.0 

o.a 

o.6 

0.4 

0.2 

0 

•0.2 

-0.4 

•0.6 

-o.a 

Fig. 7.5. Change in the voltammetric response of the aged Ni co -
1 2 

alloy during the first 2 h cycling in the E-range -0.02 to 

1.50 V at a scan rate of 20 mV s-l 
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i(mA) 

1.6 

1.2 

0.8 

0 .4 

0.5 1. 5 

-0.4 

-0.8 

- 1.2 

-1.6 

Fig. 7.6. Cyclic voltammogram of the Ni 1co2- alloy after 22 h 

cycling in the E-range -0.050 V to 1 . 475 V at a scan rate 

of 20 n'iV s-l in S M KOH, 25°C. 

Evs RME(V) 

t.7 

t .6 

1.5 

'-'.1.-------.-------.-----~ -· - 3 - 2 -1 

log !(A.cm') 

Fig. 7.7. Tafel lines on a Ni 1co2- alloy in SM KOH, 2s 0 c as a 

function of the pretreatment. 

curve a = measurements taken immediately &t a freshly 

polished Ni1co2- alloy; curve b = after prolonged 

cycling in the E- range. 
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Summarizing, it is shown that the electrocatalytic behaviour of the 

Ni
1

co
2
-alloy changes with the pretreatment. At a freshly polished 

Ni
1

co
2
-alloy, a Tafel slope of about 40 mV and a decrease of the 

ovetpotential is found after potentiodynamic cycling, whereas after 

preanodization a slope of 60 mV and an increase in overpotential is 

observed. Furthermore, it appears that the Tafel line with a slope of 

40 mV changes to a Tafel line with a slope of 60 mV after prolonged 

oxygen evolution. When the electrode is thereafter continuously cycled 

for about 20 h, the slope of 40 mV is again obtained. The difference 

in catalytic performance must be due to the different nature of the 

electrochemically formed oxides on the Ni
1

co
2
-alloy. This can be 

explained either by assuming that spinel-like oxides are formed on the 

Ni1co2-a1loy or that, depending on the pretreatment, the alloy 

electrode behaves predominantly as a nickel or as a cobalt electrode. 

A slope of 40 mV is also observed for the Nico
2
o

4 
oxide electrode, 

as reported in chapter 4, whereas a slope of 60 mV is found for a 

co3o4 oxide electrode [13), both spinel oxides prepared by 

thermal decomposition. Therefore, it seems likely that with the multi

cycling procedure an oxide layer with the spinel structure of 

Nico2o4 is formed, while prolonged oxygen evolution leads to the 

formation of a co3o4 spinel type oxide. Likewise, the change in 

the voltammogram with cycling resembles that of the NiCo2o4 elec

trode, as seen in section S.4, where the voltammogram of a freshly 

prepared electrode shows two anodic peaks, prior to oxygen evolution, 

and changes to a single peak profile. However, the voltammogram of a 

preanodized Ni
1
co

2
-alloy as given in figure 7.3 shows also some 

resemblance with the single peak profile of an aged Nico2o4 oxide 

electrode. It must be realized that in case of thermally prepared 

oxides, the spinel is already present, whereas on the Ni1co2-alloy 

it slill must be formed. 

However, the behaviour of a cycled Ni1co2-alloy can also be compa

red wilh that of a Ni electrode [9]. which also shows a 40 mV 

slope; evenso the preanodized Ni1co2-alloy with that of a Co elec

trode [7], which exhibits a 60 mv slope. Yhen it must be assumed 

that cycling of a freshly polished Ni1co2-alloy with a sufficient 

low cathodic switching potential should give rise mainly to the forma

tion of a Ni(OH>
2 

layer, and that Co disappears selectively by dis-
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solution from the surface. The dissolution of Co(OH> 2• formed on Co 

.in alkaline solution during cycling up to a potential of 1.0 V, has 

been reported by Behl et al. [6]. 

Furthermore, it seems that after subjecting a freshly polished 

Ni1co2-alloy to prolonged oxygen evolution, the alloy behaves like 

a Co electrode. Bagotzky et al. [14] reported that, subjecting a 

cobalt electrode to anodic potentials ~ l. 45 V, this results in the 

formation of a pure co3o4 spinel oxide layer. Behl et al. [6] 

also reported that about 1.0 V a new outside film, i.e. a co3o4 
spinel is formed. They suggested that this film more or less acts as a 

filter, which blocks the dissolution of Co(OH> 2 and yet allows the 

transport of OH-- ions for the growth of the Co(OH) 2 film under-

neath and its subsequent oxidation. Thus, with prolonged oxidation at 

high anodic potentials (where no Co dissolution can take place), it 

can be assumed that the Ni1co2-alloy behaves as a Co electrode. 

When such a preanodized Ni1co2-electrode is again continuously 

cycled, Co dissolution will take place again, and consequently the Ni 

behaviour is again obtained (the behaviour of the Ni1co2-alloy 

shifts to a Ni one). 
However, it is not clear why a cycled Ni1co2-alloy electrode, 

which shows a Ni behaviour, is not stable to prolonged oxygen evolu

tion and changes to a Co behaviour. 

Therefore, it seems likely that a metastable NiCo2o4 spinel type 

oxide is formed with cycling, which is not stable to prolonged oxida

tion and subsequently decomposes, whereafter the Ni1co2-alloy 

behaves as a Co o electrode. If this electrode is cycled to 
3 4 

cathodic return potentials~ 0.45 V, the NiCo2o4 spinel oxide 

layer is re-established. 

Whether or not a Nico
2
o4 spinel-like oxide is formed on the cycled 

electrode, it is less suitable for water electrolysis than thermally 

prepared Nico
2
o

4 
oxide electrodes, because the initial catalytic 

activity decreases with prolonged oxygen evolution: the Tafel slope 

shifts from 40 to 60 mV and an increase in n takes place. 

