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1. INTRODUCTION

In 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 electrbchemical equivalent of free

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

. EC(V)
Anodical: 4 OH 0, + 2H,0 + 4e 0.401
Cathodical: 40,0 + 4e 2 By + 4 oH~ -0.828.

HMoreover, there is a necessity fér 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 giable 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.

HRowever, the economic constcainis, and the significent 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 overpotentisl 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



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 incresses 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 activily, expressed by a high exchange
current density io. and a low Tafel slope b.

2. a high electrical conductivity.

3. be stable apainst chemical influences.

4, a vapid 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 snode materials is NiCozoa.

Though numerous articles have been published on the anodic performance

of NiCogod 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 Nic°2°g 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 prepared by

O,
thermal decomposition, was carried out. A brief lztzratuce 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,
etec., 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



temperature, and concentration of the electrolyte. The NiCozoa
catalyst was characterized in chapter 5, using electrochemical techni-
" ques such as cyeclic voltammetry, the galvanostatic charging method,
and the rotating ring-disc electrode, and in chapter 6, using non-
electrochémical techniques such as X-ray diffraction, temperature
programmed reduction, ESCA and Auger. Chapter 7 reports a comparison
of the thermally prepared NiCozo4 electrodes with the electro-
chemically formed oxides on nickel-cobalt alloys, using cyclic voltam-
metey, kinetic analysis, and ellipsometry. This thesis is concluded ’

with a general discussion in chapter 8.



2. LITERATURE REVIEW
2.1. Introduction

The study of the oxygen evolution reaction goes back to the early days
of electrode kineties [1,2], particularly with the work of Bowden

{3] and Hoar [4].

From a general evaluatibn of metals as electrocatslysts for oxygen
evolution, Miles reported that in alkaline solution [5] a good
electrocatalytic sctivity is exhibited by Ni, Fe, and the noble
metals, whereas in acid solution {[6] the following sequence of
activity was found Xr = 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 mdterial 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% KOH.
The voltage efficiency amounts to 60-70% at current densities of

2 kA m_z, with a current efficiency of 100% [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 stste of thé Ni-ioms is 3+ [17]. It has been

3+ presumably converts to Nié* at higher poten-

suggested that Ni
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 electrocatalytically grown oxide. Alloys of nickel with a
number of other metals, éspeci#lly, 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.

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 sn 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 candidste
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 ﬁo 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 Ivr 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.
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Fig. 2.1. Tafel lines for oxygen evolution in alkaline medium on
various thermally prepared oxides. Data from ref. [41].



An extensive review of Ruozhbased 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 Dimensio-
nally Stable Anodes (DSA) as invented by Beer [39], with high

corrosion resistance, and electrocatalytic activity, have creplaced the
graphite electrodes.

The oxygen evolution on Ruoz—based electrodes proceeds in acidic
{40,41) as well as in alkaline solution [19,40,42]. Ru oxide,

prepared by thermal decomposition on an inert substrate like Pt or Ti,
hag 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 increa-
ses with time [47,48]. The stability exhibits by such electrodes in
alkaline medium is even less satisfactory [41,49]. The kinetic
parameiecs have been studied in detail, bothkin strongly 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 incéease 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 & thick
layer of hydrous RuO, {54-57).

Ir0, is a relatively good electrocatalyst, but not as good as RuO

2
as follows from the Tafel line behaviour in figure 2.1 [42].

2)

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.



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 CaTioa), ptesented by the formula Aaoa, and the spinel oxides,
preseated by the formula ABzoa with a crystal structure identical

to the compound ugalzoa. Both mixed oxides exhibit interesting
features for the oxygen evolution reaction.

No satisfactory explanation has yet been given for the different over-
potentisl values on different substrates at particular current densi-
ties. So, there is no answer to the gquestion "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
electrochemistry, although its ultimate gosl 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 & relative scale by way of comparison with other physico-
chemical properties of materials. Therefore, as & 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 to these authors, the first step of
the oxidation of water or OH to adsorbed OH takes place through the
o* band, which is considered to extend up to the surface where e
orbitals of the metal ion overlap with the P, orbital of the
adsorbing oxygenated intermedistes. 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 o* band to be high. This theory is sn attempt

to place electrocatalysis 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



lower metal oxide/higher metal oxide couple in determining the minimum
potential for oxygen evoluﬁion. This consideration, and other essen-
tial requirements such as electrical resistivity and corrosion resis-
tance, led to the choiée of NiCozoa and'Li~doped Co,0, spinel

34
oxides as active electrocatalysts.

2.3. Perovskite oxides ABO3.
A detailed review of tﬁe 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

k ‘their lack of corrosion resistance with respect to the electrolyte.
The evolution of oxygen has been studied essentially in alkaline
medium on SrFeo3 [65], Sr?eo-gno.103 (with M = Ni, Co, Ti or Mn)

[66], La, St MnO, [e671, La°.79b0.3nno3 [68], LaCoo3 [72,78],

La, Sr CoO, [6%]. Lal_xaaxCoo3 [72-76], Lalwxserel~yC°y°3

[70], Lal-xsrx?elnyuiyo3 [71], Nianoa {(with Ln = La, Pr or Nd) [77],
Ni0’2000.8L303 [78], and Ndl—xsrxc°°3 [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,
io, and Tafel slopes, b, and gives the value; of the overpotential

at the apparent current density of 10 mA cm . The parameter a (=

b log io) is a better compa:ison for various materials, since the
best electrocatalyst is one with a high io and low b value. The
lwatanOS (0 < x < 0.4) [67]
increases with the value of x up to a maximum of 0.4, as seen in

activity for oxygen evolution at La

figure 2.2. Fairly good electrocatalytic properties were observed on
SrF903 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

Sr?eo.9“o.1°3’ and that the catalytic activity increased (SrFe i
in figure 2.2). La

0.9%%9.1%

l_xSr‘0003 electrodes appeared to be suitable in
alkaline medium [69], becsause anodic dissolution scarcely occurred,

and the activity of the electrode with x = 0.4 was higher than that of
x = 0.2.
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Fig. 2.2. Tafel

various perovskite oxides. References: 1,2 [67]; 3,4 [69]; 5

-8

[65]; 6 [66]; 7,8,9,10 [72]}; 11 [77].

-1

o
logi(A.cm’)

lines for oxygen evolution in alkaline medium on

Table 2.1: Kinetic parameters of oxygen evolution on perovskites.

1)

a(V)z}

Electrode; medium b(V) i(a em2) V) at Ref.
10 mA em 2
srFe0, I 0.062 1.2.107° . 0.49 0.39 65
SrFe Ni Q 1 0.040 6.6.10-11 0.40 0.30 66
0.9770.173 11
SrFe Co 4] 1 0.045 3.2.10 0.43 0.35 66
0.9%%.1% : n

Lao.7pbo.33n03 1 0.?95 1.10—9 .86 68

La Se Co0 I 0,065 3.10 0.55 0.44 69
0.8%%0.2%% »

La Sr Col 1 0.065 7.4.10 0.53 0.4]1 69
0.6 0.4 3 4

La Ba Co0 TIT 0.057 4.8.10 0.19 0.30 712
0.8°%.2%.y I

La Ba Col 111 0.059 2.6.10 0.15 0.27 72
0.5°%0.5%%y 4

La Sr Co0 III 0.059 1.1.10 0.23 0.34 72
0.75%.3%%_y -

La Sc Co0 I1I 0.074 2.3.10 0.20 0.34 12
0.35%.7°%_y s

NiLaZO4 13X 0.040 2.4.10 0.19 0.29 17

iR I : 1 M KOH; 25°C

I1 : 6 M KOH; 25°C
II1 : 6 M KOH; room temperature
2) a=Dblog 1

]
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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 pevovskite type structure like La erFe1_¥Co¥03 [70],

1-x

and La XerFe y“iyoz [71] have been synthesized, and it was found

that t:e catalitic activity for the oxygen evolution reaction increa-
sed with increasing x and y values in the composition range of the

perovskite single phase, whereas the resistivity decreased. No appre-
cisble difference in the electrocatalytic behaviour was observed for

the perovskite-like oxides NiLn204 with Ln = La, Nd or Pr {77],

which are very promising anode materials, as illustrated by NiLazoé in
figure 2.2. The oxygen evolution reaction on perovskite oxides [70-77]
has been explained by applying the theory of ¢* band formation [72],

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

oxides [86].

2.4. Spinel oxides ABZOA'

The spinel oxides, especially NiCo , are also very promising

o
274 ‘
anode materials. A review of the properties of the spinel oxides was

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

(o]
electrocatalyst for oxygen evolution'in alkaline solftgon wes sugges-
ted by Tseung and Jasem [16]. A maximum in the electrocatalytic.

4 both for reduction [34,82], and
evolution [81], is observed when the Ni:Co mole ratio corresponds
to the spinel NiCozoa. The performance of NiC(>20A electrodes

is better than that of lithiated NiO and Ni screens [83]. The
activation energy is reported to be close to [19], or pessibly
slightly higher [84] than that of RuO, based electrodes. The

2
is controlled by two Tafel

properties for Nichyo

oxygen evolution reaction on NiCozo4
slope regions, i.e. at low 1n a slope of about 0.040 Vv [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 7. The results may be
complicated [88] by the formation of higher oxides, gas bubbles and
emptying of the electrocatalyst pores. Problems related to the
structure of the electrodé 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 NiCo 0“ layers prepa-

2
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 NiCozoa electrodes, prepared by the cryochemical

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

cm_z at 85°C in 45% KOH for 3000 h with less than 50 mV increase in

overpotential. Vandenborre and Leysen [90] found that the perfor-
mance of NiCczoé, prepared vie thermal decomposition, was the best

of four electrocatalysts studied, and, exhibited a stable potential

for over 2000 h of operation at a current density of 1 A cm’2 at

85°C in 50% KOH.

Shub et al. [91] reported that oxygen evolution at C0304 in acidie
medium takes 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. Co is anodically

4]
374
more stable as the pH of the solution increases [84,88,92-97].

[}
374
electrodes in alkaline solution, prepared at different temperatures

Shaloginov et al. [98] have investigated a series of Co

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 Co30& film anodes by thermal decomposition of an aqueous solu-
tion of Co(N03)2.6H20. The anodic polarization characteristics

in 1 M 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
Coaoalve electrode has the lowest oxygen overpotential, being
comparable to those of Ruogfti, Itozlti or Rhozfti [99], i.e. about
0.04 V at 100 mA cmfz. A mechanistic study of the oxygen evolution
was carried out on preanodized Teflon-bonded Co,0,, and Li-doped

374

Cosoé 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 tm:sl"1 [103],

which can be compared with 59 kJ mol”l 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 Fe

4]
X

304, a decresse in the corro-
3-x%4 fercites with M = Mg, Zn,

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

sion rate has been noticed. ux?e

than Fe304, with a maximum for M = Ni. The spinel ferrites NixFe

[106], Co,  Fe O, 3

oxygen evolution with the purpose of establishing a relationship

(o]
3-x4
» and Mn, Fe 0, [107] have been investigated for
between the magnetic and the electrocatalytic properties. The oxygen
evolution occurs at an appreciable rate on NiFe,0, and CoFe,0

274 274
with a common slope of about 0.04 V.,

Figure 2.3 presents a summary of the better ancde electrocatalysts in
alkaline medium. It wmust be noted that in this figuce the work of
different authors has been cbmpared 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, ete.

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

, NiLa , La B Co0, and

2% 2% L3¢, 5880, 5000,

Ruoz. In particular oxides containing Co and Ni ions in the lattice

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

oxygen evolution presently are NiCo

important. Co as a metel (substrate) has been shown to exhibit a lower
n 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 NiCozoa. From a fundamental point of

view, s lowering of the large 71 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. RiCozoa has shown
to be stable in alkaline water electrolysis [89,90] for over 3000 h.



13

nw)

05
04 4
NiLag0y
0.3 4
30%AU02(TIO,! NiCo,0y
0.2 4

-5 -4 -3 -2 -1 o
: tog i {Acm2)

Fig. 2.3. Summary of the Tafel lines of anode electrocatalyst in alka-
line medium. References: N65]; 212); 3(46] ;4(971;5[21]; 61721,
000 8119) ; K77 ;1088

2.4.1. Crystal structure of spinel compounds.

The unit cgll of the ideal spinel structure, named for the mineral
spinel H351204’ 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 tetrshedral and 16 octahe-
dral interstices are occupied by cations. The general formula of
compouhds with spinel structure is A{Bz}xa. [Octahedrally coordinated
fons 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 = 0, §, 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, éor the anion octahedra surrounding the B cations share
edges, whereas the anion tetrahedra surrounding the A cations do not

have any contact.

a/

b/

Fig. 2.4. (a) Two octants of the normal spinel structure. Open circles
with D and T refer to di- and trivalent cationsg, respecti-
vely. Solid circles to oxygen anions (b). Same for inverted

spinel.

Ihé oxide spinels (X = 0) are ionic crystals. In the oxide spinels,
two main combinations ofvvalence states of the cations occur: the 2-3
spinels, where Ni00204 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 spineis with the stoichiometric metsl: oxygen ratio.

An interesting property of compounds Gith the spinel structure is the
so-called cation distribution, i.e. the distribution of the cations
present among the tetrahedral snd octahedral sites. In principle, the
following cation distributions can be distinguished, with the 2-3
spinels (i.e. Hez*fne3*}2oé) as an example.
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(i) Normal spinel or regular spinel: A[Bz]oz;' (Fig. 2.4a)
1f the tetrahedral sites sre occupied by A-ions and the octahe-

dral sites by B-ions, e.g. nez*Ineg*] then the divalent metal

2033 '
ions are on tetrahedral sites.

{ii) Inverse spinel: B[AB]Oé. (Fig. 2.4b)
1f the tetrahedral sites are occupied by B-ions and the octahe~
dral sites by a random arrangement of A and B-ions, e.g.
Me3*[ne2+ue3+]04. then the divalent metal ions are on octahedral
sites.

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

2.4.2. Electrophysical parameters of NiCozoé.
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

spinel oxides.

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

Co content  Conductivity Hole concentration Carrier mobility
(atom %) (s hH (™ m? vt
0 g.107> 3.10%7 4.6.1072
25 3.107t - -
67 60 9.10%7 1.4.10%
82 20 8.10%7 6.4
100 2.1072 9.5.10%° 5.6.1072
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NiCozoa and Co304 are p-Lype 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 NiC0204 has
been reported to be 10 § ot (82], and that of Co,0, 102 st
[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, inm which
a part of the H3+ ions is converted into 34*,

M4+ - H3+ +nt
where h* stands for an electron. Another type of defect structure
may arise when pari of the H3+-ions in the octahedral sites are
convected into M2* [110],

u3+ - H2+ + mY
In both situations the electron holes are assumed to migrate via a
hopping mechanism,
The other electrophysical parameters have been scarcel& 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
toe 2, i.e. xiCozoa, showed the highest value,, 6.23 eV.
The forbidden band gap for NiCc>204 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 reactious.



17

2.5. Literature

[1] A. Coehn and Y. Osaka, Z. Anorg. Chem. 34, 86 (1903).

(2] F. Foerster and A. Piquet, Z. Electrochem. 10, 714 (1904).

[3] P. Bowden, Proc. Roy. Soe., A 126, 107 (1929).

{4 T.P. Hoar, Proc. Roy. Soc., A 142, 628 (1933).

[s] M.H. Miles, J. Electroanal. Chem. 60, 89 (1975).

6] M.H. Miles and M.A, Thomason, J. Electrochem. Soc. 123, 1459
{(1976).

71 P.W.T. Lu and 8. Srinivasan, J. Appl. Electrochem. 9, 269
{1979).

[8]  M.H. Miles, G. Kissel, P.W.T. Lu and $. Srinivasan, J. Elec-
trochem. Soc. 123, 332 (1976). ‘

[s1 E.A. Chapman, Chem. Process Eng. 46, 387 (1965).

[10] S. Srinivasan, ¥.J. Salzano and A.R. Landgrebe (Eds.),

Industrial Water Electrolysis, The Electrochemical Society,
Princeton (1978).

[11] D.H. Smith in A.T. Kuhn (Ed.), Industrial Electrochemical
» Processes, Elseviér, Amsterdam, 127 (1971).

{12] P.W.T. Lu and 8. Srinivasan, J. Electrochem. Soc. 125, 1416
(1978),

[13] B.E. Conway and P.L. Bourgault, Can. J. Chem. 40, 1690 (1962).

[14] B.E. Conway, M.A. Sattar and D, Gilroy, Electrochim, Acta 14,
677 (1969).

[15] R.F, Scarr, J. Electrochem. Soc., 116, 1526 (1969).

[16] A.C.C. Tseung and S. Jasem, Electrochim. Acta 22, 31 (1977).

[17]} J.P. Hoare, Nature 241, 44 (1973).

{18] S. Gottesfeld and S. Scinivasan, J. Electroanal. Chem. 86, 89
(1978).

[19] G. Singh, M.H. Miles and S. Srinivasan in A.D. Franklin

(Ed.), Electrocatalysis on Non-metallic Surfaces, NBS Spec.
Publ. No. 455, U.S. Government Printing Office, Washington,
289 (1976).

[20] V.S. Bagotskii, N.A. Shumilova and E.I. Khrushcheva,
Electrochim. Acta 21, 919 (1976).
{21] P.W.T. Lu and 8. Srinivasan, J. Electrochem. Soc. 125, 265

(1978).



18

{22]

(23]

[24]
f2s]

[26]

[27]

(28]

[29]

{30]

(31}
[32]

(33}
[34]

{3s]
[36]
373
[38]

(39)

(a0]

J.P. Hoare, The Electrochemistry of oxygen, Interscience,
New York (1968). / .

M. Breitner in P. Delahay (Ed.), Advances in Electrochemistry
and Electrochemical Engineering, Interscience, New York 1,
123 (1961).

J.P. Hoare in P, Delahay (Ed.), ibid. 6, 201 (1967).

J.P. Hoare in A.J. Bard (Ed.), Encyclopedia of electro-
chemist:y of the eleﬁents, Marcel Dekker, New York 2, 191
(1974},

A. Damjanovic in J.O0'M, Bockris and B.E. Conway (Eds.),
Hddern Aspects of Electrochemistry, Butterworths, London 5,
369 (1969).

A. Damjanovic and A.T. Ward in H. Bloom and F. Gutmenn
{Eds.), Electrochemistry of the Past Thirty and Next Thirty
Years, Plenum, New York, 89 (1977).

A.J. Appleby in J.0'M. Bockris and B.E. Conway {(Eds.), ibid.
9, 369 (1974).

J.0'M. Bockris in J.0'M. Bockris and B.E. Conway, ibid. 1,
180 (1954).

T. Erdey-Gruz. Kinetics of Electrode Processes, Wiley-Inter-
science, New York (1972).

A.J. Appleby, Catal. Rev. 4, 221 (1970).

L.D. Burke in S. Trasatti (Ed.), Electrodes of Conductive
metallic oxides, Elsevier, Amsterdam, Part A, 3, 141 (1980).
B.E. Conway in ibid., Part B, 9, 433 (1981).

M.H. Miles, Y.H. Husng and 8. Srinivasan, J. Electrochem.
Soc. 125, 1931 (1978).

S. Trasatti and G. Lodi in S. Trasatti (Ed.), Electrodes of
conductive metallic oxides, Elsevier, Amsterdsm, Part B, 10,
521 (1981).

J. Horacek and S. Puscharer, Chem. Eng, Progr. 67, 71 (1971).
0. De Nora, Chem. Ing. Tech. 42, 222 (1570); 43, 182 (1971).
A. Nidola, Metall. Ital. 66, 55 (1974).

H.B. Beer, Britt 855107 (1958); CA 55 (1961) 12115; 925080
(1960); CA 56 (1962).

G. Lodi, E. Sivieri, A. De Battisti and 8. Trasatti, J. Appl.
Electrochem. 8, 135 (1978).

P34



(41}

[42]

(43]

[44]
[45]

[46]

[47]

- [a8]
[49]

{50]

{51]

[s2]
[s3]

[s4]
[55]
(s6]
(57]
(s8]

[s9]

[60]

19

C. Iwakura, K. Hirao and H. Tamura, Electrochim. Acta 22,
329, 335 (1977).

E. Yeager in A.D. Franklin (Ed.), Electrocatalysis on Non-
metallic Surfaces, NBS Spec. Publ. No. 455, U.S. Government
Printing Office, Washington, 203 (1976).

S. Trasatti and G. Buzzanca, J. Electroanal. Chem. gg,'a1
(1971).

P. Ruetschi and P. Delahay, J. Chem. Phys. 23, 556 (1955).
D. Galizzioli, F. Tantardini and S. Trasatti, J. Appl. Elec-
trochem. 4, 57 (1974); 5, 203 (1975).

D.V. Kokoulina, Y.I. Krasovitskaya and T.V. Iranova, Sov.
Electrochem. 14, 398 (1978).

L.D. Burke, O. Murphy, J. O'Neill and S. Venkatesan, J. Chem.
Soc¢., Faraday Trans, I, 73, 1659 (1977).

T. Laveka, J. Appl. Electrochem. 7, 221 (1877).

R.U. Bondar and E.A. Kalinovskii, Sov. Electrochem. 14, 633
(1978).

W. 0'Grady, C. Iwakura, J. Huang and E. Yeager in M.W.
Breiter (Ed.), Elecgrocatalysis. The Electrochemical society,
Princeton, 286 (1974).

R.T. Atanasoski, B.Z. Nicolic, M.M. Jsksic, A. R. Despic, J.
Appl. Electrochem. 3, 159 (1973).

L.D. Burke and T.0. O'Meara, J.C.S. Faraday I 68, 839 (1972).
L.D. Burke and D.P. Whelan, J. Electrosansl. Chem. 103, 179
(1979).

D. Mitchell, D.A.J. Rand and R. Woods, ibid. 89, 11 (1979).
L.D. Burke and J.K. Mulecahy, ibid. 73, 207 (1976).

L.D. Burke, J.K. Mulcahy and S. Venkatesan, ibid. 81, 339
(1977).

S. Hadzi-Jordanov, H. Angerstein-Kozlowska, M. Vukovic and
B.E. Conway, J. Electrochem. Soc. 125, 1471 (1978).

D.N. Buckley and L.D. Burke, J. Chem. Soc. Faraday 1, 11,
1447 (1975). ‘

D.N. Buckley, L.D. Burke and J.K. Mulcahy, ibid. 1, 71, 1896
(1976).

€.J. Frazer and R. Woods, ibid. 102, 127 (1979).



20

[61]
[62]
[63]
[64]
[65]
[66]
[67]
fe8]
[69]
[70]
[71]
{712]
[73]
(74}
f£7s]
{76}

(771

(78]

{79]

(so]

L.D. Burke and E.J.M. 0'Sullivan, J. Electroanal. Chem. 93,
11 (1978).

L.D. Burke and E.J.M. O0'Sullivan, ibid. 97, 123 (1979).

R. Woods, Isr. J. Chem. 18, 118 (1979).

H. Tamura, H. Yoneyama and Y. Matsumoto in S. Trasatti (Ed.),
Electrodes of conductive metallic oxides, Elsevier, Amster-
dam, Part A, 6, 261 (1980).

Y. Matsumoto, J. Kurimoto and E. Sato, J. Electroanal. Chem.
102, 77 (1979).

Y. Matsumoto, J. Kurimoto and E. Sato, ibid. 25, 539 (1980).
Y, Matsumoto and E. Sato, Electrochim. Acta 24, 421 (1979).
Y. Matsumoto and E. Sato, ibid. 25, 585 (1980).

Y. Matsumoto, M., Manabe and E. Sato, J. Electrochem. Soc.
127, 811 (19803}.

¥. Matsumoto, S. Yaﬁada, T. Nishida and E. Sato, ibid. 127,
2360 (1980),

S. Yemade, Y. Matsumoto and E. Sato, Denki Kagaku 49, 269
{1981). .

A.G.C. Kobussen, F.R. van Buren, T.G.M. Belt and H.J.A. Van
Wees, J. Electroanal. Chem. 96, 123 (1979).

A.G.C. Kobussen and C.M.A. Mesters, ibid. 115, 131 (1980).
A.G.C. Kobussen, ibid. 126, 199 (1981).

A.G.C. Kobussen and G.H.J. Broers, ibid. 126, 221 (1981).
A.G.C. Kobussen, H. Willems and G.H.J. Broers, ibid. 142, 67
(1982); 142, 83 (1982).

G. Fiori, C. Mandelli, C.M., Mari amd P.V. Scolari in T.N.
Veziroglu and W. Seifritz (Eds.}), Hydrogen Enecrgy System 1,
193 (1978).

G. Fiori and C.M, Mari, Electrocatalysis in the oxygen evolu-
tion, Proceedings of the Third World Energy Conference, Tokyo
Japan, 165 (1980).

‘T. Kudo, H. Obayashi and ﬁ. Yoshida, 3. Electrochem. Soc.

124, 321 (1977).
Y. Matsumoto, H. Yoneysms and H. Tamurs, J. Electroanal.
Chem. 83, 237 (1977); 83, 245 (1977),



(81]

{82]
{83]
(84]
(8s5]
(86}
(87}
{88}

(89]

{90}

[91]

[92]

(93]

[94]

(95}

{96]

[s7]

21

M.R. Tarasevich and B.N. Efremov in S. Trasatti (Ed.), Elec-
trodes of conductive metallic oxides, Elsevier, Amsterdam,
part A, 5, 221 (1980).

W.J. King and A.C.C. Tseung, J. Electrochem. Soc. 126, 1353
(1979).

A.C.C. Tseung, S. Jasem and M.N. Mahmood in T.N, Veziroglu
and W. Seifritz (Eds.), Hydrogen Energy Systems, Pergamon
Press, Oxford, vol. I, 215 (1976).

N. Sato and T. Ohtsuka, J. Electrochem. Soc. 125, 1735 (1978).
P. Rosiyah and A.C.C. Tseung, ibid. 130, 2384 (1983).

B.N. Efremov and M.R. Tarasevich, Sov. Electrochem. 17, 1392
(1981).

C.R. Davidson, G. Kissel and S. Srinivasan, J. Electroanal.
Chem. 132, 129 (1982).

S.M. Jasem and A.C.C. Tseung, J. Electrochem. Soc. 126, 1353
(1979).

A.C.C. Tseung, P. Rasiyah, M.C.M. Manu and K.L.K. Yeung,
Hydrogen as an Energy Vector, Commission of European Communi-
ties, 199 (1978).

H. Vandenborre and R. Leysen in E. Vecchi (Ed.), Internatio-
nal Society of Electrochemistry 31lst Meeting, 319 (1980).
D.M. Shub, A.N. Chemodanov and V.V. Shalaginov, Sov. Electro-
chem. 14, 507 (1978). ’
M.B. Konovslov, V.I. Bystrov and V.L. Kubasov, Sov. Electro-
chem. 12, 1160 (1976).

1.D. Belova, V.V. Shalaginov, B.Sh. Galyamov, Yu.E.
Roginskays and D.M. Shub, Russ. J. Inorg. Chem. 23, 161
(1978).

A, Honji, C. Iwakura and H. Tamura, Chemistry Letters, 1153
(1979).

C. Iwakura, C. Henji and H. Tamura, Electrochim. Acta 26,
1319 (1981).

M.R. Tarasevich, A.M. Khutornoi, F.Z., Sabirov, G.I. Zakharkin
and V.N. Storozhenko, Sov. Electrochem. 12, 259 (1976).

P. Rasiyah and A.C.C. Tseung, J. Electroéhem. Soe. 130, 365
(1983).



22
[98]
[99]

{100}

{101)

{102]

(103]
[104]

(105]
[106]

f107}

[108]
[109]

[110]

{111]

¥.V. Shalaginov, 1.D. Belowva, Yu.E. Roginskaya and D.M.
Shub, ibid. 14, 1485 (1978).

H. Tamurs and C. Iwakuca, Denki Kegaku 43, 674 (1975).

M. Hayes and A.T. Kuhn, 3. Appl. Electrochem. 8, 327 (1978).
A.T. Kuhn and P.M. Wright in A.T. Kuhn (Ed.), Industcial
Electrochemical Processes, Elsevier, Amsterdam, 525 (1971).
P.D. Allen, N.A. Hampson and G.J. Bignold, J. Electroanal.
Chem. 99, 299 (1979).

Y. Yoneda, Bull. Chem. Society Japan 22, 266 (1949).

G.N. Trusov and E.P. Gochaliera, Sov. Electrochem. 15, 333
(1979).

S. Wakabayashi and T. Aoki, J. Phys. Colloq., 271 (1977).
J. Oorehotsky, H. Husng, C.R. Davidson and S. Srinivasen, J.
Electrosnal. Chem. 95, 233 (1979).

C. Iwakura, M. Mishioka and H. Tamura, The Chem. Soc. of
Japan 7, 1136 (1982); 8, 1294 (1982).

G. Blasse, Philips Res. Reports 18, 383 (1963).

G. Feuillade, R. Coffre and G. Outhier, Ann. Radio-electr.
21, 105 (1966).

A M. Trunov, V.A. Presnov, M.V. Uminskii, O.F.
Rakityanskaya, T.S5. Bakutina and A.N. Kotseruba, Sov. Elec-
trochem. 11, 552 (1975).

M.V. Uminskii, N.N. Verenikina, A.M. Trunov and V.A.

Presnov, Sov. Electrochem., 7, 534 (1971).



23

3. PREPARATION

Absttactl

uiCozoé was investigated as anode material for alkaline water
electrolysis. This catalyst was prepared by thermal decomposition of
metal selts and this rapid and simple technique gives reproducible
results. A study of the pre?aration 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.
It is shown that alternative Teflon-bonded NiCo,0, electrode

2°4
structures give approximately the same activity.

3.1. Inhcoducfion

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 materisl should have a high exchan-

ge current density (io) 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
NicCo Oa, which is, moreover, a cheap electrode material. A review

2
at NiCo, O, and other spinels was given by Trasatti and Lodi

[1]. Hani ;apers have been devoted te a study of the kinetics of
these materials [2-7] and differgnt'prepacation techniques have

been used, e.g.: thermal decomposition [5,8], cryochemical gynthe-
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 Teflon-bonded NiCozoﬁ electrodes

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

J. Appl. Electrochem. 15, 29 (1985).
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and found an increased electrochemical activity. Singh et al. [5],

on the other hand, noticded that nom Teflon-bonded electrodes have
higher activity and stébility than Teflon-bonded systems; moreover,
the Teflon incorporation influences 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 NiCo layer on the substrate appear to

o
274
have & 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 st NiCo electrodes with emphasis on

(o)
the preparation technique. The thzrgal decomposition method was chosen
because it results in electrodes with & 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

péepased. whereas with NiCo prepared via cryochemical synthesis

[+
(freeze drying followed by §e:omposition in vacuum) or coprecipita-
tion,ionly 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 NiCozo electrodes were compared.

4

3.2. Experimental
3.2.1. Electrode preparation
Preparation of porous NiCon‘,3 electrodes

All porous NiCozoa electrodes used in this study were prepared by
thermal decomposition on a substrate. In principle, the preparstion
2%

mixed in stoichiometric smounts, were dissolved in water or in

method was as follows. N;(N03)2.6 H20 and Co(N03)2.6 H

alcohol. A nickel screen of 30 mesh (1 cmz) was spot-welded to a
nickel wire.
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After cleaning it was preheasted for 3-5 minutes in an oven at TF °C
(1‘F = temperature of the finsl heat treatment). The nickel screen

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 t? hours (tF =

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

sition.

Preparation of Teflon-bonded NiCozo4 electrodes,
In order to compare the Teflon-bonded and non Teflon-bonded electrode

structure, the same preparation method of the NiCo 04 catalyst,

2
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 u)
and N100204 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 fucrnace at 300°C for 1 hour.

The NiCo,0, catalyst was prepared accocrding to two variants. In

274
the first [9,10], the two nitrates, Ni(nos)z.suzo and
Co(NOé) 26HO pwere weighted in the exact proportion Ni:Co = 1:2

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

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

electric furnace in air for tF hours at temperatuce TF. In the
second variant, the Ni00204 catalyst material was scraped from the
nickel carrier of porous NiCozo4 electrodes, prepared as described
before.

3.2.2. Physical characterization

An X-ray pattern of the samples was obtained using MoKa or FeKa
radiation and compared with ASTM 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 H20. 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 reversible
hydrogen electrode (RHE) or the mercury(II)-oxide electrode (Hg/HgO,

S 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 ielectrodes 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 éhe current intercuptor 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.
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3.3.1.1. Influence of the decomposition temperature and duration of

the heat treatment.

In order to investigate the effect of the heat treatment on both the
electrocatalytic activity and the mechanical stability of the deposit,
the temperatucre and durationféf 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 Co0O, 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 NiCozo is in

4

agreement with X-ray analysis for NiCo and reveals furthermore

2%

that the decomposition of the NiCo spinel sets in at tempera-

0
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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 ancdic performance of NiCoZO4 for oxygen evolution at

200 mA.cm-Z (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

NiCo,0, decomposition takes place as follows: 3 NiCo, 0, =+

274 274

3 NiO 4 2 Co,0, + [0]. From the data without iR-drop correc-

tion and with iR-correction it appearé that the resistance of the
oxide layer increases because of the decomposition of the NiCozoa

spinel structure.
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E vs RHE (V)
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Fig. 3.1: Effect of the temperature of the final heat treatment on
the anodic performance of Nic°2°a electrodes for oxygen
evolution at 200 mA cm 2 in 5 M KOH, 25°C.