7.3.2. Ellipsometry. 

Because electrochemical measurements and ellipsometry can be applied 
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simultaneously, it is expected to get more information about the dif

ference in the oxide layers formed on Ni 1co2-alloy. 

Substrate. 

In order to establish the value of the refractive index of the 

fferent pretreatments were ied out 

l 0 Pol ing wi alumina to f nally 0.3 

2° Polishing as in 1°, followed by r~duction under vigorous hydrogen 

evolution. 

3° Pol ing as 1°, then pping 1 M under igorous 

hydrogen evolution, rinsing with distilled H2o and inunediately 

transferred thereafter to the cell. 

In the cell the potential held .075 v . RHK, no 

hydrogen evolution was observed. Table .1 shows the ellipaometric 

parameters /),, and w. and refractive index (n-ik) taken at this 

potenti for the pretreatments 1°, • and 4°. 

With method 2° anodic current was erved, the ial 

brought to -0.075 V after the vigorous hydrogen evolution, which 

points anodic lm format on. Me 3° gives poor reproducible 

results, although the lower value of the optical parameter /),, seems 

to point to a cleaner surface. Pretreatment 4° gave rise an extra, 

inexplicable peak, both in voltammogram as the opt curve 

Therefore, the ellipsometric readings taken at the potential -0.075 V 

after pretreatment 1° were assumed to represent the bare substrate of 

the alloy electrode. The refeae ve index the 

alloy, as calculated from ~ and t values at E m -0.075 V, appears to 

resemble mo~e that of cobalt than that of nick&l metal, as follows 

from compari with the literature data, led in 7. 2. 

Table The psometc parameters /),, and and refract ve 

index (n-ik) for the different pretreatments (~ = 5461 A). 

Preteeatment. 

(see text) 

l" 

3 

40 

. 5 ± o. 

.5 ± 2. 

U5.5 ± 0.5 

32 ± 

32 ± 

33 ± 0. 5 

2.3 

1 

.2 

2.4 ± 0.1 

0.1 

± 0.2 

4.7 ± 0.1 



Table 7. 2: 

Ni 

Ni 

Co 

Co 

Ni 1co2 

First cycle. 

Firstly, the 

applied polcn l 

l. 73 

1.889 

2.83 

2.39 

2.6 

(n-ik) for 

k 

3.63 

3.47 

3.449 

3.86 

3.95 

4.5 

our of a N 

-0.075 to 

and cobalt o.. 

medium Ref 

phate buffer 14 

Na OH 11 

KOH 4 

Borate buffer 12 

Borate buffer 13 

KOH this work 

during the firs 

is investigated. 
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limiL potentials were chosen in order to minimize the influence of the 

hydrogen or oxygen evolution. Figure 7.8 shows the changes in b.. and 

w. and the corresponding cyclic voltamm.ogram (first cycle). The 

results can be divided into four regions, as indicated in the figure 

with A, B, C and D. With increasing anodic potential, initially b.. 

and 1jr rema 

decrease wh 

decreases 

W starts to 

and w corre 

At about 

part B), 

ncrcases further 

decreases 

appearance of 

the corresponding voltannnogram. 

• b.. begins to 

beyond about 1.05 V, A 

C). Finally in part 

These changes in 

fferent oxidation peaks 

The results of figure 7.8 are replotted in figure 7.9 in a b..-w 

graph. With increasing anodic potential, up to about 1.25 V, the 

change of b.. and 1jr is such that a linear b..-·ljr relation is 

obtained, i.e. over part B and c. This implies that in the potential 

range up to 

slant refrac 

optical propert 

onset of a 

From the elli 

layer is 

the maximum 

the decrease 

process. 

and curve 

• which grows with 

the b..-ijr curve, the 

coincides with the 

using the HcCracki 

program [15], it appears that in part a of figure 7.9 (which cor

responds to part Band C of figure 7.8), one film is formed. In the 
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figure, several curve fittings (dashed lines) are presented for diffe

rent n- and k-values; lhe best fit corresponds lo a layer with a 

refraction index N = 2.3 - 0.1 i. At 1.25 V a thickness of 34 A 
(film 1) is reached. The low value of the imaginary part of the 

refraction index, k, points lo a poor conductivity. 

l(mAcm"2
) .1 

120 

A B c D 

-- -.... , tp 

I ', .1 
33 

115 ' I ,, 
32 

tp ..... 
' '{ 31 

t 

0.4 I\ 
110 \ 

\ 
\ 

0.2 

\ 

I' \ 
1\ 

0 

0 Q5 1.0 1.5 

E vs RHE (V) 

Fig. 7.8. Plot of the changes in ll. and 1jr of a Ni1co2-alloy 

during the first potential sweep in the E-range -0.075 V to 

1.425 V in 5 M KOH, 25°C; scan rate 20 mV s-1 • CV= cor

responding cyclic voltammogram. 
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Fig. 7.9. Graph of V versus 6. for the results of figure 7.8, num

bers along the curve refer to potential values. Solid and 
dashed curves: fitting curves. 

Beyond the potential of 1.25 V the optical properties change, as seen 

in figure 7.9. The experimental results in part b (which corresponds 

to part D of figure 7.8) were fitted according to several models: 

1° Conversion of film 1 (N = 2.3 - 0.1 i) to another film, which 

starts either 

al at the film 1 - electrolyte interface 

bi or at the substrate - film 1 interface. 
20 Formation of a new film, either 

al on top of film 1 

bi or on the substrate. 

By curve fitting of the ellipsometric data, it appears that at higher 

potentials (> 1.25 V) a conductive oxide (high k-value) is formed on 

top of the first layer. The figure presents some curve fittings for 

different n-· and k-values (dashed lines), and the best fit (solid 

curve) corresponds to a layer with a refraction index N = 2.9 - 2.1 i. 