[*] : 200 mA em 2. (iR-corrected)

{o] : 200 mA em~? (not iR-corrected)

Heat treatment ' Catalyst loading
o -2

TF {°C) and tF {(h) (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 at a duration of

1 hour sppears insufficient to complete the decomposition and, conse-
quently, the mechanical stability was not satisfactory since the elec-
trode tends to shed the NiCozoa~oxide layer: neacrly half of the
catalyst loading was lost. The 'stability of the other electrodes was
good. No visible damsge was observed.

i

The surface morphology of the NiCo layer was found to be depen-

[e]
dent on the preparation temperatbcz.avisual and microscopic observa-
tion of the Nic°2°4 electrodes iqﬁicate that the roughness factor
increases with decreasing temperaiure. Our results are in agreement
with the work of Tamura et al. [14*15], who observed the same

tendency for 00304 electrodes, alsq prepared by thermal decomposi-
tion. The difference in oxygen ovetyoltage can be ascribed partly to
the change in the roughness factor.;uany authors suggest the existence
of a relation between high surface area snd 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 electrqchemical performance and who suggests that
for magimum activity the formation of a metastable spinel on the poiant

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 te@perature 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. It 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 NiO 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 Luggin



30

TABLE 3.1

EFFECT OF THE DURATION OF THE FINAL HEAT TREATMENT ON THE MAGNITUDE OF THE 1R-DROP
(AT THE SAME LUGGIN CAPTLLARY TO WORKING ELECTRODE DISTANCE) GIVEN AS

IR (TEMP. TF(OC), DURATION tg (h).

IR (300°C, 1n)

DURATEON OF THE HEAT TREATMENT tg (h)

1 5 10 24 190
TEMPERATURE OF THE
HEAT TREATMENT (°C)

250 1 - - -

300 1 1 1 1 1

400 1 1.5-2 2 2 >2

450 2 - 2-3 - -

500 >3 - - - -

600 - 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 heat treatment is nearly the ssme as for the Nic°2°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
5%, 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 (in 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 ratioc 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 cmz gauze which are completely filled up with

N1Cozoa .

As the number of coatings increases, the electrocatalytic activity for
oxygen evolution decreases. The NiCo,_,0

274
repeated immersion in the mixed nitrate solution. With decreasing

layers are prepared by

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. immersions) increases, a deaser
and smoother structure of the NxCozo4 layer is obtained with most-
ly open holes of the gauze substrate. If at constant catalyst loading

the number of coatings decreases, the resulting NiCo,0, layer is

2 4
rougher and the holes nearly all completely filled. In all cases the

TABLE 3.2

INFLUENCE OF THE NUMBER OF COATINGS AND CONCENTRATION RATIO OF THE MIXED NITRATES ON THE ANODIC
PERFORMANCE OF H1CopOy IN 5 1 KOM, 259C (1R-CORRECTED)

Ni(H03),.680:Co(l05)7.600  1.0:2.0 5107110 25.07h5.0071 L197l2a0l 501020007
G - ,

NUMBER OF COATINGS 2 4 8 20 50
CATALYST LOADING 11.80 10.00 10.15 11.35 10.15
(ne e ?)

% OF THE HOLES WHICH ARE 85 40 0 0 0
COMPLETELY FILLED UP (D) i

POTENTIAL (M¥) AT C.D.:

(1R-CORRECTED) ,
200 wh, o2 1615 1633 1651 1672 1674
100 sA.cu2 1592 1616 1629 1652 1646

nickel wires of the screen were completely covered with NiCozoh

snd 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 NiCozoa
electrode leads to a smoother structure in contrast to a faster depo-
sition which gives a rougher NiCozoa surface. Hence, we conclude

that the total top surface area of the NiCozo4 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 performance 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
shows that at lower loadings, up to 5 mg cm_z, the nickel wires are
not completely covered by tbe'N§Cozoh. 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 decresses.

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 virteally no
influence on the anodic performance, while the percentages of the
holes per cmz pauze which are filled increase slightly. This indi-
cates that the utilization of the porous NiCozoa 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)
A
165
*
*
* * *
*
160,
] .
[ ]
P *
P [ ]

5 10 15 20 25 50
CATALYST LOADING {(mg.cm 2)

Fig. 3.2 : Influence of the catalyst loading on the anodic performance
of N160204 elegttodes in 5 M KOH, 25°C at two current
densities {iR-corrected).

Stepwise deposition {occurs from a more diluted dipping
solution}: 0.5 M Ni(N03)2.6 ag : 1.0 M CO(NO3)2,6 aq).
Heat treatment: 300°C - 1 h.

[+] : 100 ma em 2

[*] : 500 ma ol

Catalyst loading 5.50 10.00 15.50 20.00 25.75 49.50
-2
{mg cm ")
Number of coatings 3 "5 7 9 11 19
% of holes per
cn”2 which sre 10 20 20 30 35 70
. completely filled

up (%)

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 oxygen overpotentials are due to differen-
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ces in roughness: in the range 15-20 m;.cmfz NiCo

2°

activity coincides with maximum roughness.

maximum

4

At extremely high loadings, the electrode resistance increases as a

consequence of the denser structure.

E vs RHE (V)
A‘
165 .
*
™ *
*
160 .
.
*
L4 3
i .
r ; 1 >
5 10 15 20 25 50

CATALYST LOADING (mg.cm 2)

Fig. 3.3 : Influence of the catalyst loading on the

anodic performance of

NiCOZOA electrodes in 5 M KOH, 25°C at two current densi~

ties (iR-corrected),

Faster deposition (proceeds from a more concentrated solution):

1.0 M Ni(N03)2.6 aq :
Heat treatment: 400°C - 1 h.
[*] : 100 ma em?
[*] : 500 mA em2

2.0M Co(no3)2.6 aq.

Catalyst loading 3.30 9.25 16.15 19.50 26.50 53.50
{mg cem2)

Number of coatings 1 2 3 4 5 9

% of holes per

em 2 which are 40 85 85 85 95 100

completely filled
up (%)
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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 than No;, such as CH3COO' and
€1” 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 NiCo spinel only.

2%
The experimental results for electrpdes 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 NiCozoa

layer deposited from an alcohol solution has s 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 theysurface morphology.

Though there is a decrease in oxygen ovetpotential 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 aleohol 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 1l-butanol (see figure 3.4). But there are no significant
differences in overpotential, if for each solvent the more concentra-
ted dipping solﬁtion is used for both water and BuOH.
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Evs RHE (V)
4
165
| .
160 | . .
L]

4 T ¥ 4 T

H,O MeOH  EIOH  2.ProOH 1-BuOH

Fig. 3.4: Influence of the solvens of the dipping solution on the anodic
performance of NiCo, 0, electrodes in 5 M KOH, 25°C (iR-cor-

274
rected).

{*] : 100 maA cm
[A] : 200 mA em
Heat treatment: 400°C -~ 1 h.

2
2

Concentration of the mixed nitrates: 0.4 M uiz*:o.s M Co

Solvens . H,0 MeOH Etbn 2-ProOH

2
Catalyst loading 13.60 12.40 13.45 15.90
-2
(mg cm )
% of holes per
e ? which sre 25 70 45 45

filled up (%) .

1-BuOH
14.75
70

3.3.1.4. Ageing phenomena and long-term performance.

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

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

performance of freshly prepared NiCozo4 electrodes at constant
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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 NiCo electrodes prepared at different tempera-

O
tures and durationszoz heat treatment at 500 mA r:nf2 during & 24 h

run in 5 M KOH. The rate and magnitude of ageing is not always the
same and varies with different parvameters, 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 NiCo electrode is kept in air, even for several

(]
months, no chin;e 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)

170}
165 |

1.60]

155,

T v pr— T il

500 1000
i(mAcm™)

rFig. 3.5: Initial decrease in performance of a NiCo204 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)
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160 . e g e B A 1

TIME (h)

Fig. 3.6: Performance at 500 mA cm_2 {iR-corrected) during a 24 h run

of NiCozoa electrodes in 5 M KOH, 25°C prepared at diffe-

rent decomposition tempétatuces and durations of heat treatment.

Symbol Heat treatment Catalyst loading
. -2
TF {°C) tF(h) (mg cm )
{%] 400 1 18.15
[Al 350 1 19.45
[+ 300 10 17.30
(Al 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 overpotentisl was
found. Table 3.3 shows data at 1, 250 or 350 hours (2and column). At
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the end of this long-term performance, 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 602 uptake. The
porous electrodes were mechanical stable. This was checked by deter—
nining the loss of NiCo, 0, particles by weighing before and after

274
the long-term performance and was less than 3% after 300-600 h.

TABLE 3.3
LONG-TERM PERFORMANCE OF NiCo90,-ELECTRODES FOR OXYGEN EVOLUTION IN 5 M KOH, 25%C (1R-CORRECTED)

CURRENT POTENTIAL vs RHE, 1n AFTER CATALYST M2t o?* -HEAT
DENSITY CHANGING 0 TREATHENT
AFTER x HOURS ELECTROLYTE LOADING
.2 ) @ (W o tMe.ch %) ) TR0 15
200 11615 1620 17.75 5.6 ;1.0 400 - 1
250 : 1630
200 1 159 1600 18.90 1.0 : 2,0 400 - 1
350 : 1635
500 1: 1605 1620 23,00 1.0:2.0 320 -1
250 : 1630

.

3.3.2.  Compsrison 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
O, catalyst prepared by thermal

274
decomposition for both electrode structures. The Teflon bonded elec-

were compared, with the NiCo

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

Teflon was varied.

The measured R-values for Teflon-bonded NiCogo4 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 raﬁge 0-30% Teflon content the measured iR-drop is
nearly the same and that beyond 30% there appears a sharp increase in
the electrode resistance {30-40% is a transition range). It iz evident
that, as long as the volume of the Teflon aggregates is smaller than

the volume of the catalyst aggregates, the latter will be in contact
with each ot@ér.

% TEFLON CONTENT

'y
50 ]

30 |
20 |

10 ~

v \
05 . 10

RESISTANCE ()

N

Fig. 3.7: 1iInfluence of the Teflon content (% w) on the electrode

resistance of Teflon bonded Nic°2°a electrodes in S M
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 Nic°2°4 electrodes by
applying the current interctuptor téchaique. The iR-corrected curve

also shows a decrease in performance with decreasing catalyst: Teflon
ratio.
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E vs RHE (V)
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Fig. 3.8: 1Influence of the Teflon: catalyst ratio on the anodic
‘ behaviour of Teflon bonded NiCozoa electrodes in 5 M
KOH, 25°C (iR-corrected).
[e] : 100 mA em 2

[A] : 200 mA cm 2.

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 hydrophobicitj 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-
gities, and also reduces the electrochemically active surface avail-
able for oxygen evolution. The irvegular detaching of larger bubbles
hinders accurste measurements at high current densities during steady-

state oxygen evolution.
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TABLE 2.4

COMPARISON OF THE ANODIC PERFORMANCE OF TEFLON BONDED AND NON-TEFLON BONDED NiCo,0,-ELECTRODES
IN 5 M KOH, 25°C (:R-CORRECTED). HEAT TREATMENT: 400°C - 1 70 2n.

RATIO NiColy, : TEFLON . 100 : 0 90 : 10 90 : 10 8 : 15 80 : 20

PREPARATION METHOD
(1) BY EVAPORATION
(2) BY DIPPING,

2 48} ) (1) 8}

CATALYST LOADING 23.25 ~ 24 ~ 13 ~ 24 ~ 24
(MG 9M'2)

POTENTIAL (W) AT C.D.:
250 i o2 1615 1612 1625 1620 1613
100 wh ew2 1590 1585 1600 1593 1583

Table 3.4 shows a comparison of the anodic performance for Teflon-
bonded and non Teflon-bonded ”ic°2°a electrodes in which the
NiCo,0, catalyst material was prepared by thermal decomposition

withzt;e same thermal treatment (duration tF and temperature TF)
and the same catalyst loading. The Teflon content was limited to a
maximum of 20%. Beyond 10% Teflon content the structure was friable,
and the Ni00204 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 evapocation (first method) or by
. dipping (second method) did not significantly change the anodic per-
formance. The influence of the catalyst loading on the snodic behavi-
our in case of the alternative electrode structure shows the same
activity for loadings in the range 15-25 ms;.cm'2 NiCozoa, 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 favourable than a nickel élate 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 NiCozo4 electrodes. In
no case was a superior behaviour of the Teflon-bonded electrodes
cbserved.
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In the literature, contradictory results have been reported about the
effect of Teflon incorporation: according to Tseung et al. [3,4,17],
the far better performance of the Teflon-bonded electrode structure is
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
alternastive structure is presented as a hydrophobic porous Teflon
phase, intertwined with e porous hydrophylic catalyst phase. The com-
parison of Teflon-bonded with non Teflon-bonded electrode structure
‘has been made with electrodes in which the NiCozoé 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

NiCo,0, layers prepared by the thermal decomposition method are

274
more active than Teflon-bonded electrodes.

The results of our study indicate that mainly the top surface of the
NiCozoa electrode is electrochemically active, independently of

the electrode structure. It has also been shown that the alternative
Teflon-bonded ﬁiCozoa electrode gives sbout 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 metsl-
oxide sucrface takes place by the breakdown of a species in a high
oxidation state, which is formed on the active site. Since our results
show that only the top layer is active, it can be said that these
active sites must be limited to the 3u£face only. This is in agreement
with the work of Rasiyah et al. [18], on Teflon-bonded electrodes,

and of Hibbert [19], on porous Ni00204 electrodes.
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4. OXYGEN EVOLUTION REACTION KINETICS
4.1. Introduction

In this chapter, the electrode kinetics of the oxygen evolution reac—

tion on NiCozo4 spinel oxide as a function of the temperature,

i.e. from 10 to 80°C, and the electrolyte ancentration, i.e. from 0.1
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 function of TF.
the kinetic behaviour of Teflon-bonded and non Teflon-bonded NiCozoa

Furthermore,

electrodes is compared.

Since, sometimes an effect of the substrate 18], on the anodic
behaviour has been noticed with respect to Ehe nature or to the mesh
size of the support material, also experiments were carried out with

different substrates.

Several workers [1-7] have also investigated the kinetics of the
anodic oxygen evolution reaction. It was reported that the oxygen
evolution reaction on NiCozaﬁ is controlled;by two Tafel slope
cegions, i.e. 2RT/3F [1-5] or RT/F [6] at low m increasing to

a slope of 2RT/F [1-6] at high m. 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 XKOH
electrolytes of concentration less than 1.2 M KOH the slope of 40 mV
is not obsecved, whereas Efremov et al. [3] reported that the first
segment with the lower slope is neot ebsecvéd in solutions less than
0.03 M KOH. Moreover, at higher 1, a range:of Tafel slopes was
observed ranging from 70 to 120 mV, which was assumed to be 2RI/F
[2-6]. Hibbert [7] showed from measurements with incorporation

of 180 in a NiCozoA 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 proceed via unstsble, higher oxidation states of the

metal cations. The sppearance of two Tafel élopes 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 NiCo by several authors [3~5] in a

28
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 NiCo and

[¢]
274
to postulate a role for the different surface sites on NiCozo4

during the reaction.
4.2. Experimental
4,2.1. Electrode preparation

All porous NiCo electrodes used in this study were prepared by

s}
274
thermal decomposition onto a 30 mesh nickel screen (1 x 1 cm geometri-
csl surface area), as described in section 3.2.1. A mixture of 1 M
N:(NO3)2.6H20 2 M CQ(NO3)2.6H20 dissolved in water was

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

and 400°C and the duration t? wasg kept equai to 1 h,

The Teflon-bonded NiCozoa electrodes were made as reported in sec~
tion 3.2.1.

Before actual measurements were done, the NiCozﬂa electrodes under
study were subjected to prolonged oxygen evolution in order to obtain
'aged®' electrodes (see chapter 53). For Teflon-bonded NiCozoa 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 potential of the working electrode was measured
against the geversible hydrogen electrode (RHE) via a Luggin capillary
close to the working electrode. A piece of 7 x 2.5 ¢m 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 M KOH.

Steady-state galvanostatic measurements were carried out as follows:
the NiCozo4 electrodes were first subjected to anodiec polarization
for 1 h at the highest currvent density (uppeq‘limit 1.5 A cm’z),
thereafter, the potentials were measured with progressively decreasing
current densities, down to 1074 a cm—z: 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 RiCozo4 electrodes in 5 M KOB 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 NiCozo4 electrode with lowering

of the temperature of the final heat tceatment I?, as seen by compa-
rison of the curves indicated with the symbols {o], i.e. T, = 300

F
and [e], 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, 0 electrodes. The data clearly

274

show that the Teflon-bonded NiCo204 electrodes give about the same

activity, if for both electrode structures, the NiCo catalyst

0
274
is prepared by the same preparation technique (thermal decomposition)
and -conditions, as is the case in figure 4.1,

The anodic behaviour of these NiCozoa 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 thet of the non Teflon-bonded electrode, prepared by thermal

decomposition with T_ = 300°C, i.e. [o].

F

E vs RHE (V)

1704

150

150

[

. . - a 2. 0
" 3 2 tog i (Aem?)y

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

Tef lon~bonded uiCozoa electrodes in 5 M KOH, 25°C

(iR-corrected).

Symbol‘ Teflon content Support material TF—th Catalyst loading
(wt %) °c) () (mg ca %)

fol 4] 30 mesh Ni 300 - 1 26.1

[] 0 30 mesh Ni 400 ~ 1 24,0

[A] 10 Ni-plate 400 - 2 15.0

{x] 15 30 mesh Ni 400 - 2 24.0

[+] 26 100 mesh Ni (L) 29.0

1: as received from A.C.C. Tseung. NiCozoa catalyst was prepared
by the cryochemical synthesis. BET-surface area = 122 ng'l.
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The apparent exchange current densities io and the Tafel slopes b,
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

NiCozoa 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 m < 280 mV and one with a

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

Table 4.1: Kinetic parameters for oxygen evolution on Teflon-bonded
and non Teflon-bonded NiCo,0, electrodes in 5 M KOH,

2%
25°C.
Symbolt b(mV) i, (aemH?
lownn high n low 1 high 1
Non Teflon-bonded
[o] 40 85 3.6.107° 1.8.10°°
[e] 37 81 1.1.107°%  5.0.107¢
Teflon-bonded
(A 35 % 8.0.10°1  2.0.107®
] 36 80 1.6.107%  5.3.107®
+] 38 o4 1.4.107°7  4.0.107°

1: for explanation see figure 4.1.

2: based on the geometrical surface area.

Figure 4.2 shows the E-log i curves of Teflon-bonded Nic°2°& elec-

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

ter 3.3.2, it appears that below 30% Teflon content the anodic perfor-

mance is similar.
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Figure 4.2: Tafel plots for oxygen evolution on Teflon-bonded
NiCozoQ electrodes as function of the Teflon content
in 5 M KOH, 25°C (iR-corrected).

All other prepsration parsmeters were the same,
[-]1 = 10 wt %; [0o] = 15 wt %; [A] = 20 wt %;
[] = 30 wt %.

Figure 4.3 shows the Tafel lines of non Teflon-bonded NiCczoA
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 parameaters
were the same. Virtually no influénce of the nature (Pt or Ni) or mesh
gize (plate or gauze) of the substrate on the anodic performance was
found. From the SEM photographs of the above mentloned NiCogoé
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 NiCozoa electrodes show circular, scaly surfaces and

exhibit cracks.

Also, no difference in anodic performance was observed between Teflon-
bonded N100204 electrodes on nickel plate or on 30 mesh nickel

screen.
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E vs RHE (V)
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Figure 4.3: Tafel plots for oxygen evolution on non Teflon-bonded

NiCo,0, electrodes deposited on different substrates

2% ;
in 5 M KOH, 25°C (iR-corrected).
T 400°C and t, = 1 h; catalyst loading ~ 25 mg cm_z;

¥
[o] = Pt-plate; [e] = Ni-plate; [x] = 30 mesh Ni-gauze.

i

Figure 4.4: SEM Micrographs of the surfaces of non Teflon-bonded

NiCozo4 electrodes deposited on different substrates.
Magnification factor 208 x.
a = on Pt-plate; b = on Ni-plate.
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4.3.2. Temperature dependence

The temperature dependence of the current density was studied on

NiCo electrodes, prepared by thermal decomposition at different

204
TF’ i.e. 300, 350 and 400°C. The duration tF was in all cases 1 h.
The resulting Tafel lines for oxygen evolution at four temperatures
are shown in figure 4.5 for NiCozoa prepared at TF = 300°C. A
break in the Tafel slopes with increasing overpotential is observed at
all temperatures. The Tafel slopes b and the exchange current densi-
ties io are presented in the tables 4.2 to 4.4. The value of the
overpotential M. where the change in Tafel slope takes place, is
also given in the tables. The nc—values were determined by extra-
polating the potential of the change in the Tafel slope to the rever-

sible potential of oxygen evolution at the respective temperature.

E vs RHE (V)

1.70.

-3 -2 1 logi(A.cm-2) o

Figure 4.5: Tafel plots for oxygen evolution on Ni0020A electrode

as a function of the temperature in 5 M KOH (iR-corrected).

TF = 300°C and tF = 1 h; catalyst loading 26.05 mg cm_z.
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Table 4.2: Kinetic parameters for oxygen evolution on NiCOZOA elec-
trode in 5 M KOH. ‘IF = 300°C and tF =1 h; catalyst 26.1
r en <
T b (mV) i (A em?
m o e
(°C) 1low n high n low n high n {mV)
8 40 69 4.3.10°° 37,1077 285
25 40 85 3.6.107° 1.8.107° 280
50 37 76 4.5.10_9 1.5.10-‘S 270
80 44 94 1.2.1077 2.8.107% 275
Table 4.3: Kinetic parameters for oxygen evolution on Nicozol. elec-

trode in 5 M KOH. TF = 350°C and tF = 1 h; catalyst loa-
ding: 21.1 mg em 2,

2

T b (mV) '10 (A em ) .

(°C) lown high n low m high n (mV)

11 41 90 9.5.1071° 1.5.107° 290

25 42 70 1.4.107° 8.0.10'7 290

50 35 73 7.0.10°1° 1.0.107° 280

80 40 74 1.6.107% 3.5.107° 280

Table 4.4: Kinetic parameters for oxygen evolution on NiCozoA elec-

trode in 5 M KOH. TF = 400°C and tF = 1 h; catalyst loa-
ding = 24.6 ng cm—z

T b (mV) i (A cm_z) n
[o] (o
(°C) 1low n high n low m high n (mV)
11 41 88 7.5.10" 11 2.7.107° 280
25 37 81 1.0.10°1° 5.0.107° 270
50 37 79 3.0.10" 10 1.8.10°° 260

80 37 - 1.0.10° - 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 B is
assumed to be constant. The observed Tafel slopes as function of the
temperature T suggest that B is a function of T, i.e. B 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 io' 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 erendence of the io in the higher overvoltage region is less
evident, because of the earlier 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 AH(m) can

be calculated from the observed current densities as function of the

temperature, using the equation 4.1 [13],

AH(m) = -2.303 R (d log i/d r'l)n (4.1)
where R is the gas constant equal to 8.314 J mol™Y k! 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 m of
350 mV for these of the second Tafel region. A plot of the log i

versus T * shows reasonable straight lines, as given in figure 4.6
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for NiCozoa prepared at 400°C for 1 h. From the data in the tempe-
rature range of 10 to 80°C, in 5 M KOH, the apparent activation ener-

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

tog  {A cm2}

-2

103 TH{K)

Figure 4.6: Temperature dependence of the current density for oxygen

evolution om NiCozoa at different overpotentials in 5

M KOH. TF = 400°C ‘and tF =1 h.
n =230 oV [%}; n = 250 mV [0]; 1 = 350 oV [e].
Table 4.5: Apparent activation energy at constant overpotential AH(T)

of NiCo 04 electrode prepared at different ‘I.'F and tE‘ = 1 h.

2
Overpotential AH(N) (kI mol™ )
- - " ¢ o
{mv) TF = 300°C TF = 350°C TF = 400°C
230 47 46 56
250 a5 48 V 50

350 a7 48 50
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Theoretically, AH{n) is a function of the overpotential 7 and

decreases with increasiﬁg 1 according to the equation 4.2 [13]
AH(M) = AH(n = 0) - B'Fq (4.2)

By using an average of the measured transfer coefficients B, the
apparent activation energies AH(M) of table 4.5 can be extrapola-
ted to zero overpotential. Table 4.6 shows the apparent activation
energies for 1 = 0,‘i.e. AH(n = 0), for the different

NiCozo6 electrodes and for their different Tafel regions.

These activation energiés are in general not very revealing for a spe-
cific mechanism.vﬂowever, one expects the apparent activation energy
to change if thefe would occur a change in mechanism when going to
higher overvoltages. So support for a change in reaction mechanism or
rate detetmining step could be extracted from temperature dependent
measurements, a% was done by Iwakura et al. [14] for oxygen evolu-
tion on Ptoz. éhe measured apparent activation energies

AH(n = 0) decyease going from the low m to the high m region,

as seen in tqble 4.6, which therefore points to a change in the reac-

tion mechanism or rate determining step.

i
Table 4.6: Extrapolation of apparent activation energies AH (1 = 0)

‘using an averaged value B of the transfer coefficient.

T low 71 high n

F
(°C) B AH (1=0) B OH (n=0)
(kJ mol™ 1) (k3 mo1™ )
300 ’ 1.55 . 82 0.79 64
350 1.59 81 0.83 76

400 1.65 91 0.73 75
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Fucthermore, it is noticed that the AH also reflects the influence
of the temperature TF on the electrqcatalytic behaviour: AH
increases with increasing Te- This is seen in table 4.5 and 4.6 by
comparing the results of the 300 and 400°C heat treatment.

The AH(n) values in table 4.5 compare reasonably with the value of
49 kJ mal-l, determined at 1.6 V vs. DHE in 5 M KOH from 25 to 70°C
for Teflon-bonded wi00204, prepared via cryochemical synthesis, as
reported by Jasem et al. [3}. From a plot of the log io versus

T'l, an activation energy of 71 kJ mol_l was calculated for the

lower 7 region by Davidson et al. [6], for similar Teflon-bonded
electrodes in 30% KOH from O to 165°C. This value is slightly smaller
than the AH(m = 0) values in table 4.6, buit differs from the acti-
vation energy of 48.6 kJ mol_l found by Singh et al. [1] for
oxygen evolution in the lower 7 region (M < 300 mV) on NiCozoé,
thermally deposited on Ni-plate, in the temperature range of 25 to
100°C in 30% KOH.

4.3.3. Effect of the electrolyte concentration.

|
The current-potential curves for oxygen evolution were agso measured
in alkaline solutions with different concentrations in the range of
0.1 to 7.0 M KOH. Figure 4.7 shows some typical Tafel lines on
NiCozoa, prepared st I? = 300°C and t? = 1 h, in electrolytes
of concentrations 0.1, 0.5, 1.0 and 5.0 M EOH. A change in the Tafel
slope at higher overpotentials is discernible and the observed 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 wV.
Furthermore, it appears that the oxygen evolution performance remains
nearly constant in electrolytes of KOH concentrations greater than 1 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 measured 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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Figure 4.7: Tafel plots for oxygen evolution on NiCo electrode

o]
274
in different KOH concentrations at 25°C (iR-corrected).
Tp = 300°C and t. = 1 h; catalyst loading = 26.0 mg em 2
[o] = 0.1; [*] = 0.5; [A] = 1.0 and [®] = 5.0 M KOH.

togi (A.cm-2)
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Figure 4.8: Dependency of the current density on the hydroxyl ion
activity at 25°C. measured at m = 320 [o0] and 370 nV

[¢] for a NiCo electrode, prepared at T_ = 400°C and

2% SF
tF = 1 h; catalyst loading = 23.3 mg em .
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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
overpotential 1. The reaction order p, with respect to the hydroxyl

ion, is defined as given in equation 4.3,

3 log i
POH™ =(—s~ \ (4.3)
ad 105 40K j Tl,'.[

The activities of the KOH #olutions were calculated from the molali-
ties and the appropriate activity coefficients as given by Akerlof ‘and
Bender [15]. The Pou~ measured on NiCozo4 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 8ou~ at con-
stant overpotentials 320 and 370 mV, i.e. in the second Tafel region
for a Nicozoﬂ electrode prepared at 400°C. The curves show a line-

ar relationship in electrolyte concentration < 1 M KOH. At higher KOH
concentrations, it seems that tﬁere 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 Poy™ at constant 7, obtained in the concentration range

< 1 M KOH, for NiCo 0"1 electrodes prepared at different temperatures T

2 F’

Table 4.7: Reaction order at constant overpotential with respect to
hydroxyl ion activity for NiCo 0“ electrodes prepared at

2
different TF'

Te n Pon~
(°C) (mV)

320 0.61
300

370 0.65

320 0.59
400

370 0.61
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4.4. Discussion.

Summarizing, virtually no effect on the electrocatalytic behaviour of
NiCozoa electrodes is observed, as a result of the Teflon incorpo-
ration. The non Teflon-bonded NiCozoé 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 obzerved 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 electcodes under similar conditlions.
fhe 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 N100204 electrodes is
controlled by a slope of ZRT/F at higher 7.

Several explanations for the variation of the higher Tafel glope can
be proposed:

1. Surface 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 NiCozca,

the smount of surface svailable 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 7.

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~regioﬂ is
not influenced by the gas bubble formation, 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 biocking process. Thus, in order to apply this model, it must
be considered that the gas bubble formation would cause either a
parallel shift of the lower Tafel line to higher m without a change
of the slope (in other words a constant decreage in surface area over
the lower m-region) or a decrease of the n,- value and further a
decrease of the second slope in the higher m-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 gimilar
approach could be proposed for NiCozbﬁ, which also forms higher
oxides, prior to oxygen evolution, as reported in chapter §5.

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 1.45 V as shown in chapter 5, which
points to a role of the higher oxides in the oxygen evolution reac-
tion, Furthermore, from the galvanostatic RRDE experiments (see chap-
ter 5), it appeared that no further oxidation reactions were observed
in the oxygen evolution potentisl 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 NiCozoa was observed in the
steady-state polarization measurements.

3. Dual barrier model.

An unconventionsal transfer coefficient, i.e. 0.6 ¢ 1-a < ©.8 could
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account for the snomalous behaviour of the Tafel slope at higher
potentials on N100204. Unusual trensfer 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 snd 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 ABOX 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

(171,

{l-agx) (l-ag)
(l-a) = (4.4)
(1-agx} + (l-ag)

where (1l-a,.) and (1-a.) 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 NiCOZOé, which alsonorms higher

oxides as reported in chapter 5. Until now, we tacitly assumed that
the experimental observed slope in the higher m-region on

Ni00204 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

{l1-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
higher slopes).
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Another possibility'could then be that the slope for oxygen evolution
at high 1 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 NiCozoa 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 7, which is not the case. Moreover, the iR-drop
measurements did not indicate any change in the semiconductiag proper-
ties of the NiCozoa electrode with increasing m.

Summarizing, no definite explanation can be proposed to explain the
veriation in the Tafel slope in the higher m-region. For the further
discussion it is arbitrarily assumed that the slope is 120 mV. From
the experimental results, it cen be concluded that the oxygen evolu-
tion reaction on NiCozoa may be separated into two parts: a Tafel
region with a slope of 2RT/3F at low 7 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 N10020 , as reported in chapter

5, shows that the metal cation sites (M + and M3+) on the surface

can undergo the oxidation state transitions Hz* -» H3+ -+ n“*,

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 is 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 Ni0020

. 4
with respect to the reaction mechanism.

It hes been sugpgested 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 Me [3]. Rasiyah et al. [4,5] postulated a role for the

different surface sites in the oxygen evolution reaction on
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NiCozodz the slope 2RT/3F at low m 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 7 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 1 to divalent ones at high 7 is related to the
cation distribution, as proposed by King and Tseung [12], of

Nigizo 4;: r98t5+i.eé+ 3+ 2

Cog.9 C9.1 (Nig gNig 1001 )05 104 o

wherein trivalent sites are minority sites, However, it is more probe-
ble that with increase in 7N the divalent site becomes a minority
site. Furthermore, Battle et al, [20] rejected such a complex

cation distribution because it implies metsllic 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 m to
trivalent cations at higher 7, 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-
niems is given in the literatuce.

Taking into account the higher oxide formation, it can be suggested

that oxygen evolution on NiCozoé proceeds via the following path,

M+ OH - MOH + e (4.5)
MOH + OH - MO + H)O + e (4.6)
2MO>»2M+0 X (4.7)

2
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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) st low coverages of the
intermediates with Langmuir type adsorption, i.e. euou - 0.
Accordingly, the rate equation that will govern oxygen evolution, is
given by equation 4.8,

.

i=4Fk agﬂ-.exp [3FE/2RT]  (4.8)

where & is supposed to be 172, k is a constant and & ou~ is the
activity of the hydroxyl ions ia the electrolyte. The proposed reac-
tion mechanism is supported by the results of the voltammetric study
of 11‘1(2020“,x in aprotic medium {acetonitrile), as reported in sec-

tion 5.3.7, where it is concluded that the hydcoxyl 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 m-region. The same
line of reasoning applies to the Krasil'shchikov path, as given in

equation 4.9 to 4.12,

M+ OH - MOH + e (4.9)

MOH + OH -+ MO + H,0 ' (4.10)
MO 5 MO + e ' (4.11)
2M0 > 2M+0, (4.12)

and to the path suggested by 0*Grady [22], as shown in equations
4.13 to 4.15

M® + OH - MPOH + e (4.13)
n2on » u%*lon + o (4.14)
2w lon v 208" s 2% 4+ 0

2 * 2 H,0 (4.15)
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which also take into account the formation of the higher oxides. For
both mechanisms the Tafel slope of 40 mV at low overpotentials can be
related to the second charge transfer step being rate determining,
i.e. equation 4.10 and 4.14 respectively, at low coverages of the
intermediates with Langmuir type adsorption.

However, it is not possible to evolve oxygen on trivalent sites 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-
lent sites cannot be involved in this reaction mechanism. Thus the
lower Tafel region must be related to oxygen evolution taking place at
divalent sites of NiCozoa.