180 

This layer reaches a final thickness of 24 A at E = 1.425 V. The cal

culated perpendicular Rs and parallel RP values are in agreement 

with the measured one at 1.425 V. Summarizing, a two layer film model 

can be proposed with refraction indices and thicknesses, as schematic 

presented in figure 7.10. 

N=2.9-2.1i (24Al 

N=2.3 -o.1i (34}..) 

Substrate N= 2.6 - 4.si 

Fig. 7.10. Schematic representation of the two-layer film model. 

Influence of cycling. 

Figure 7.11 shows the changes of !:i. and v in a 6-v plot, when the 

Ni1co2-alloy is continuously cycled for 80 cycles (about 3.5 h) in the 

E-range -0.075 V to 1.425 Vat a scan rate of 20 mV s-1 . The first 

cycle is presented for the complete anodic potential range (part I). 

Thereafter, the values of !:i. and 11' are given at a potential of 

1.425 V during successively cycling (part II), indicated with the 

symbol [•]. 

The increase in tit in part II with cycling, points to a continuous 

growth of an oxide layer. It is certainly not the growth of film 2. 

The best fitting [15) of the experimental curve is obtained with the 

assumption that the first layer, i.e. film 1 (with N = 2.3 - 0.1 i), 

increases in thickness whereas the upper layer, i.e. film 2 (with N = 
2.9 - 2.1 i) remains constant (d = 24 A). The solid curve in part II 

shows the calculated increase in thickness d of film 1, up to 175 A, 
which corresponds to 80 cycles. The accuracy of the fitting is demon

strated by the effect of the change in the value of the real part of 
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the refraction index, n, from 2.2 to 2.4, and of the imaginary part, 

k, from 0.0 to 0.2, ford= 100 A, indicated in figure 7.11 with the 

symbol [*]. It appears that the value of N = 2.3 - 0.1 i gives the 

best fit with the experimental results up to 175 A. 
Moreover, a further confirmation is given by the measured R and 

p 
R values at these points (d = 100 A), which are in agreement with 

s 
the experimental ones . 

.. ,, 
35 

34 

33 

32 

Part II: 80 cycles 
1------------------------1 

82 86 90 94 98 102 

Part I: first cycle 

108 110 114 118 

Fig. 7.11. Plot of the changes in/'::,, and v of a Ni
1
co

2
-alloy 

continuously cycled in the E-range -0.075 V to 1.425 V at a 

scan rate of 20 mV s-1 • 

Part I : first cycle for the complete anodic potential 

range. 

Part II: with cycling, measured at E 1.425 v [•]; solid 

line = fitting curve for the growth of film 1 with 

N = 2.3 - 0.1 i; calculated values of/'::,, and v 
for different refraction indices at a thickness of 

100 A [*]; underlined numbers along the curve 

refer to cycle numbers, the other to thicknesses [o). 

Influence of preanodization. 

The changes in /'::,, and v as function of the polarization time at 

1.8 v for Ni Co -alloy are shown in figure 7.12. The first cycle 
1 2 
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(part I) is again completely presented for the anodic potential range. 

Thereafter, the changes in the ellipsometric parameters A and 1jr 

are measured at a potential of 1.425 V (no disturbance by oxygen evo

lution) with intervals of 30 minutes oxygen evolution at 1.8 V (part 

II). 

It appears that there is virtually no further change in the optical 

parameters A and 'if after 2 h preanodization. The solid curve in 

part 11 shows the best fit with the assumption of the two-layer film 

model with a growing underlayer (with N = 2.3 - 0.1 i), whereas the 

upperlayer (with N = 2.9 - 2.1 i) remains constant in thickness, i.e. 

d 24 I... 
tp 

32.S Part ll:preanodizalion Part h first cycle 

E: 1,425 V 

32.0 

Z.~2.0 

.... 1.0 ii 

.... • 
31.S 

96 100 104 

/ 
/ 

/ 
/ 

/ 

/ 

E 

" / ' 

108 

' .. 
• 

112 116 

~ 

Fig. 7.12. Plot of the changes in A and 'if of a Ni
1
co

2
-alloy 

preanodized at 1.8 V. 

Part I : the first cycle for the complete anodic potential 

range. 

Part II: after preanodization, measured at R = 1.425 v, 
numbers along ithe curve refer to the polarization 

time in hours. 

The calculated thickness of this film l is plotted against the polari

zation time in figure 7.13. It clearly shows that the underlayer grows 

to a limit of about 75 A thickness, which is already reached after 

about 2 h preanodization. This is in contrast with cycling where this 

underlayer continuously grows. 
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Fig. 7.13. Plot of the calculated thickness of film l with N = 2.3 -

0.1 i against the polarization time. 

Table 7.3: Refraction index (n-ik) for nickel and cobalt compounds 

o .. = 5461 i> 

Species n k medium Ref. 

NiO 2.23 [18] 

NiO 1.52 0 KOH [ 5] 

a.-Ni (OH) 2 1.41 0 Ni(N0
3

)
2 

[16] 

13-Ni(OH) 2 
1.46 0 Ni{N0

3
) 

2
, KOH [16] 

y-NiOOH 1.54 0.39 KOH [16] 

coo 2.3 . 0.1 Na OH [17) 

Co(OH)
2 

1.4 0 NaOH [19) 

Co
3
o

4 
3.2 0.5 NaOH [19) 

co2o
3 

3.2 0.95 NaOH (19] 

The refraction index of Nico2o4 spinel is not known. In table 7.3 

some literature data of nickel and cobalt hydroxides and oxides are 
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compiled. A comparison of tne refraction index of the two layer film 

with the published data of table 7.3 might suggest that film 1, with 

N = 2.3 - 0.1 i, is probably not a Ni or Co hydroxide, but resembles 

that of coo, whereas the refraction index of film 2 with N = 2.9 -

2.1 i shows some resemblance with that of Co3o4 or co2o3 . 

However, one must bear in mind that this can only give an indication. 

If indeed a Nico2o4 spinel type oxide is formed indeed on the 

Ni1co2-alloy, a large k-value (as observed for film 2) is expec-

ted, since the conductivity of Nico2o4 is higher than that of 

co3o4 : a resistivity was reported of approximately 10 Ocm for 

NiCo2o4 and of 104 Ocm for co3o4 [20]. 

Transient measurements. 

The cyclic voltanunogram (figure 7.8) shows that during the first scan 

in part B-C two oxidation steps are observed. However, it is not clear 

whether this is an oxidation of two different species or of a further 

oxidation of one species. From figure 7.9, it appears that part Band 

C are optically identical. 

It was tried to distinguish between these two oxidation steps by using 

a transient technique: a potential step was applied at - 0.075 V to a 

potential in the B-C range, and the resulting changes in the ellipso

metric parameters /:::,. and w are recorded as a function of time t. 

Figure 7.14 shows the changes in/:::,. and w after a potential pulse 

to 0.425 V (curve a), 0.725 V (curve b) and to 1.025 V (curve c), 

respectively, and the time is given along the curves. The changes in 

/:::,. and w are given with respect to their initial value at t = 0. 

If there is a difference in the rate of the growth between the 

different layers (part Band C), this might be noticeable in the 

/:::,.-w curve. 

In figure 7 . 14 several calculated curves are presented for different 

n- and k-values, with a thickness which increases with time, up to 

50 A. It appears that curve c (potential step to 1.025 V) can be fit

ted by a single layer with a refraction index in the range 2.3 - 0.1 i 

to 2.6 - 0.0 i, which is in reasonable agreement with the earlier fin

dings for the first layer . The best fitting of the experimental curve 

b is obtained with a layer with a refraction index in the range 
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1.4 - 0.0 i to 1.8 - 0.0 i. A comparison of this refraction index 

(range ) with the published data of table 7.3 might suggest that this 

lm (potent al step to O. V) 

fitting curve was found for curve 

refraction indices. 

probable Ni or hydroxide, 

in the investigated range 

Thus, it can be concluded that in the B-C range indeed more than one 

ide is formed. 

Fig. 7.14. Plot of the changes in A and w after a potential step 

from -0 075 V to 0.425 V (curve a) to 0.725 V (curve 

nally, 

3.1) 

and to V (curve c), respect and time 

given along the curves. The changes in A and v are 

given with respect to their initial value at t = 0, repre-

sented and 

is attempted to correlate the electrochemical section 

ellipsomctric results (section 7, . The different 

pretreatments lead optically to the same two-layer film model: only it 

appeared that, with cycling, film l continuously grows, whereas with 

preanod on a maximum thickness of about is reached. 
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Firstly, one can try to correlate the ellipsometric two-layer film 

with the above mentioned assumption that spinel-like oxides are formed 

on the Ni1co2-alloy. It is then assumed that film 2 with N = 2.9 -

2.1 i is a spinel type oxide: it is unlikely that film 1 is a spinel

like oxide because of its low k-value. However, in order to explain 

the difference in kinetic behaviour of a cycled (Nico2o4-like 

behaviour) or an oxidized Ni1co2-alloy (Co3o4-like behaviour), 

it is necessary to introduce two forms of film 2, which are optically 

identical. It must be noticed that the ellipsometric measurements were 

taken at E = 1.425 V, prior to oxygen evolution, whereas the kinetic 

analysis is carried out at potentials ~ 1.45 V, i~e. in the oxygen 

evolution potential range. A schematic representation is given in 

figure 7.15, where film 2', formed by cycling, is a Nico2o4 spinel 

type oxide and film 2" is a co3o4 spinel type oxide formed by 

oxidation. A cycled Ni1co2-alloy, film 2', converts to film 2" by 

oxidation. When it is thereafter continuously cycled, it is again 

converted to film 2'. In both cases, oxygen evolution takes place at 

the outer film layer, i.e. film 2' or 2". 

77777777 
eye Ii;./ ~dallon 

film2' 

lilm1 

77777777 
substrate 

oxidation --cycling 

film2" 

lllm1 

77777777 
substrate 

Fig. 7.15. Schematic representation with assumption of the formation 

of spinel type oxides on the Ni
1

co
2
-alloy. 

The alternative explanation for the kinetic behaviour was that, depen

ding on the pretreatment, the Ni1co2-alloy behaves predominantly 

as a Ni or as a Co electrode. The introduction of two forms of film 2, 

which are optically identical (N = 2.9 -2.1 i), is again required to 

obtain a correlation between the electrochemical and ellipsometric 

characterization (figure 7.16). Here, film 2' exhibits an island 



structure which permits the growth of film l with cycling; cobalt 

disappears selectively by dissolution out of film 1. 
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Consequently, film l predominantly exists of nickel-oxide and oxygen 

evolution is supposed to take place at this film. On the other hand, 

oxidation of the Ni1co2-alloy gives rise to the formation of a 

compact film 2", as earlier mentioned blocking the dissolution. This 

film prevents the continuous growth of film l; the evolution of oxygen 

takes place at film 2" which shows mainly a cobalt behaviour. Film 2" 

is again converted to film 2' by cycling to low cathodic potentials. 

However, on basis of these results, it is difficult to discriminate 

between these two models. 