If the higher Tafel slope is related to oxygen evolution on trivalent
cation sites, T, which is more reasonable in the higher m-region, a
possible mechanistic sequence [4,5] on trivalent is one, wherein

the second electron transfer should involve an interaction with

another di- or trivalent site, forming a bridge species as follows

T+ OH > TOH + e (4.16)
TOH + OH = TO + H,0 ‘ (4.17)
TO + M > TOM + e : (4.18)
2TOM 52T+ 2M+0, 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.e. O + 0, or to equation 4.18 taken as rds at

TOH
high TOH coverages, i.e. eTOH + 1.
A further confirmation of the rds from the reaction order at constant
potential i.e. (d log i/d log aOH-)E,T is not possible, since both
reactions when rate determining give similar reaction rate equations.
With the first step (Eq. 4.16) or the third step (Eq. 4.18), respecti-
vely, taken as the rds, with respect to the above mentioned condi-

tions, the current density can be described by a similar rate equation,

i) =i, = nFk 8,y exp (FE/2RT) (4.20)

where @ = 1/2 and which gives in both cases a reaction order at con-
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stant potential with respect to the hydroxyl ion activity of 1.0.
The overpotential m can be defined in terms of the equilibrium

potential Eeq and E, the potential of the electrode, as follows

4
RT aoH~ 8%20 )

N = E-Egq = E-[E® - — 1n (4.21)
nF
Po2
Substituting equation (4.21) into equation (4.20) gives
i, =~ i_ = nFk a% ~.exp (F/2RT n)
1 3 OH
which gives in both cases a reaction order with respect to a_ - at

OH

constant overpotential (d log i1/d log a ) T of 0.5.

OH 'm,
Until now, we have assumed that the activity of water is constant and

independent of the hydroxyl activity a In strongly alkaline

solutions however the influence of theoghanging water activity should
also be taken into account. Then, a useful extra criterion is obtained
to distinguish between different reaction paths or rate determining
steps. From the data of Willems [23], the slope of the plot of log

AOH- versus aHZO of KOH solutions is estimated to be

(d log aHzo/d log adH_) = -1/8 (4.22)

in the concentration area of interest. The reaction order with respect
to OH and H_O can now be combined into an effective reaction

2
order according to (23], by

(d log i/d log a ) ) (4.23)

oH™ =n+m (d log aH2o/d log a

eff,n,T OH™

where n and m are the reaction orders at constant 1 for the hydroxyl
ion and water, respectively. If we take into account the activity of
water in calculating the reaction order, we obtain for the first step

(Eq. 4.16) being rate determining,

. % %
i = nFk aOH~'aH20 exp (NF/2RT) (4.24)

and for the third step (equation 4.18), respectively
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. % -%

13 = nFk aOH—.aH20 exp (NF/2RT) (4.25)
By applying equation 4.22, the effective reaction order with respect
to a_ - at constant m is calculated to be 0.47 in the first case

OH
and for the latter 0.59.

Furthermore, the dependence of the equilibrium potential on the acti-
vity of water is not the same for the theoretically reversible oxygen
electrode (ROE) and the reference electrode, i.e. RHE. According to

the Nernst law

RT e6, off

o] [+]
Eg, - Ey = (Eg - Ey ) + — ln —2—2 (4.26)
2 2 2 2 2F a
H,0

Thus the measured potential differences are dependent on the water
activity. Correcting equation 4.24 and 4.25, the reaction rate equa-

tions are given by

% .
il = nFk 8oy - %P (nF/2RT) (4.27)

for step 1 (Eq. 4.16) being rate determining, and by

i, = nFk a‘gﬂn.a;{l’o exp (MF/2RT) (4.28)
when step 3 (Eq. 4.18) is taken as rds.

The corrected reaction order at constant 1 with respect to aOH_ is
calculated by applying equation 4.22 and amounts in the former case
(Eq. 4.27) to 0.5 and in the latter to 0.63 (Eq. 4.28). From the expe-
rimental observed reaction orders at constant m, as given 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.
4.16) when the activity of water is taken into consideration. Further-
more, & decrease in the concentration of a divalent at higher 7m is
likely. Consequently, the M sites in equation 4.18 are mainly triva-
lent.

This reaction order is in fact related to the KOH concentration range
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< 1 M, while the oxygen evolution was normally measured imn 5 M KOH.
Furthermore, it appears from the data of Willems [23] that no

linear relationship was found for the plot of log a_ - versus log

OH
% o over the total concentration range. The value of
2
(d log a /d log a_ . -) is estimated to be -1/3 in the concentra-
H20 OH

tion range 1 to 7 M KOH, in which case the corrected reaction order at

constant 1 with respect to a_ -, for step 3 (Eq. 4.27) being rate

OH
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 M KOH

(p )

OH ‘m> o0’

Summarizing, it can be concluded that at potentials exceeding the
ncwoverpotentinl. 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 m-region can also be related
to equation 4.18 being rate determining at low TOH coverages, i.e.
eTOH + 0. In this case, the ve;ence state of the active site

does not change with exceeding n.: 8 shift from low,

(5] + 0, to high coverages, © + 1, occurs.

TOH TOH
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5. ELECTROCHEMICAL CHARACTER1ZATION
5.1. Introduction

The main aim of the work reported in this chapter is the characteriza-
tion of the surface features of NiCozoé electrodes by voltammetric

and charging curves, and to elucidate the role of the surface state in
the oxygen evolutlon reaction. These elaectrochemical techniques are
particularly suited for in situ analysis of the electrode surface.

The pecformance of a NiCo oxide electrode depends on the state

[+]
of the gurface in the patin:ial range where the desired reaction takes
place. The irceversible process of oxygen evolution takes place by
breakdown of a species in a high oxidation gtate, which is formed on
an active site. Therefore, it is important to establish the valence
state of the transition metal ions at rest, the highest oxlidation
state and the oxidation state transitions, which are possible at oxy-
gen evolution potentialg.

Also, the correlation between the electrocatalytlic ectivity and the
surface gtate will be investigated. The influence of the preparation
conditions on the anodic performance is already reported in chapter 3.
Therefore, the cyclic voltammetric behaviour will be investigated ag a
" and the duration tF of the final

heat treakment and catalyst loading.

function of the temperature T,

?inaily, 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 NiCo 0,  electrodes, the inves-

24

tigation of the voltammetric behaviour of NiCo ig still sparse.

4]
Previous studies were aimed at investigating tieérelationship between
the electrocatalytic activity and the surface structure [1-3], the
bulk composition [1,4,5], the preparatlon procedure [1,6-8] and

other physicochemical properties [9,10]. However, the investi-

gation of the surface propertles under conditions of electrochemical
work have been marginal and occasional. Trasattl et al. [11-13]
reported the observation of one anodic peak before oxygen evolution
gtarts in 1 M KOH. The peak poslition appeared to depend on tempecrature
TF of the thermal decomposition and increased from about 1.38 V at
350°C up to 1.48 V at 500°C. The most peculiar result was that the
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‘voltammetric charge increased with increasing I?. The éhate of the
NiCazoﬁ surface has been found to change with the pH of the solu-
tion. The voltammograem became modified, ag the pH became slightly
aclidic. The gstate of the surface of NiCozca prior to oxygen evolu-
tion was studied by Rasivah {14] in 5 M KOH. The voltammogram of
NiCozoa cyeled at a low sweep rate, i.e. 18.3 mV s“l, showed

only one broad oxlide peak which resolved into two peaks at a sweep
rate of 100 mV s . ,
Based on coulometric studies, they proposed the formation of three
oxides, at 1.25, 1.31 and 1.40 V vs. DHE (Dynamic Hydrogen Electrode)
and suggested that the formation of higher oxides is limited to the

surface of the ﬁiCozoa,particles only.

Cyclic voltammetry

The cyclie voltammetele behaviour of a uiCozoé electrode must be
treated agz an electrochemical surface process, In section 5.3, the
characteristic elements of the theory of cyclic veltammetey for a
surface-immobilized redox system, ag described by E. Laviron [15]

will be applied with some caution to the Nic°2°a alectrodes. The
theory of linear potential sweep voltammebey for a simple redox system
in case of a space distreibuted redoxgmodified alectrode, i.e. adsorp-
tion of an electroactive gsubstance in several layers, was establishod
on the basis of a multilayer model, as discussed in [15-18]. The
theories elaborated for a simple redox reaction, when both O and R are
strongly adsorbed [15,19,20], will be directly applicable to redox
modified electrodes, which can be considered as representing the
extreme limit of strong adsorption. A detailed discussion ?E thisg

theory is given in [16,17,21]. The NiCo catalyst can be

O
274
treated as a surface immobilized specles with ‘*specific' catalytic
centers at an electron conducting material.

5.2. Experimental

Electrode design and preparation

All porous Nicozoa eloctrodes used in thls section were prepared
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by thermal decomposition on a nickel screen (1 cln2 geometrical sur-
Face), as reported in detail in chapter 3. The porous Cosoa elec~
trodes were prepared in a similar way, startlng from a pure
00(N03)2.6820 golution, '

Also, a rotating ring 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 ring electrode of platinum. The demount-
able nickel disc electrode was covered with NiCozo4 prepared by
thermal decomposition. The preparation conditions were chosen such
that a smooth NicozoA layer was obtained. The platinum ring was

slightly platinized.

-.stainless steel

disk

Figure 5.1: Congtruction of the demountable ring-disc electrode.

Construction parameters of the demountable ring-disc elee-
trode.

Digc/Ring © fio 20 a0

, (mm) {rom) {mm)
Ni/Pt 2.80 3.10 3.65
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Electrochemical characterization

Cell Design

The electrochemical measurements with the porous electrodes were made
in a thermostatted, conventlional, three-compartment Pyrex glass cell,
ag shown In figure 5.2. A piece of 7 x 2.5 ¢m platinum foll was used
as the counter electrode and the potential of the working electrode
wag measured against the reversible hydrogen electrode (RHE) In the
same solution, or the mercury (II)-oxide electrode (Hg/HgD, 5 M KOH;
0.926 V vs. RHE, 25°C), via a Luggin capillary close to the working
electrode. All potentlals are given with respect to the RHE. The elec-
trolyte solutlons were freshly prepared prior to each set of experi-
menks from enalytical grade chemicals (Merck KOH p.a.) and double
digtilled water.

The rotating ring-disc experiments were performed in the cell given in
figure 5.3 at room temperature, i.e. about 22°C. All other experi-

mental conditions were the same ags mentloned above.

CE WE RE

MNN

Thermostat

Figure 5.2: The cell: WE = working electrode, CE = counter alectrode,

RE = reference electrode.
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CE RRDE RE

‘__L/—‘—Hz

| L — 4———()2

Figure 5.3: Measuring cell used in RRDE experiments.

Experimental set-up

The cyclic voltammetric measurements of the N1C020A gauze elec-

trodes were carried out using a High Power Wenking Potentliostat
(HP 72), a Universgal programmer (PAR 175) or a Wenking Voltage Scan

Generator (VSG 71) and a Data precision 2480 digital multimeter. The
curcent-potential curves were recorded on a XY recorder (Philips

PM 2041). The constant current charging was carrled out with a Bruker
Galvanostat (E 350) and the change in potential recorded with time on

a Xt recorder (Kipp & Zonen BD 40).

All measurements with the demountable ring-disc electrodes were car-
ried out using a Tacussel bipotentiostat (Bi-PAD) and an XYY'-recorder
(HP 7046 A). No correction for the uncompensated solution resistance

Ru wasg applied.

Aprotic medium

Some cyclic voltammetric measurements were carried out in Acetonitrile
(Jansgen Chimica), CHch, with lithiumperchlorate (Fluka p.a.) as
supporting electrolyte. All solutions were deoxygenated with nitrogen.
The reported potentials are reFerred to the standard calomel electrode
(SCE), connected to the electrochemical cell via an agar-agar/KCl

bridge. A platinum plate served as counter electrode.
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5.3, Freshly prepared “ic°2°a electrodes.

Results and discussion
5.3.1. General feaktures of the cyclic voltammogram

The shape of the voltammetric curve of a 'freshly’ prepared RiCozoa
electrode igs rvemarkably different From that for ‘aged ones'. There-
fore, the set of eleckrodes presented in this section was used only
for voltammetric measgsurements. The maximum applied potential scan
range is the E-range of 0.9 to 1.5 V. The lower limit potantial of 0.9
¥ was chosen in order to prevent apinel decomposition and the upper
limit of 1.5 V for minimum oxygen evolution reaction. Before cycling
the electrode wags maintained at itg rest potential, i.e. 1.1 V to
ceduce all surface compounds. The cyclic voltammogram, which was
always started from the rest potentlal, was independent of the direc-
tion of the potential gsweep (minlmum two cycles). The number of cycles

- was limited to about 20. Prolonged cycling altered the potentiodynamie
behaviour. The results of this will be discussed in section 5.4. The
removal of dissolved oxygen by bubbling nitrogen through the cell did
not alter the E-i characteristics.

Figure 5.4 shows the voltammetric behaviour of a freshly prepared A
Hi0920A electrode cycled between 0.9 and 1.50 V at a sweep rate of

25 mv ¢! in 5 M KOH. A stable E-i profile is immediately obtained,
and maintained as long as the anodic switching potential is kept balow
the vigorous oxygen evoluktion.

Anodically, the formation of at least two higher oxides before oxygen
evolution starts, is indlcated by cyclic voltammetry: the first anodie
peak gal at 1.21 V, and a second anodic peak 8&2 at 1.40 VvV,

The cathodic¢ profile is less sharp, and probably consists of a doublet
peak: a sharp cathodic peak Bcl‘at 1.17 vV, and a shoulder Kcz’ at

~ 1.375 V.

The ratlo of the total anodic charge versus total cathodle charge
approaches unity.
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itma.cm?)
50

25 a2

Evs RHE(V)

Figuce 5.4: Cyelic voltammogram of & Ereshly prepared ui00204
electrode in 5 M KOH, 25°C at a sweep rate of 25 mV sL;
TF = 400°C and tF = 1 h; catalyst loading = 12.30

-2
mg cm .

5.3.2. Rest potential of N100204.

274
electrodes ags a function of the decomposition temperature T? and
duration tF of the final heat treastment measured in S M KOH, oxygen

Table 5.1 presents the’rest potential of freshly prepared NiCo

Eree, 25°C. In the spinel-only range (below 400°C), the rest poteatial
fluctuates around 1.1 ¥V and above 400°C, where the decomposition of
the spinel sktructure startg, the rest potential is slightly lower.
when a potential of the oxygen evolution range, i.e¢. higher than

1.45 Vv, has been applied to a NiCo electrode, the open clrcuit

G
274
voltage is higher and appears to be determined by the lower metal
oxide Ni0020‘/higher matal oxide NiC020
1.40-1.45 v [4,22].

4 couple, i.e.
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itmAcm2)

10 4 5 mvs!

Evs RHE(V)
15

itmAcm?
150

HmAom3)
30

~25.

s Evs Nﬁ(\f’

Figure 5.9: Cyclic voltammetric behaviour of a freshly prepared

NiCozo4 electrode ag a Functlion of the potential gsweep

rate v in 5 M KOH, 25°C. TF = 400°C and t_ = 1 h3
catalyst loading = 15.30 mg em2

@) v =1.0-2.5-5.0 mV s °

€) v = 25-75-100 mV 1

.

; b) v = 5-10-25 mv s~ '
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Table 5.1: Rest potential of Freszhly prepaced nic020é

as a Function of the temperature (T?) and duration (tF)
of the Final heat treatment in 5 M KOH, 25°C.

electrodes

TF t? Catalyst loading Eocv
(°c» th) (mg.co™2) )
250 - 10 21.35 1.134
300 - 1 19.05% 1.117
300 - 10 20.70 1.114
is0 - 1 21.05 1.099
400 - 1 20.95 1.120
400 - 10 15.90 1.135
500 - 1 ~ 20.00 1.051
600 - 1 17.75 1.055

5.3.3. Effect of the potentlial scan cate

The E-iI characteristlics were studied ag a functlon of the potentials
scan rate v, in the range 1 to 100 mV s} for Eresh NiCo,0,
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 potentlial scan rate v, as given in figure 5.54 and b for
the sweep rates of 1 to 25 mv s-l. The second anodic pesk 8“2 ig
shifted more towards anodic potential values than the EFirst anodic

peak Ea

E ..
al
peaks shifted to more positive potentlals whereas the cathodic peaks

1 The peak Eaz shows a less reversible character than peak
With Further increasing the potential sweep rate, the anodic

noved towards more negative values.

The voltammetric curves are not correcked for the ohmic drop (iRdrop).
However, the peak currents are relatively high in the case of

NiCo, 0, e¢lectrodes and the peak current lp increases with the

24
potential gsweep rate v, so that, the larger the scan rate v the more
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the peak potential Ep will be shifted on account of the uncompensa-
ted reslistance Ru‘ This becomes evident for scan rates greater than
25 mv 9“1, as shown in figure 5.5¢. The voltammetric curves become
less gymmeteical and flattened. Hence the upper limit of the swaep
rate was limited to 100 mv s L.

The cyclic voltammogram of a freshly prepared Hi00204 electrode
shows two anodic oxidation peaks prior to oxygen evolution in the
1. this is in

contradictlion with the work of Rasiyah [14]. According to these

stﬁdied potéﬁtial sweep rate range of 1 to 100 mV s

authorcs, at low sweep rates, only one broad oxide peak is zeen bhefore
oxygen evolutlon takes place, which resolved into two peaks at a sweep
rate of 100 mV s .

In earlier reported work of the same authors [4], the sweep rate v

was varied between 20 and 90 mV s~1 and only one peak was observed.

No indication of a doublet peak was obzerved. Moreover, in their
study, Rasiyah et al. [14] obgerved two peaks, i.e. at 1.3 and 1.5

VvV, 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 raktio of 1 to 2 is ob~
gserved. The diffevence in the surface staté of the Ri60204 elec-

trode is probably a result of the difference in preparation techni-

ques, i.e. thermal decomposition and cryochemical synthesis.