777/7777 
cycll~ ~dallon 

0t 0 t [!] 
fllm1 

77777777 
substrate 

oxidati,,n ---cycfing 

lum 2• 

!llm1 

J/777777 
sub$trate 

Fig. 7.16. Schematic representation with the assumption that the 

Ni 1Co2-alloy behaves predominantly as a Ni or as a co 
electl.'ode. 
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8. GENERAL CONCLUSIONS 

In this chapter, a correlation of the different results of the prece

ding chapters is undertaken. 

Nico2o4 electrodes, prepared by thermal decomposition, are very 

active for oxygen evolution. It was found that the variation of the 

catalyst loading has virtually no influence on the anodic performance 

(chapter 3), nor on the magnitude of the voltanunetric charge of fresh

ly prepared Nico2o4 electrodes (chapter 5). The results of chap-

ters 3 and 5 clearly indicate that, mainly the top surface layer of 

the Nico2o4 electrode is electrochemically active for the oxygen 

evolution, independent of the electrode structure. 

The surface morphology, and composition of the Nico2o4 layer was 

found to be dependent on the heat treatment, particularly on the tem

perature TF of the final heat treatment. The correlation between the 

increase in activity (chapter 3 and 4), and the increase in the cyclic 

voltanunetric charge (chapter 5) with decreasing TF indicates that 

these effects can be related to a change in the su,rface area. There

fore, the voltanunetric charge of freshly prepared NiCo2o4 electro-

des can be taken as a measure for the surf ace concentration of the 

metal ions participating in the electrochemical processes. These 

results indicate their number to be 53 at maximum. An apparent elec

trochemical roughness factor of 500 to 2000, and an electrochemical 
2 -1 

surface area of 3 to 10 m g can be calculated in the TF-range 

where only the spinel phase exists. Similarly, the BET-surface areas 

of Nico2o4 powders show a tendency to increase with decreasing 

TF (chapter 6). 

However, the variation in the ratio of the voltanunetric charge of the 

anodic oxidation peaks as a function of TF implies that, the effect 

of the heat treatment is not only reflected in an increase of surface 

area. Both anodic voltammetric peak charges, Qal and Qa2 ' increase 

with decreasing TF, but also the ratio Qa2 vs. Qal increases. 

Therefore, it is conceivable that the difference in anodic performance 

is not only a result of the change in surface composition. The XPS 

measurements (chapter 6) revealed for lower TF an increase of the Co 
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content, and a decrease of the Ni content in the Nico2o4 surface 

layer with respect to the theoretical Nico2o4 spinel composition. 

This confirms that the surf ace composition is indeed influenced by 

TF, as earlier reported in c~apters 3 and 5. From a correlation 

between the charge ratio, and the XPS analysis data, it is conceivable 

that the increase of the second peak, Eaz• compared to the first 

anodic peak, Eal' with decreasing TF is probably due to a higher 

Co content in the surface region. Thus, irrespective of the increase 

in surface area, the increase in anodic performance with lowering TF 

must apparently be attributed to the increased Co concentration, sup

posed that Co is the active site. The duration time of the final heat 

treatment tF gives no significant changes in activity (chapter 3), 

nor in the magnitude, nor in the ratio of the voltammetric ~barge 

(chapter 5) of the anodic peaks. 

Summarizing, it can be concluded that the surface composition of the 

Nico2o4 spinel oxide is affected by the temperature TF, but not 

by the duration time tF of the thermal treatment. 

The performance of a NiCo2o4 electrode depends on the valence 

states of the ions in the surface region in the potential range, where 

the desired reaction takes place. The cyclic voltammogram of a fresh 

Nico2o4 electrode represents a surface layer with ions in higher 

valence states. Both anodic oxidation peaks in the voltanunogram point 

to one-electron surface-redox reactions, and it was shown that the 

highest oxidation state up to 1.55 V, was 4+. Furthermore, it was 

found that the hydroxyl ion plays an important role in the electroche

mical reactions priot to oxygen evolution (chapter 5). 

On the basis of the cyclic voltammetric behaviour, three different 

models have been suggested for the conjugated electrochemical proces

ses, before oxygen evolution takes place on the freshly prepared 

Nico2o4 electrode. From a correlation of the observed peak poten

tials with the standard potentials of the individual oxides, and the 

voltammetric behaviour of Co3o4 , the assignment of the first tran

sition Eal to co2+!
3

+ is justified, whereas the second anodic peak 
3+14+ Ea2 could be a M transition, where M is either Ni or Co. 

However, on the basis of the mag- nitude of the photoelectron binding 

energy, it was suggested that nickel in Nico2o4 is present as 
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divalent ion, and from the satel- lite structure, that Co is mainly 

present in the diamagnetic, low-spin Co3+-state, and to a lesser 

extent as paramagnetic, divalent high-spin cobalt. 
2+ Therefore, the presence of Co , from cyclic voltammetry, as well as 

N.2+ 
l ' from XPS, has been demonstrated. Both are surface techniques, 

whereby the cyclic voltammetry gives information of the surface featu

res as a function of the potential (whereas XPS of a Nico2o4 elec

trode is measured at its rest potential). It is most likely that the 

voltanunetric response reflects the influence of the potential on the 

valence state of the metal cations already present. 

Therefore, it is to be expected that also the Ni2+/J+ transition is 

manifest in the cyclic voltammogram. This must be in Eal or Ea2 ' 

since no other oxidation peaks were observed. In chapter 5, Eal was 

solely attributed to the co2+/J+ transition, this could explain the 

difference between the peak potentials of the first transition (Eal) 

on Nico2o4 , i.e. at 1.20 V, and on co3o4 , i.e. at 1.15 v. In 

this context, it is conceivable that the first anodic peak on NiCo
2
o

4 
reflects a M2+/J+ conversion, with M Ni or Co. The other possibi

lity is that the Ni2+/J+ transition is masked by processes occurring 

at Ea2 . In chapter 5, a more complex nature of Ea2 has already 

been discussed. 