Figgre 5.6 ghows the total anodic’peak currents, ipal,t and ipaz,h
versug the potential sweep rate v, recorded in the B-range 0.9-1.5 V
for NiCozoh electrodes prepared at different temperature of heat
treatmant TF, i.e. 300 and 400°C.

The diFfference on the potential scan rate v makes it possible ko dis-
tingulsh between a surface- and a solution redox reaction. In the
former, the peak current ip is directly proportional to the poten-
tlal scan rate v and in the latber, the peak cucrrent iz proportional
to its square root, Vvv. ‘

& linear relationship is Found for both anodic éeaks, pointing to a
surface redox reaction. A slight deviation in the linear relationship
between ip and v is noted, as a result of the flattening of the
eyelic voltammogram for edrlier reported reasons. This is more pro-
nounced for the second anqdic pesak Ea2, because of the higher peak
currents,
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Figure 5 6: The dependence of the anodic peak currents i . on the
potential sweep rate v in S M KOH 25°C.

T, (°C) t. (h)  Catalyst loading (mg cm-z)
300 -1 19.05
------- 400 1 15.30

Figure $.7: Plot of the flrst anodic and cathodic ip versus v relation in

5 M KOH, 25°C.
T, = 400°C and t, = 1 h; catalyst loading = 18.20 mg .

‘ : total peak current ipt

~~~~~~~ : peak curraent ipf corrected for charging current ic'

Figure 5.7 shows the First anodic and cathodle ip versus v relation
for NiCozog elactrodes, prepared at the temperature of Final heat
treatment TF’ equal to 400°C. The peak curreats were recorded in the
potential range 0.9 to 1.3 V, ags shown in flgure 5.8a and in presence
of the second anodic peak Eaz’ at ~ 1.4 V, in the earlier men-

tioned‘potenhlal range 0.9 to 1.5 v, figure $.8b, both for different
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Figure 5.8: Cyclic voltammeteic behaviour of a freshly prepared
NiC0204 electrode as Funetion of the potential swaep
rate v in 5 M KOH, 25°C. r? = 400°C and tF = 1 h;
catalyst loading = 16.20 m g em2,

a} Potential scan range 0.9 to 1.3 V; b) 0.9 to 1.475 V.

potentlal sweep rates. Increagsing the upper limit potential to 1.5 V

did not change the anodic pesk current ipal versus v relatlion. This

indicates that an upper limit potential of 1.3 Vv is sufficient to
complete the flrst anodlic oxidation process.

The ip versus v relation was presented with and without charging

cucrenzlcorrection in figure 5.7. Since the potential is continuously
changing in a pokential sweep experiment, a charging current ic
"always flows and the faradaic current if must always be measured
form a baseline of charging current. The capacitive current lc in
the voltammogram ig given by the expression (5.1),

i =acC, v (5.1)

« d

where A is the surface area and C, is the double layer capacitance.

d
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The precision of the baseline sub;traction 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
filgure 5.9 the charging current correction line becomes more and more
parallel with the current axis, when the lower limit potential decrea-
ges. The reproducibility of the NlC020A electrodes in the diffe-

rent potential ranges allows to take account of this fact during the
capaclitive current correction in the studied potential range. Note
that while for a solution redox reaction i varies with vv, i

becomes relatively more important at Ffaster scan rates. On the other
hand, both the surface redox reaction and the changing current ic
applies to a linear relationship with the potential sweep rate v.
Therefore, the results are shown with and without baseline substraec-

tion in figure 5.7.

ilmA. cm2)

50

254

e

0.7 08 09 10 1 12 13 14 15

-25

- 50/

Figure 5.9: Influence of the lower switching potential on the preci-

sion of the base line substraction.

-1
Experimental conditions: 5 M KOH, 25°C; v = 25 mvV 8 3
TF = 400°C and tF = 1 h} catalyst loading = 12.70 mg

-2
em .
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The peak width at mid-height w$ for a reversible surface redox reac-
tion is 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
H% 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 N10020a electrodes prepared at different
tomperatures T?.

Experimental conditions: S M KOH, 25°C, tF = 1 h.

'rF Catalyst lgading Potential scan range Peak H*”
(*C) {ng e ) (V) {(mV)
300 17.80 0.9 to 1.3 Eal 100-120
300 19.05 ‘ 0.9 to 1.5 Eaz 100-120
400 18.20 . 0.7 to 1.3 Eal 105-110
400 12.30 0.9 to 1.3 Eal 90100

) ‘ Eq1 110-115
400 47.60 0.7 to 1.475 :
Ea2 110-115
1

*: Measured H”

with base line substraction.

in the potential sweep rate range of 1 to 100 mV s

5.3.4, Effect of the catalyst loading

Figure 5.10 gshows the anodlc voltammetric charge for a gset of Freshly

prepared NiCo elactrodes eg a Function of the caktalyst loading

0
274
(mg cm"z). It demonstrates that the voltammetric charge is indepen~

dent of the amount of the RiCozoA catalyst loading, from about 20
mg cm’z. This agrees well with the results ceported in gection 3.1.2
where it was Found that the catalyst loading has virtually no influen-

ce on the anodic performance, as shown In Fflgures 3.2 and 3.3, These
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resultys already indlcated that mainly the top surface of the

NzCo204 electrode is active for oxygen evolution. The formation of‘
higher oxides is limited to the surface of the N160204 catalyst

layer. The discrepancy in voltammetric charge at lower catalyst loa-
dings, i.e. below 20 nmg cm-2 can be explained by the inFluence of

the depositlon rate or the number of coatings on the morphology of the

NiCOQO& layer, as reported in section 3.3.2.1.

Qa“(mc.cm'ﬁ)

800,
,.//*' - T
/k’
P2
2004
o L] T T L 3 -
(] 0 20 30

40 )
Calalyst foading
mg cm2)

Figure 5.10: Plot of the anodic voltammeteie charge Q ot as Function
of the catalyst loading for freshly prepared NiCo °4
electrodes.

Experimentalycondibions: 5 M KOH, 25°C; v = 25 mV s—l;
TF = 400°C and tF =1h,

Figure 5.11 which exhibits the anodle peak currents, 1 and i

pal pa2’
for a set of NiCozoa electrodes, prepared at 400°C, ag a function
of the catalyst loading, shows that also the oxidation peaks are inde-
! -2

pendent of the catalyst loading from 20 mg cm .

The good reproducibility of the preparation method, ag earlier repor-
ted in chapter 3, ig confirmed by the excellent reproducibility of the
voltammetric behaviour of freshly prepared uiCozoi electrodes in
relation to the values of the peak potentials Ep, peak currents Ip

and voltammetric charges Q.
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Figure 5.12: Cyclic voltammograms of fresh NiCo

Flgure 5.13: Plot of the voltamet;ic charge Qt as a function of

prepared at different temperatures TF of the final heat

treatment.

Experimental conditlions: S M KOH, 25°C; v = 25 nV &

ty =1 h.
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Ty (*c}



87

ip (mAcr’)
6 - . . e .
/“_’T‘_“""’ -——-——;-—————-—o—-
P
40 2
o ipgy
. o P e e e B it e
e e )
20 "
~
[ T — t - T ¥ T T ?
0 10 20 3 40 )

Catalyst loading (mger )

Figure 5.11: Plot of the anodic peak currents i a 28 Function of the
catalyst loading.
Experimental conditions: $ M KOM, 25°C; v = 25 mV Y

- ° = .
TF 400°C and tF 1h

$.3.5. Effect of the heat treatment

The temperature range TF between 250 and 600°C was examined, whilgt
the duration of the heat treatment tF wag varied between 1 and 10 h.
Figure $.12 shows the cyclic voltammograms of Fresh “130204 elec~
trodeg prepared at different temperatures of the Final heat treatment.
All other preparation parameters were the same, including the duratlion
of the heat treatment of 1 h. In the spinel-only range, i.e.

TF < 400°C, the anodic and cahhodic peak potentials do not depend on
the temperature TF of the decomposition. With increasing T? the

peak proflile becomes sharper and more symmetrical. In Figure 5.13 the
voltammetric charges as function of the decomposition tempeéature T?
are given. The voltammetrlc charge decreases monotlically as the tempe-
rature of the heat Lreatment TF increases. This could indicate that
the surface area decreases with increasing T?. The ratio of the

total anodic to the total cathodic charge ig about unity For all

T _-values.
¥ [
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The peak currents, from the cyclic voltammograms recorded at 25 mv
9‘1, as Function of the final heat treatment temperature are given
in Figure 5.14. Anodlically, it appears that the second anodie peak

current ip increases faster with decreasing temperature ’1‘F than

a2

the first anodic peak current i This indicates that the surface

pal’
composition depends on the temperature TF.

Figure 5.15 presents the ratio i vs. i as a function of the
pa2 pal

final heat treatment, i.e. T_ and tF. The ratio ip

F a2

ipal depends on the temperature TF' it increases with decreasing

versus

TF’ with the duration tF held constant. A most peculiar result wag

the change in the voltammetric charge ratio of the anodic oxidatlon
peaks as a function of TF. This implies that the e¢Ffect of the heat
treatment does not only involve the extension of the surface area.

On the other hand, the ratio ipa2 versus ipal does not change with
the duration of the heat treatment tF’ as given in figure 5.15 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.
iplmacm?)
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Figure 5.14: Plot of the peak currents lp as a function of IF.

Experimental conditions: see Figure 5.13.
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Figure 5.15: Plot of the ratio of the anodic, i.e. i _/1

pa?’ “pal’ and
cathodic, i.e. i Zipcz, peak currents as a function
of Tg and tF’

Experimental conditions: 5 M KOH, 25°C; catalyst loading
~ 20 mg en 2,
{e] = t,=1Hh {-1-= k. = 10 h; {8] = over-

lapping points.

pel

On the cathodic side in figure 5.14, the Flrst cathodic peak current

ipcl is plotted twice, once recorded in the potentlial scan range 0.9

to 1.3 ¥, as mentioned earlier, directly correlated to Eal’ and in
the potential range 0.9 to 1.475 V, with the reduction contribution of
Eaz' The ipal
E-range 0.9 to 1.3 V or 0.9 to 1.475 V is perfectly reflected in the

ipcl—curva recorded in the E-range 0.9 to 1.3 V. The increase of

i , and 1
pel pc2
fact is also observed From the ratlo of the cathadle peak currents, as

~curve, independently of being cecorded in the

with decreasing T_, is nearly equal. The same

given in Figure 5.15 which ig not strongly influenced by TF in the
spinel only temperature range, i.e, below 400°C. Above 400°C, there is
a strong deviatlon in the tendency of the peak current ratlos, especi-
ally in the cathodic ratiog, probably due to the starkt of the break-

down of the spinel gtructure.

Figure 5.16 presents the voltammetrlc behaviour of an electrbdo trea~
ted at S00°C (T?) for 1 h (EF). 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 obsgserved. Further

increasing of T_ resultg in a cyclic voltammogram which is strongly

F
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disturbed by the increased resistance as a consequence of the decompo-
gition of NiCozoa into individual oxides with higher resistances.

In Figure 5.17 the potentiodynamic respons of an electrode treated at
£00°C (TF) for 1 h (hF), recorded at 2.5 nv s‘l, is shown. The

anodic and cathodie peak potentials, however, do not depend on the

temperature T_ of the decomposition in the spinel-only range, while

¥
the voltammetric charge decreases monotically 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 voltammetrie
charge increased with increasing r?. 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 obsecvation of only

one anodic peak.

fmAcHi)
i{macm™)

25 1.8 o
204 1.3
8 op
1w 08 -

s 03

01—t v v v v v | EvarME() o

68 19 Wt 12 1 e S T

-s ~03 Evs RHE (V)
~19 -8
-8 ~0%

Figure 5.16: Cyclic voltammogram of a fresh electrode prepared 500°C
(T?) for 1 h (tF).
Experimental conditlons: 5 M KOH, 25°C; v = 25 mv s-l;
catalyst loading = 20 mg em2,
Figure 5.17: Cyclic voltammogram of a nickel cobalt oxide electrode
prepared at 600°C (TF) for 1 h (tF).
Experimental conditlons: S M KOH, 25°C; v = 2.5 mV s”l'

t
catalyst loading = 17.75 mg cnﬁz.
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Our results are in agreement with the work of Tamura [23,24], who

obgserved the same tendency for Co electrodes, also prepared by

o
thermal decomposition, but are ingc:ntradiction with the observation
of Tseung [6,25], who concludes that there ig no correlstion
between the surface area and the electrochemical perFormance.

Ian section 3.3.1.1, it was reported that lowering the temperature T?
of the final heat treatment leads to an increase in eleckrochemical
activity for oxygen evolutlon, as given In Figure 3.1. It was also
found that the voltammetric charge increases with decreasing TF’ as
shown in Figure 5.13. It appears that the voltammetric charge is hal-
ved in going from 300°C to 400°C. The correlation between the increagse
in aétivity and the increase in voltammetric charge with decreasing
TF. indicates that it can be attributed to a change in the surface
area.

Table 5.3 shows the correlation between the anodic perFormance and the

voltammetric charge For NiCo electrodes prepared at 300 and

Q
400°C. It appears that the czr:ent density at high overpotentlials
increases with a factor 2 in going feom 400 to 300°C, while the vol-
tammetric charge increases similarly.

Therefore, the voltammetric charge of frashly prepared u160204
electrodes can be taken as a measure For the surfece area. This is in
agreement with the BET-results, where the surface area increases with
decreasing T?, as will be reported in chapter 6.

However, the surface composition is also influenced by TF, ag is
indicated by the change in the anodic pesk currentg ratio ipaz,ipal‘
as shown in figure 5.15. So it is possible that the difference in
ancdic performance ig not only a result of the difference in surface
area, but also of the difference in surface compogition.

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 ig 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 duratlion tF of the final heat treakment.
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Table 5.3: Correlation between the anodic performance and the voltam-

metric charge of NiCo electrodes as a function TF.

2%
Experimental conditions: S M KOH, 25°C.

TF (°C) - tF (h)

300 - 1 h 400 - 1 h
E (V) i (ma em2)

1.44 0.65 0.20
1.45 1.10 0.36
1.50 20 10

1.55 100 as

1.60 400 200

-2
Qa (mC cm )
1020 502

Table S.4: Weight percentage (wt %), apparent electrochemical rough-
ness factor (ARF) and -surface area (ASA) of the
Nl0020A electrodes ag a function of TF and tF'
based on the cyclovoltammetric charge.

Experimental conditions: 5 M KOH, 25°C; v = 25 mV s-l‘

TF tF Cat.lofging Qa'Ez wt%k in 4+ state ARF QSA_1
(*C) (h) (mg cm ) (mC cm ) (wt %) (m" g )
250 1 21.35 1175 5.18 2284 10.7
300 1 19.05 1020 3.33 1306 6.9
300 10 20.70 1155 3.48 1479 5.9
350 1 21.05 740 2.19 9249 4.5
400 1 20.95 507 1.591 650 3.1
400 10 15.90 405 1.59 519 3.3

500 1 20.70 182 0.57 233 1.2
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The voltammetric charge can be taken as a measure of the surFace con-
centration of metal ions participating in the electrochemlical proces-
sey, From the charge passed to form the higher oxldes before oxygen
evolution commences, and assuming that all metal ions are oxidized to
the 4+ valence state, the percentage of the oxldized catelyst material
can be estimated, as shown in tabel 5.4 for freshly prepared

N1C020 e¢lectrodes with about the same catalyst loading, i.e. 20

mg ¢m , as functlon of TF' Since the voltammetric charge was not
influenced by the catalyst loading, the percentage will decrease with
further increasing catalyst loading. The values strongly indicate that
the change in valence state is limited to the surface NiCo, O

24
layer. The welght of an unit area monolayer NiCo, 0, (4.86 10

g cm'z) can be calculated, assuming that the uni: :ell edge or lat-
tice parameter a, is equal to 8.11 A [26,27]. Hence, From the
voltammetric charge (which is proportional to weight per unit area
N1C0204 oxidized to the 4+ gtate) the number of monolayer (cm—z)

c¢can be calculated. This apparent electrochemical roughnese factor ARF
is a magnitude for the product of the electrochemical surface rough-
ness and the depth. From this number of monolayers (cm—z) and the
catalyst loading (g cm—z) an apparent electrochemical surface area
ASA (m2 gyl) can be calculated, as tabulated in S.4. The apparent
electrochemical roughness Factor and -surface area decrease with the
temperature TF; nearly no influence of tF is observed.

1t was reported in gectlon 3.2.1 that the magnitude of the NlCozoh
catalyst loading had virtually no influence on the anodic perfFormance
and on the voltammetric charge (sectlon 5.3.4). Table 5.5 shows the
weight percentage of the Nlc°2°n catalyst loading oxidized to the

4+ state, the apparent electrochemical roughness factor and -surface
area for a set of freshly prepared N£C020A electrodes (TF =

400°C and tF = 1 h) as Function of the catalyst loading. It appears

that the welght NiC020 in the 44+ valence state and the roughness

4
factor are virtually constant above 20 mg t_-m_2 catalyst loading. It

is evident that the welght percentage and the surface area changes

with the catalyst leading, because they were defined as functlon of