One of the major problems of the mixed oxide spinels is the cation 

distribution. The determination of the valencies, and the distribution 

of the cation among the tetrahedral and octahedral sites of the spinel 

structure, is tedious, particularly, if two different metals are pre

sent, each of which can adapt more than one valence state. 

A number of different site and charge distributions for Nico
2
o4 , 

based on magnetization, X-ray- and neutron diffraction and scattering 

studies, have been proposed in the literature [1-7]. Since many 

'ferromagnetic' spinels are collinear-spin, Neel ferrimagnets, the 

spontaneous magnetization at T = O K can generally provide a good 

indi- cation of the cation distribution, and valence state-s if a 

localized electron, crystal field model gives the appropriate 

description of the d-electron manifold. More correctly, Nico
2
o

4 
is 

a ferrimagnetic spinel [6]. Holgersson and Karlsson [1] were the 

first to report a 'ferromagnetic' cubic spinel phase in the system 

Ni-Co-0, and assigned to it the formula (Ni,Co)O(Ni,Co> 2o3 , to 

represent the 
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likely presence of two oxidation states for each cation. Lotgering [21 

found a magnetization [M = (B-H)/4u] of approximately 1.5 µB per 

formula unit. Blasse [3], interpreting Lotgerings magnetization data, 
2+ 3+ .3+) 2-proposed a structural formula Co [Co N1 o4 • 

However, the spin-only ferrimagnetic magnetization predicted from this 

model is 2 µ8 per formula unit, which is not in agreement with the 

experimental magnetization data. Knop et al. [4] used X-ray, and 

neutron diffraction, and combined it with magnetization data. Their 

results show that NiCo2o4 is an inverse spinel. But no reliable 

determination of the degree of inversion in NiCo
2
o4 could be made. 

The authors were unable to distinguish between the magnetic structure 

proposed by Blasse, and the one with the structural formula 

co3+[Ni2+co3+]0!-. The net magnetic moment derived from 

the magnetization measurements was only 1.25 µ8 , which is lower 

than the value of 2 µB, expected from either model. Boussart et 

al. [5] attempted to clarify the ambiguity of the valency assign

ment by a study of the variation in paramagnetic moment µeff with 

composition in the spinel system Ni1_xco2+xo4 (with x < 1). They 

concluded that the more probable valency distribution is 
2+ 3+ . 2+ 3+ 2- 3+ . 2+ 3+ 2-Col Co [N1 co2 ]o4 , which extcapolates to Co [N1 Co ]04 . -x x x -x 

However, it predicts a spontaneous magnetization at T = O K of 2 µ8 
per formula unit, as seen before, which is significantly larger than 

the observed value. King and Tseung [6] investigated the ferrimag

netic ordering of Nico2o4 by progressive substitution of foreign 

ions of precisely known charge and site preference. These authors have 

rejected Boussart's model on the basis of the strong octahedral site 

preference of co3+ ions and suggested the cation 

di ib t • 2+ 3+ [ . 2+ . 3+ 3+]02- -str u ion co0 . 9co0 .1 N10 . 9N10 •1co 3 _2o0 .8 . 

The considerable concentration of boles in the non-magnetic oxygen 2p 

bands was adjusted to give the appropriate reduction in spontaneous 

magnetization. However, Battle et al. (7) rejected such a complex 

cation distribution, as mentioned in chapter 4, because it implies 

metallic conductivity, which is not in agreement with the conductivity 

measurements on polycrystalline Nico
2
o4 materials [8]. The 

authors (7] have made a refinement of the nickel atom distribution 

on the ferrimagnetic Nico2o4 , using neutron diffraction. They 
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suggested the possibility of an inhomogeneous distribution of the 

nickel and cobalt, and introduced A-site Ni3+ (tetrahedral site). 

The results of the electrochemical (chapter 5), and the non-electro

chemical techniques (chapter 6) might be indicative for the site and 

charge distribution within the spinel lattice. This is a rough 

approximation because it is simply assumed thay the results of the 

surface techniques are indicative for the bulk cation distribution. 

In chapter 6, the presence of Ni 2+, high-spin paramagnetic Co2+, 

and low-spin, diamagnetic co3+ was observed by XPS analysis. Since, 

Nico2o4 is an inverse spinel [4], and low-spin co3+ has a 

strong octahedral site preference [9-11] (and Ni2+>, this leads 

to the preliminary distribution: co2+[Ni2+co3+]. The TPR 

measurements in chapter 6 have shown that NiCo2o4 is formed with 

the average oxidation state of the metal ions equal to 2.67+ (total 

valency 8+), and that it can be presented by the general formula 

M2+H3+02- indicating the presence of di- and trivalent 2 4 • 
metal ions (Ni or Co) in the ratio 1:2, respectively. The cyclic vol-

tammetric characterization in chapter S suggested the presence of 
2+ 3+ 3+ • Co , and possibly Co and Ni . Therefore, with this correla-

tion excercise the following general distribution can be proposed: 
co2+ co3+[Ni2+Ni 3+ co3+ ]02-

l-x x y 1-y 1.0 4+z 
with two valence states on the sublattices, and the possibility of 

excess oxygen to maintain the electroneutrality, and x, y and z are 

related through z = (x-y/2). 
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LIST OF SYMBOLS 

a 

a 
0 

A 

b 

c 

activity [mole dm-3) 

lattice parameter [A] 

surface area [cm2
] 

Tafel slope [mV] 
-1 

concentration [mol 1 ] 

capacitance [F cm-2] 

interplanar spacing [A); thickness [A] 
diffusion coefficient [cm2s-1]; divalent 

potential [VJ; binding energy [eV] 

Faraday constant [C.eq-1
] 

electC'on hole 

activation enthalpy [kJ mol-1] 

current density [A cm-2
] 

exchange current density [A cm-2 ] 

current [A]; number of photoelectron 
-1 reaction rate constant [cm s ] 