the catalyst loading.
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Table 5.5: Weight percentage (wt %), apparent electrochemical rough-
negs factor (ARF) and -surface area (ASA) for a set of

fraeshly prepared NiCozoa electrodes as a function of
the catalyst loading. '
Experimental conditions: S M KOH, 25°C; v = 25 mV s—l;

= ° - .
TF 400°C and tF 1h

Cat.loading Q weight in 4+ wt % in 4+  ARF ASA
-2 at, -2 2 -1
(mg cm ) (mC ¢m 7) {mg cm ") (wt %) (m“ g )
12.30 350 0.22 1.77 448 3.6
15.15 401 0.25 1.65 514 3.4
18.20 505 0.32 1.73 647 3.6
20.10 439 0.27 1.36 562 2.8
21.40 4170 0.29 1.37 603 2.8
22.50 515 0.32 1.43 660 2.9
. 26.50 495 0.3 1.16 634 2.4
34.00 520 0.32 0.95 667 1.9
47.60 526 0.33 0.69 673 1.4

5.3.6. Galvanostatlic charging curves

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

N10020A electrode, prep;red at 300°C (TF)' An anodic charging

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
obgserved, 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
reglions, where the potentlal increasesgs slowly, two of which can be
ascribed to the two earlier obsecrved anodle processgses, i.e. E | and

al
E ., and finally the last region where the potentlial doesn't change

azimore with time and oxygen evolutlion takes place.

A cathodic charging current of -0.5 mA cm~2 was applied to the alec~
trode after the anodic charging curve was finished, as given in figure
5.18, curve II. The thargling 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 Ffrom charging curves.

EvsRHE(V)
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Figure 5.18: Gelvanostatic charging curve for a Nicozoa electrode,
prepaved at 300°CV(TF) for 1 h (t?).
Experimental conditions: 5 M KOH, 25°C
curve I: anodic charging current = +0.125 mA cm’z;

“curve II: cathodic chargling current = 0.5 mA cm-z.

5.3.?. Aprotic medium

The use of an aprotic solvent for cyelic voltammetry makes it possible
to investigate the role of the hydroxyl ion in the electrochemical
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reaction before oxygen evolutlon takes place. Acetonitrile, CH _CN,

sérves as an excellent solvent because it is guite diffieultlyaaxldi-
zed and reduced; both anodic and cathodic limiting currents apparently
are caused by discharge of the supporting electrolyte'!.iclo4 [28].

The voltammogram recorded From 0 to 1.5 V vs. SCE ig shown in Figure
5.19, curve I. No sign of the valency state transitions is obgerved.
The anodic scan range is limited to 1.5 V vg. SCE, due to the dischar-
ge of the lithiunm perchiarate. Prolonged oxidation at 1.5 V vs. SCE
resulted in a turblid solutlion as a consequence of this oxidatlion of
the supporting electrolyte. In order to examine whether the oxlde
peaks were shifted to higher potentlals in the aprotic solvent, water
wags added to the CH3CN~-Lic10a solution. Now, the oxide peaks and

the 820 oxidatlon are observed indeed before the digscharge starts,

ag shown in Figure 5.19, curve II. Ancodically, ik is not possible to
distinguish clearly between the oxlide reactions, the oxygen evolutlon
reaction and further the oxidizing of the electrolyte. However, the
reduction peaks show clearly the existence of the anodic oxide reac-
tions,

Thege results indleake that the hydroxyl ion plays an important role

in the electrochemical reactions before the oxygen evolution reaction.
HmAcm) V
28 1

204

154

s Evs SCE(Y)
-5

-1
F 5.39:
igure 5.19: Cyclic voltammogram of a RiCozoé electrode in aprotie
medium,
E *
xperimental conditiong: cnacu + 0.1 ¥ Licio_, 25°cC;

S0 mv &1 :
v = g 73 TF = 400”°C and tF = 1 h; catalyst

loading = 15.45 mg em2
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5.3.8. Rotating ring-dise electrodes

A demountable rotating ring-disc electrode was uged in order to inves-
tigate the possibility of further oxidation steps in the oxygen evolu-
tion range. The nickel disc was covered with a NiCo, 0, layer via

2°4
thermal decompogsition. The platinum ring was slightly platinized.

Testing of the ring-digse gystem

The solid curve in figure 5.20 shows the theoretical oxygen reduction

limiting current at the ring I: L as Function of the square root
*
of the rotation frequency v'o. The limiting ring current I; L
*
was calculated using the Levich equation [29-31],
-
273 -176 %
o * .

ID,L 0.62 nFA DO v C o © (5.2}

o 273

1 = B ID,L (5.3)

with the number of electrons, n equal to 4.

The influence of the deposited NiCozo6
of the rotating ring-disc electrode was examined in e 1 M KOH oxygen

layer on the hydrodynamics -

saturated solution. A less concentrated potassium hydroxide solution
was chosen in order to Increase the solubility For oxygen. The rele-
vant physical properties of 1 M KOH solutions was obtained from

[32] and are summarized in table S.6.

The IR,L versus'u% relation was measured on the demountable

rotating ring-disc electrode, once in which the nickel disc was
covered with a NiCozob layer and once without this layer. The
experimental limiting oxygen reduction curves measured on the platinum
ring, held at 0.2 V versus RHE, in an oxygen saturated 1 M xon golu-
tlon, at room temperature, are given in figure 5.20. The linear rela-
tionship of the experimental IR,L versus 0“ relation indicates

that the hydrodynamics of the cotating ring-disc electrode is not
influenced by the construction, nor by the coverage with a N10020“
layer.
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Figure 5.20: Plot of the 1 versus vw for oxygen reduction at

R,1
the demountable REDE in O, -saturated 1 M KOH. E_ =

2 R
0.2 V.
theoretical IR 1 at T = 293 and 298 K.
o ¢ yncovered nickel disc

________ : uiCo204 covered disc.

Table 5.6: Relevant physical properties of 1 M KOH solutions.

T D v [d
294 2 -1 0 3
{K) {(ecm s ) (cm s ) {mole cm "}
-5 -6
293 1.36.10°° 0.01063 0.86.10
208 1.59.107° 0.00950 0.89.10”%

Collectlion eéficiendx N

In the potential range, where the anodle galvanostatic disc current is
only used for oxygen evolution, i.e. when the higher oxide formation
isg Einisﬁed, the ratio —IRIID is an experimental measure for the

collection efficliency N of the evolved oxygen.
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The —IR/ID ratioc was measured at the pure nickel disc and at the
nickel disc covered with a NiCozo& 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-
gurement, nitrogen was bubbled through the cell to remove dissolved
oxygen. Figure 5.22 shows the experimental —IR’ID ratios (“exp)

" measured in an 1 M KOH solution at room temperature.
The collection efficiency theoretically depends only on the geometry.
However, it was found that the experimental Ne‘p is smaller than the

calculated Nca and is a function of the rotatlon frequency o and

le

the disc currcent ID§ The major difference between the calculated

Noare’ i.e. 0.308 and the experimental collection efficiency Nexp‘
approximetely 0.20, during anodiec oxygen evolution, is a consequence
of the gas bubble Formation. When gas is evolved initially at low cur-
rent dengsitles, the gas diffuses into the solution. At higher current
dengitles oxygen bubbles are formed. In fact oxygen evolution gstarts
to evolve as bubbles when the solution is supersaturated with oxygen.
So, the oxygen bubble formatlion at the disc takes place in the super-
saturated difFusion layer. The Fractlon 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 distuched by the
oxygen bubble stream.

The similar results for Nexp on the nickel disc with and without a
NiCozob layer confirms that it was not an oxide layer effect.

However, the surfFace roughness can also give rise to digsturbance of
the Levich behaviour of the rotating ring-disc electrode. The Levich
behaviour will no longer be valid when the thickness of the diFfusion
layer becomes comparable with the surface roughness. Therefore, a very
gmooth Nico204 layer was applied to the nickel dise, deposited
from a diluted nickel cobalt nitrate solutlon.

The similar results for the experimental collectlion efficlency Nexp
on the nickel disc with and without a Ni€020* layer, confirms that
it was mainly a gas bubble effect,

It is also noted thet the experimental »IR!ID ratios vary with the
magnitude of the anodie disc current ID. as shown in Ffigure 5.21 at
very high disc cucrents. This effect is clearly a consequence of the

vigordus 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 discolved oxygen.
Therefore the detection of any Ffurther oxidation steps in the oxygen
evolution potentlal range must experimentally be restricted to a maxi-
mum potential Eomax’ which is determined by the maximum galvanogta-
tic digse current Inmax' The value of 1Dmax’ and therefore EDmax’
also depends on the rotation frequency, as will be discussed in the
next paragraph.

At the given rotation frequency o = 33 s:'1 in Flgure 5.21, the
ecatio —IR/ID can be congidered as nearly constgntAin the palvano-
gtatic disc current range of 0.125 to § mA.

The experimental collection efficlency “exp is also influenced by
the rotation freguency . Figure 5.22 presents the experimental
-1,.71_ ratlo as a functlon of vw, for different anodic galvano-

R D
gstatic currents applied to the disc.

“Nexp
[ ) i i —
Reac
0.2 .ottt Nexp
4. .
:
0.10. e
00 '
-2 -4 0 1 ]

2
logIimA)

.Figure 5.21: Plot of the experimental 'IR/ID ratio ag a function
of the anodic galvanostatlc dise current ID‘
Experimental conditions; Oz—free 1 M KOH; KR = 0.2 V;
@ = 33.3 s”l; {o] = Nexp of the uncovered nickel
dige; [o] = “exp of the NiCo2o4 dige.
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Figure 5.22: Plot of the experimental mIR/ID ratio versus v o
‘for different anodic galvanostatic currenks iD‘
Experimental conditionsg: oz-fcee 1 M KOH; Ek = 0.2 V3

I =0.125 ma [-]; 1 mA [o]; 2 mA []; 6 mA [*}: 10 ma [+].

At lower rotatlon frequency, i.e. below 15 3-1, there is a sharp
decreasge in Nexp‘ Thiz can be explained in a similar way, as mentio-
ned before. The rotation of the ring-disc electrode introduces a solu-
tion £low and ag a result the bubbles will be carried away more quick-
ly with inéreasing w.

However, the purpose of the rotating ring-disc experiments here is to
establish to what extent the anodle galvanostatle current is used for
oxygen evolution and For higher oxide formation. With increasing gal-
vanogtatie dise current, the racorded limiting ring curreant must
increase, according to the experimental determined collection factor
“exp‘ A decrease in the limiting ring ?urrent IR,l gshould indicate

the presence of a disc charging current consuming process, i.e. a
further oxidation step. The reproducibility of the -IR/Ia ratios

for the different ring-disc e¢lecktrode under stipulated conditlons,
allows to execute the earller stated expetim;nts with the demountable
REDE.
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Investigation of Further oxidation gteps in the oxygen evolution

potential range.

A constant anodic¢ charging current was applied to the dise, covered
with NiCozo4 layer, starting from its rest potentlal, i.e. about

1.1 Vv, and the change in disc potential ED versus time was recordad.k
The platinized Pt ring was held at 0.2 V in order to detect the evol-
ved oxygen, by recording the ring curcent 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.

Eol¥) In(p4)

18 . 80
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s Lso s
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Figure 5.23: Constant anodic charging curve at demountable RRDE.
Experimental canditioﬂs: Oz—free 1 M KOH; © = 33.3 9-1;
D = Ni0020A covered disc, TF = 400°C and tF =1 h;
catalyst loading = 12 mg cm'z; R = platinized platinum.
curve 1 : ID = 0.25 mA - ED vs., time

curve II: ER = 0.2V - IR ve. time.

Figure 5.23 presents the two curves i.e. the disc potentlial ED ver—
sus time {curve I} and the ring curcent IR versus time (curve II).
After the anodlc charging current was Flnished, the current was swit-
ched to a cathode current of equsl magnitude. The resulting disc
potential ED versus time, as given in figura 5.24 gave only a broad
reductlion peak, as earlier mentloned in section $.3.6. The IR versusg

time curve decreased immediately. The galvanostatic anodic charging
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current ID was systematlically increased. Thig always resulted in a

IR versus time curve with the same proflle.

The deposited NiCOZOQ layer was also submitied to a potentiodyna-

mic experiment. A potential scan rate v of 1 aVv 9'1 was'applled ko a
ui6920# dise electrode, initlally kept at 1.0 V, and then scanned

up to 1.5 V, where it was kept constant For 5 minutes. The potentiody-
namic behaviour of the disc electrode ig given in Figure 5.2%, curve
1. The corresponding ring current versus the disec potential i¢ glven

in curve II.,

Ip I
w0
Egivl tr(pA)
i 3001150
oo
14 ._.40 200 -+ 100
13 {30 " L 4
12 |20 100 1 50
AR ,\JO - 'y
R - . — . B e s PR 3
° 250 500 0 0 M o2 1B w 1;!0 L

time(s) Eg V) fime (S)

Figure $.24: Constant cathodic charing curve at the demountable RRDE.
Experimental conditions: see figure 5.24.
curve I ID = ~0.25 mA > ED ve. time.

curve 1I: ER = 0.2V~ IR vs. time.

Figure 5.25: Potentiodynamic behaviour of a freshly prepared 316020&
covered disc in 1 M KOH, oxygen-free, @ = 33.3 5'1.

Part A: E) = 1.0V, v =1aV s-l; E, = 0.2 V.
ecurve I = ID vs. ED; curve I1 = IR vg., b o~ ED

Part B: at ED = 1.9 ¥ 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.

Ia bouble layer charging area
1 Firgt anodic peak Ea

b 1
Second anodic peak E

Ic a2’ both indicated by a slow increase
in the disc potential ED.
I Oxygen evolving area, in which the disc potential ED
becomes constant.
The corresponding cing current IR versug time curve congigts of
three parts:

IIa No oxygen reducklon current is detected up to 1.40 V. This
shows that the charging current ID is only uged to com-
plete the higher oxide formation. IIa can be correlated
with the areas Ia to Ic'

IIb A trangition area in the potential range of 1.40 to 1.45 V.
The oxide formation is nearly finighed and the oxygen evo-
lution starts, which corresponds to the Ic to Id tran-
sitlon.

IIc Only oxygen detectlon. The oxygen reduction current approa-
ches a constant level, indicating that there is no higher
oxide reaction participating, which corresponds with Id'
The experimental _IR/ID ratio is about 0.20.

The recorded ring currents IR, at higher anodic charging cucves

ID, exceed the theoretical limiting oxygen reduction for an oxygen
saturated 1 M KOH solution with a factor 2 to 3, in splite of the
decrease of the collection efficiency N, as a result of the gas bubble

formation. This clearly indicates thak supersaturation takes place.
On the other hand, figure 5.25 algo illustrates the role of the oxide

formation prior to the oxygen evolution reaction. No oxygen evolution
is observed before this oxide Formation is nearly finished. From the
galvanostatic charging curves, it can be concluded that there was no

indication of any further oxidatlion reactlons, up to 1.55-1.60 V.
5.3.9. Correlation between the anodlc and cathodic processes.

The ¢yclic voltammogram of Ni(‘iozo4 indicates anodically the forma-

tion of two higher oxides before oxygen evolution gtarts. Any fucther
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oxidation steps, i.e. above 1.45 V, could be hidden by the oxygen
evelution current. Ag ghown in section 5.3.8, there is no further
anodic Formation of higher valency oxldes of nickel and cobalt on
HiCozoa in the oxygén evolution range up to 1.55-1.60 V. Therefore
we can assume that the corresponding cathodic reduction profile con-
eists of only two reduction steps. The correlated anodic and cathodic

processes according to thiz model can be presented as Follows:

X+ (x+1)+
Eal : Ha - N
. VL3 {(y+1l)+
Ea? H Hb - Bb
- . u(x+1)+ - nx+
¢l a a
R (y+1)+ ¥+
Ec? ) Hb * Bb
where Ha and ub represent the eatiops in the Nxcozoa spinel

oxide. As mentioned before, the study of the E-i characteristics, as a
functlion of the potential scan rate for freshly preparved Nicozoé
electrodes showed that the gecond oxidation-reductlion process was less
reversible than the first oxidation-reduction reaction. The cathodic
profile is legsg 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 iacreasing poten-
tial sweep rate v, ag given in Figure 5.26. This figure shows the
potentiodynamic respons of NiCozob‘ at two different potential

sweep rates, l.e. 2.5 and 25 mV s”l. It can be seen that the anodic
peake remain separated and no variatlon 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 ls intecrupted ia
the reduction sweep at certain potentials and kept constant, in ocrder
to complete the reduction process of the second anodlc peak Ba?‘ The
interruption potentialg were chosen such that the two anodic respec-
tively cathodic peaks, were gplit up.

Figure 5.27 shows the potentliodynamic respons of a Nicazo‘ eleoc~
trode, recorded at 25 mV s'l, which is interrupted at 1.25 and

1.30 Vv for 10 minutes, after which the potential scan was continued.
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Figure 5.26: Cyclic voltammetric behaviour of a fresh NiC020Q
electrode at two differeant potential sweep cvates in S M
KOH, 25°C. T_ = 400°C and tF = 1 h; catalyst loading:
15.30 mg em ;3 v = 2.5 mV ¢~ 1 (daghed curve); v =

25 mv st (solid curve).

It Follows From this voltammogram that during the arrest at 1.30 ¥V the