-1 molecular weight (g mol ] 

-1 per second [s ] 

-3 n number of electrons; number of atoms per volume unit [cm ] 

N collection efficiency; index of refraction 

p 

Q 

reaction order; pressure [torr] 
-2 charge amount [me cm ] 

R 
-1 resistance [Q]; gas constant [kJ mol ]; reflection 

coefficient 

r radius 

S atomic sensitivity factor 

t time [s] 

T temperature [K]; trivalent 
-1 v potential ·scan rate [mV s ] 

wt ~ weight percent 
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Subscripts a. transfer coefficient 

a anodic a overall transfer coefficient 

c cathodic; capacitive !::.. ellipsometric parameter 

D disk: 

dl double layer 

f fa.radaic 

F final thermal treatment 

n 
e 
\) 

overpotent i al [V] 

surface coverage 

[ 2 s-11 kinematic viscosity cm 

wavelength [A] 

1 limiting v ellipsometric parameter 

0 oxidized form -1 
<.l rotation frequency [s ] 

p peak:; parallel 

R r:ing; reduced form 

s surface; perpendicular 

t total 

u uncompensated 

Superscripts 

o in standard state 

"' in bulk 

Abbreviations 

AES Auger Electron Spectroscopy 

BE Binding Energy 

BET Brunauer-Emmet-Teller 

DHE Dynamic Hydrogen Electrode 

ESCA Electron Spectroscopy for Chemical Analysis 

NHE Normal Hydrogen Electrode 

OCV Open Circuit Voltage 

rds rate determining step 

RRDS Rotating Ring-Disc Electrode 

RffE Reversible Hydrogen Electrode 

ROE Reversible oxygen Electrode 

SCE Saturated Calomel Electrode 

SEM Scanning Electron Kicrscopy 

TGA Thermogravimetric Analysis 

TPR Temperature Programmed Reduction 

XPS X-ray Photoelectron Spectroscopy 
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SUMMARY 

In the last decade, a growing interest in the electrolysis of water 

can be noticed in the framework of the Hydrogen Economy and the neces

sity for an energy storage medium. However, a number of problems hin

der the breakthrough. The high anodic overpotential for the oxygen 

evolution reaction is the main cause of the energy loss in water elec

trolysers (chapter 1). 

In this thesis an extensive investigation of Nico2o4 spinel oxide, 

as anode material in alkaline solution was carried out. Nico2o4 is 

a very promising anode, as shown from the comparison of the possible 

electrocatalysts for oxygen evolution in the literature review (chap

ter 2). 

The electrocatalyst was prepared by thermal decomposition of metal 

salts. A systematic study of the preparation parameters such as the 

temperature TF, and the duration time tF of the thermal treatment, 

and catalyst loading was executed to establish the optimum deposition 

conditions, with respect to its electrocatalytic activity (chapter 3). 

It was concluded that mainly the top surface of the NiCo2o4 elec

trode is electrochemically active. Furthermore, it was clearly shown 

that Teflon incorporation gives about the same activity (chapter 3 and 

4). 

The kinetics of the oxygen evolution reaction were examined with gal

vanostatic steady-state measurements in the temperature range of 10 to 

so•c, and in the electrolyte concentration range of 0.1 to 7 H KOH 

(chapter 4). The Tafel plots can be divided in two regions: one with a 

Tafel slope of about 40 mV, i.e. 2 RT/3 F, for n < 280 mV and a 

range of Tafel slope values from 70 to 100 mV at higher overpoten

tials, i.e. n > 280 mV, which is assumed to be 2 RT/F. The change in 

the Tafel slope <nc-value) does not depend on the temperature 

TF. The activation enthalpy confirms the electrocatalytic behaviour 

of Nico2o4 and reflects the influence of the temperature TF. 

Oxygen evolution is suggested to take place via the formation of 

higher oxides. For the different potential regions, the kinetic beha

viour can be explained by a reaction mechanism, by which either a 

shift in active site takes place from di- to trivalent sites, or by 
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which the valence state (trivalent)' does not change. but a shift from 

low coverages. i.e. 0TOH ~ O. to high coverages, i.e. 0TOH ~ 1. 

occurs. 

In order to correlate the electrocatalytic activity and spinel struc

ture, the Nico2o4 catalyst has been characterized in chapter 5, 

using electrochemical techniques, such as cyclic volta111111etry. the 

galvanostatic charging method and the rotating ring-disc electrode. 

and in chapter 6, using non-electrochemical techniques such as X-ray 

diffraction, temperatul.'e programmed reduction, XPS and Auger. 

The sul.'face morphology and composition of the freshly prepared 

Nico2o4 layer are found to depend on the thermal treatment, parti

cularly on TF: the increase in activity with decreasing TF has 

been correlated with the increase in surface area and the change in 

surface composition. 

The voltammogram of a fresh Nico2o4 electrode exhibits two anodic 

oxidation peaks, representing one-electron transfer surface redox 

reactions. Three different models have been suggested for the conjuga

ted electrochemical processes, before oxygen evolution takes place. 

The voltammetric response of a fresh Nico2o4 electrode is not only 

influenced by the lower and upper switching potential of the scan 

range. but also in a different way by potentiostatic or potentiodyna

mic treatment. This is considered to be an ageing phenomenon which has 

been interpreted in terms of partial decomposition of the NiCo2o4 
surface layer. 

On the basis of the voltammetric curves (chapter 5), and the results 

of the non-electrochemical techniques (chapter 6), the following gene

ral cation distribution has been proposed 
2+ 3+ 2+ • 3+ 3+ 2-Co co

1 
[Ni N1

1 
co

1 0
]o4 (chapter 8). 

x -x y -Y • +z 
The electroc.hemical formation of oxides on nickel cobalt alloys has 

been investigated in chapter 7. The oxide formation was examined with 

cyclic vollammetry, kinetic analyses and ellipsometry. The kinetic 

behaviour has been explained either by assuming that spinel-like 

oxides are formed on the Ni
1
co2-alloy, or that. depending on the 

pretreatment, the alloy electrode behaves predominantly as a nickel or 

as a cobalt electrode. 
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De elektrokataly iteit en spinel-oxydestruktuur zlj 

elkaar gerelateerd door de karakterlsering van de Nlco2o4-elek-

trode met behulp van elektrochemische technieken (hoofdstuk 5), zoals 

cyclovoltammetrie, coulometrie en de roterende ring-schijfelektrode, 

en nlet-elektrochemlsche technleken (hoofdstuk 6), zoals Rontgen

diffractie, temperatuur geprograrruneerde reduktie, XPS en Auger. De 

oppervlaktomorfologie en -samenstelling van een vers bereide elektrodn 

is afhank.el 

temperatuur 

peratuur TF 

het oppervlak 

Het voltammogram 

thermische behandel , in het bijzonder 

n de aktlv met afnemende tem-

worden aan toename in de grootte 

verandering in oppervlaktesamenstelU.ng. 

vers bereide ico2o4-elektrode vertoont 

twee anodische oxydatiepieken, tengevolge van een-elektronoverdrachts

reak.ties. De elektrochemis.che oxydatie- en reduktieprocessen, vooraf

gaand aan de zuurstofontwikkeling, zijn met elkaar gek.ombineerd via 

drie verschillende modellen. 

Het voltarnmetrisch gedrag van een vers bereide Nico2o4 elektrode 

wordt niet alleen be'invloed door de k.athodische en anodische omk.eer-

potentialen 

wijze als 

behandeling. 

partiele 

De katlonvet"del 
2+ 3+ 

Col Co [Nil N -x x -y 
(hoofdstuk 8) is 

aaltrajekt, 

potentlostat 

ngsfenomeen 

2-
.o]0 4+z 

ook op een verschlllende 

een potentlodynami 

toegeschreven aan een 

gebaseerd op de elektrochemische en nlet-elektro-

chemlsche karakterisering. 

Tenslotte ls de elektrochemische vorming van oxydes aan nikkel-k.obalt 

legerlngen onderzocht (hoofdstuk. 7) met behulp van cyclovoltammetrie, 

kinetiekstudie en elllpsometrie. In een paging om het waargenomen 

kinetisch gedrag te verk.laren, wordt enerzijds verondersteld dat 

spinel--type 

de elektrochemi 

namelljk 

warden, en 

voorbehandeling, 

ikkel of als 

ijds, dat afhankelljk 

ingselektrode zlch 

kobalt elek.trode. 
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STELLINGE'N 

1. De bewering van Tseung et al., dat Teflon-inbouw in NiCo
2
o4-

e1ektroden de aktiviteit voor zuurstofontwikkeling sterk verhoogt, 

is onjuist. 

A.C.C. Tseung, s. Jasem, and K.N. Mahmood; in Hydrogen Energy 

Systems, T.N. Veziroglu and W. Seifritz (Eds.), Pergamon Press, 

Vol. I, 215 (1978). 

Dit proefschrift, hoofdstuk 3. 

2. De aanname van Willems et al., dat voor de verklaring van de gevon

den realctieorden van zuurstofontwikkeling aan Co-elektroden, de 

aktivitelt van water constant is in bet onderzochte KOH-eoncentra

tiegebied, is onjuist.. 

H. Willems, A.G.C. Kobussen, J.H.W. de Wit, and G.H.J. Broers; 

J. Electroanal. Chem., 110, 227 (1984). 

3. Het verdient aanbeveling om bij de vergelijldng van elektrokatal1-

satoren voor zuurstof ontwikkeling gebruit te maken van bet produkt 

van de Tafelbelling en de uitwisaelingsst.l:'oomdicbt.beid, uitgedrukt 

in b. log i
0

• 

II. De door Hsueh et al. gei'.ntroduceerde werltwijze voor de bepaling van 

. de snelheidsconstanten voor de elettroreduttie van zuurst.of, is 

geen verbetering van de eerder dool:' Pleskov en Filinovskii ontwik

lcelde methode. 

K.L. Hsueh, and D.T. Chin, J. Electroanal. Chem., 153, 79 (1983). 

Yu.V. Pleskov, and V.Yu. Filinovskii, The Rotating Disc Electl:'ode, 

Consultants bureau, New York-London (1976). 

5. De definit.ie van een oxydat.iepotentiaal door Skoog en West is fun

damenteel onjuist. 

D.A. Skoog and D.M. West, Fundamentals of Analytical Chemistry, 

CBS College Publishing (1982). 



6. De algemene opvatting dat bet oog licht waarneemt, is ogenschijn

lijk juist, maar in. werkelijkheid oogverblindend. 

T. Tomita, Cold Spring Harb. Symp. Quant. Biol. 30, 559 (1965>.· 

D.A. Baylor and M.G.F. Fuortes, J. Physiol. 207, 11 (1970). 

7. Het gebruik van literatuurreferenties met de verwijzing to be 

submitted, private communication, unpublished results, etc ..•• " is 

frustrerend voor een 'jong' onderzoeker. 

8. De Belgisc:he opvatting dat Nederlanders zuinig zijn, is, met de 

kosten gemaakt voor dit proefschrift op rekening van de Nederlandse 

belastingbetaler, weerlegd. 

9. lnnovatief onderzoek, dat pas voor een volgende generatie van 

wezenlijk belang is, moet mogelijk zijn en blijven aan de Universi

teiten en Hogescholen. 
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