gecond reductlion ié 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 Vv, i.e. curve I, with the reduction
part of the linear potentlal sweep in the poténtial range 0.9 to 1.3 V
(curve I1I), i.e. the EallEcl couplg.

Intercvupting the potential sweep at 1.25 V for 10 minutes, i.e. curve
11, leads to a complete reduction of the second anodic process. The ]
ratio ancdic versus the cathodic charge of curve II approaches unity,
because after holding at 1.25 Vv, the Flrst anodic oxidatlon is still
complete, so that the reduction charge of the continued sweep belongs
exclugively to the reduction of the First anodic oxidation.

Thigs is also shown, more pronounced in figure 5.28, recorded at

v =2.95mnv 9'1, where the reduction sweep was interrupted at 1.275 V
for 10 (curve 1), and at 1.25 For 10 {(curve II) and 30 minutes {(curve
I1X). The interruptlon at 1.275 V does not complete the reductlion of

the gecond anodlie 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 Finlgshed, For with
increasing the time of arrest at 1.25 V, no further change in the
potentiodynamic respons was observed.

1t 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 cyelic voltammograms were run to diffe-

rent potentials abk the same scan rate, i.e. v is 25 mv s-l.

FimA om?)
50
40
30
20
w0 e
]
0 A E vs RHEW]
o8 Joe w0 1 12 (113 1a [ 15
H H
-10 4

-20

-4.0

Figure 5.27: Cyclic voltammogram of Eresh NiCo 04, which ig inter-

rupted in the reduction sweep at i.?S V and at 1.30 V for
10 minutes, after which the linear potential scan was
continued. ‘

Experimental conditions: 5 M KOH, 25°C; v = 25 mV s"l;

TF = 400°C and tF = 1 h{ catalyst loading = 15.30 mg cmbz.
Curve 1 = continued sweep after arrest at 1.30 V for 10
minutes; curve IL = 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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Figure 5.28: Cyclic voltammogram of a NiCo electrode, which isg

0
interrupted in the reduction :u:ep at 1.275 Vv for 10
minutes and at 1.25 V for 10 and 30 minutes.

Experimental conditions: v = 2.5 mV s‘l; others see

fig. 5.28.

Curve I = continued sweep after acrrest at 1.275 V for 10
minutes; curve II = idem at 1.25 ¥ 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 ghows that the first anodic peak Eal’ at 1.21 Vv, corces-
ponds with the Flirst cathodic peak Ecl‘ at ;.1?5 V. The ratio of
anodic charge Qal verug the cathodlec charge ch iz equal to unity.
" There is no further increase in the cathodic peak height of Ecl’
when the anodic switching potential is 1.25 or 1.30 V.
As seen in figure 5.29, it appears that the second anodic peak Eaz
is reduced in two steps, at two different cathodiec potentials. With
inereasing anodic switching potential (1.30 < Es < 1.40) it is noti-

ced that the first part of the second anodic peak Eaz’ at about 1.39
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V, is reduced on top of the First cathodic¢ peak Ecl’ at about 1.175

V, and the remaining pact of Eaz (Ea ¢ 2 1.40 V) is reduced at

»

higher potentials, i.e. the shoulder Bcz at about 1.375 V. The ratlo

of the total anodic chﬁrge Qa p versus total cathodic charge Qc N
¥ *

approaches unity.
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Figure $.29: Cyclic voltammetric behaviour of a fresh NiCOZOa
electrode, run to different anodic switching potentlals.
Experimental conditions: 5 M KOH, 25°C; v = 25 mV 3“1;

T, = 400°C and t_ = 1 h; catalyst loading = 12.30 mg em~2.

This ig investigated further with the perturbation program, as shown
in Eigure 5.30, which confirmg the correlation of the different anodiec
and cathodic processes, as mentloned before.

On the basis of these data, we can suggest three different models for
the conjugated electrochemical processes, before oxygen evolutlon

takes place on the freshly prepared NiCozo4 electrode.

1. The second anodic peak is made up of two different metal catlons
which oxidize at nearly the same potential, one of them are metal
ions involved in the further oxidation of Eal

Anodic:
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al

Cathedic:

Ecl :

¢2

2, The same as in the Ffirst model,
metal long involved in Sa
Anodic:

Eal

Cathodic:

Ecz

a2 ’

a2 :

¢l ’

X+
M
a

M(x+1)+
a

¥+
M

H(x+1)+
a

u(x+2)+
a

{(y+1)+
",

+
ux
a

y+

Z+

u(x+1}+
a

(y+1)+
My,

{2+41)+
nc R

H(x+1)+
a

u(n2)+
a

{y+1)+
Hy,

A
u,

but without Further oxidation of

H§x+1)+
a

{y+l)+

N,

H(z+1)+
¢

X4+

w

Z+

or

or

3. One metal catlon which is reduced at different potentials e.g.
because of a difference in coordination in the crystal structure,
i.e. tetrahedrally or octahedrally.

Anodic:

E . ax+ N K(x41)+
al a a

. v+ (y+l)+
Baz * H N My
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Cathodic:
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Figure 5.30: Cyclic voltammetric respons of a fresh Ni00204 elec-

trode subjected to the perturbation program.
Experimental conditions: 5 M KOH, 25°C; v = 25 mV s-l;

T, = 400°C and t_ = 1 h; catalyst loading = 15.15 mg em 2.
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$.3.10. Cyclic voltammetric behaviour of c°3°4

Figure 5.31 shows the cyelic voltammogram of a Ce30a electrode,
run to different anodic switching potentials Sa o at the same szcan
b4

rate v = 25 mV s7! in the E-range 0.9 to 1.5 V, The potentiodynamic

behaviour of (:0304 spinel is very similar to that of RiCozba.
Only the reduction of the second anodic peak Ea? is more clearly

separated into two processes. The flrst anodlc peak gal’ at 1.17 v,
is reduced at the first cathodic peak Eci’ at 1.15 V. The First part
of the second anodic peak Eaz’ at 1.46 Vv, is reduced at the second
cathodlic peak Ec?* at 1.25 V. And:tha following part is reduced at
Eca, at 1.375 V. Sometimes a shoulder has been observed on the left
part of 832‘

Thus, the potentiodynamic behaviour of Co can be degcribed by

3%
the same models as presented earlier for u10o20&.
Table 9.7 shows the obsecrved anodic and cathodic potentials on the

c°306 electrodes in 5 M ROH, 25°C for two different potential
1

sweep rates, i.e. 25 and 2.5 mV s . There are no fucther 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 c¢cathodic peak, at
0.875 V, appears. These faradalic current peaks probable correspond to
the 24/2.674+ transitlon (i.e. Co{OH) /6030 or CoO/Co30‘}

2 4
[33,34].

Table 5.7: Observed potentisls on Co O‘ electrodes in 5 M KOH, 25°C.

3

v E E 4 E E

-1 al a2 ¢l c2 c3
(v 8 ) (V) {v) (v) ) [4'))
25 1.160 1.450 1.140 1.250 1.370

2.5 1.150 1.410 1.140 1.255 1.400
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Figure 5.31: Cyclic voltammogram of a fresh coaoé electrode, run
to different anodic switching potentials.
1

Experimental conditions: § M KOH, 25°C; v = 25 mV s
T, = 400°C and t_ = 1 h; catalyst loading = 20.15 mg cm_
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$.3.11. Correlatlon of the observed peak potentials with standard
potentials

The cyclic voltammogram of HiCozoé represents a surface layer of
an electrochemically formed oxide(s), leading locally to higher valen-

ce states of the NiCozoa catalyst.

On the basigs 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 potentlials. Any assignment of the
curcrent peaks to a specifle surface reaction is difficult because
there are no definite thecrmodynamic daka for the NiCozo& spinel

helping to identify the redox couples involved. However, we can
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attempt to correlate the redox behaviour of NiCozo4 with the ther-

modynamic data of the individual oxldes, as shown in [33,34]. From
the general cation distribution of the spinel structure (Ni002ca
belongs to 2-3 spinels; see introduction) and the observed peaks, it
geems reasonable to assume that the possible transikions to higher

valence states before oxygen evolution are limited to
co?* » cat; mi?t o i it o i and o™ 4 o™
From [33] it Follows that transition between 24/3+ oxidatlion states

of cobalt occur at lower potentlals than the corresponding trangitions

of nickel. An agsignment of the first transition as 602+/3* o

“i2+/3+ cannot be made from the observed peak poten~ tials alone.

c

Cobalt Forms an oxide with the spinel gtructure i.e. 30304.

However there does exist a nickel spinel ’Nisoa* like Co304.

6030é is a normal gpinel with & well-known caktlion dis- tribution
£y

Co [C°2+}2°a‘ From the published standard potentials of the cobalt

oxidation state transitions [33,34], it is obvious that the Fircst

24/34

anodic peak Eal’ reduced at B ig a Co trangition (i.e.

cl?
Co,0, /COOOH or C0,.0,/C0,0.) and the second current peak

374 34 727)
and Sca, a C03+/4&

Eaz' reduced at Ec trangition (i.e.
2,67+/84

C000510002 or 60203/C002) or Co (C030a18002).

From the similarity of the voltammetric behaviour of the NlCozoﬁ

and Co,0,  electrodes, the assignment of the first transitlon to

374
002+/3 may therefore be justified. Ni00204 is a 2-3 gpinel. If

the firgt anodic peak is a nz* -» Ha’ trangsition, the second

2

anodic peak E , should be a 1t 5 u* transition. The reported
higher couples of Ni3§f&* and (:c;z)H'IM are resp. 1.43 V [24] and

1.45 to 1.47 Vv [14,34], which are close to the experimental value

for the highest oxidation state transition. From the difference in the
34/44 and Ni3+i&+

transitions, there is no sufflcient evidence why one of them should be

published equilibrium potentials of Co

favored for the second anodic peak.



115

S.4. Ageing phenomena: Influence of the limit potentials on the cyclic

voltammetric behaviour.
5.4.1. Introduction

Electrochemical polarization conditlons 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 NiCo electrodes appear to be

0
ungstable in the region of poge:tial where oxygen reduction occurs at
appreciable rates. Ni00204 has been shown to undergo complete
decomposition at potentlals below 0.1 V [36,37]. However, the
influence of the lower limit potential and the anodic polarization on
the cyeclic voltammetric behaviour wag not reported.

The dependence of the stability of the Coaoa

the potential has been studied in detail in [1, 38-41]. It has been

spinel structure on

shown that the 00304 spipel 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 appearg 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

electrode surface, C02+ ions going into the solution.

In section 5.3.1, it wag reported that the voltammetric¢ behaviour of a

freshly prepared NicCo electrode was found to differ remarkably

(¢}
from that of an aged zn:. The ageing process introduces an irrever-
gsible transformation in the potentiodynamic respons.

It will be shown in this section that the voltammetric behaviour of a
fresh Ni00204 electrode is not only influenced by the lower and

upper switching potentials of the scan range, but that the voltamme-
tric respons is algo 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 Vv, in alkaline solution was varied betwsen 5 minu~

tes and 65 hours and did not influence the voltammetric respons. Also,

keeping the NiCozoa electrode in air for 6 to 12 months before the

measurements were gstacted, did not affect the results.

imAcni)
5

284

H{maen}
100

s0

- 35

E vs RHEIV)
“w

4004

Filgure $.32: Cyclic voltammetric behaviour of a freshly prepared

Nicozoé‘electtode, previously cathodically polarized

in the E~range 0.9 to 0.7 V.

Experimental conditioné: oxygen-free 5 M KOH, 25°C; v =
25 mV s—l; T, = 400°C and t_ = 1 h; catalyst

loading = 22.60 mg cm"zﬁ Epol = 1.1 V - 15 min {curve
I3 0.9 V 15 min (XII) - 1 h {III}); 0.8V - 15 min (IV) -
1h (V) -2 h(VI) -3 h (VII); 0.7 V - 15 min (VIII) -

4 h (1IX).
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Filgure 5.32 presents the potentiodynamic respons of a freshly prepared

Ni(:020A electrode, which was previously subjected to a potentlal

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 1.45 V at a sweep rate
of 25 mV s-l. Curve I presents the cyclic voltammogram of the fresh
NiC020A electrode. Previously holding the fresh NiC0206 elec-

trode at a potential of 0.9 V for different periods did not influence
the voltammetric regpons, as shown by curvé II, 15 minutes at 0.9 V,
and curve III, 60 minuteg. Therecafter the electrode was held at a
potential of 0.8 V for different periods. The voltammetrie behaviour
started to change as presented in curves IV and VI: a sharp new catho-
dic peak, at about 1.3 V, and an increage in the second anodic peak

E is obgserved; both continuously increasing with increasing time

a2
of arrest at 0.8 V. The increase in the second anodie peak Ea is

correlated with the new cathodic peak as is indicated by the iatio 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-
gtrated by curve VIII. With longer keeping at 0.7 V, the increase in
both peaks will finally dominate the voltammetric curve, cf. curve IX.
From the voltammetric charge of the ﬁew cathodic peak, the net mean
potentiostatic reduction current at 0.8 V was calculated, as a func-
tion of the polarizatlion time; this is shown in Figure $.33. It indi-
cates that the decomposition process in the E-range 0.9 to 0.7 V is
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 Ni002oa was measu-~

red in 1 M KOH, oxygen Free, at room temperature, as shown in figure
5.34. A fresh NiCOZO‘ electrode was cathodically polarized in the
potential region of 1.1 V to 0.6 V, with stepwise decrease of the
potential (-50 mV). The current starts to increase below 0.9 V, but
this increase fades with time.

Decreasing the lower limit potentlal accelerates the irreversible
breakdown of NiCozoa. Below 0.5 V the cathodic current lncreases

Fast. The Nic:»204 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 potentiostatic reduction current as
a Functlion of the polarization time at 0.3 V.
Experimental conditions: oxygen-free 1 M KOH, 25°C.

Figure 5.34: Potentlal-current density relatlion on NiCozoé catho—-
dically polarized in the E-range 1.1 to 0.6 V, with step-
wise decreasing cathodic potentlal of -50 mV. [o]:

after 1 minute; [e]: after 5 minutes.

It appears that the 'breakdown' of the NiCozoé spinel already

starts below 0.9 V. The decomposition of the NiCo spinel in the

o
E-range 0.9 to 0.7 V, as shouﬁ in Figure 5.32 reszmgles that of
C°304 in which the hydroxide Co(ml)2 appears on the electrode in
the same potential region [38,41]. On the basis of the observed
potentials at which the decomposition takes place and the standard
potential of the individual nickel and cobalt oxides, as given in
[33,34], it can be suggested that the NiCozoa structure iniki-
ally decomposes with the formation of Ni(on)Z and that the change in
the voltammetric respong is due to the appearance of the
Ni(oa>21niooa couple. Prolonged cathodic polarization in the E-range
below 0.9 V leads to a breakdown of the spinel structure. Thus, a
lower limit potentlal of 0.9 V was chosen in order to prevent gpinel

decompasition.
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Influence of the upper limit potential

The NiCazoé electrode was subjected to stepwise increased anodic

potentlials ln order to investigate the dependence of the cyclic vol-
tammetric behaviour on the magnitude of the upper potential limit.
Figure 5.35 presents the voltammetbric curves of a Fresh NiCo 0

) 274
electrode, which was each time first polarized at different potentlials

in the oxygen evolution range For 15 minutes. The voltammograms were
raecorded in the potential region 0.9 to 1.475 V, at a sweep rate of

25 mv 9"1‘ Curve I presents the voltammogram of the fresh Ni00204

#lectrode. It was found that previocusly holding NIC%O4 at anodic

potentials below 1.4 V did not influence the voltammetric respons of

curve I. Further polarizing the NiCo electrode at potentlals

0
274
higher than 1.4 V, resulted in a change in the potentiodynamic ces-
pons, as given in curves II to VI. The Figure chows thakt the First

anodic pesk Ea decreases, while the second Ea increases. The

2
results in an extra cathodic

1
reduction of the increased peak Ea

2
peak. It thus appears that the change in the voltammetric behaviour
starts in the orygen evolution range. Therefore, the influence of the
polarization potentlal and time in the oxygen evolutlon range was

investligated.

Figure 5.36 shows the progressive change of the voltammetelc respons
of a Freshly prepared niCozoa electrode which was previously held

at 1.5 ¥, i.e. just after the oxide formation is completed, before the
eyelic voltammogram was recorded. This process was repeated and resul-
ted in the same changes as observed in figure $.35. Increasing the
polarization time at 1.5 V has no effect on the magnitude of the vol-
tammetric change, as gshown by comparing the different cucves. It was
also noticed that the anodic current at 1.5 V initlally decreases
rapidly with 50%, in going from curve I to IV, after which it remains
nearly constant. Finally, it appears that anodically and cathodically
a single peak voltammogram is obtained. The First anodic oxida@ion
peak Eal has virtually disappeared, while the peak Eaz ig practi-

204
electrode which was previcusly subjected to galvanostatlic ageing at

cally doubled. The cyelic voltammetric respons of a fresh NiCo

appreciable oxygen evolutlon is given in Ffigure 5.37. The voltammo-

grams were recorded in the E-cange 0.925 to 1.475 V at a scan rate v
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Figure 5.35: The cyclic voltammetric behaviour of a freshly prepared

N1CO20Q electrode, previously anodically polarized in
the E-range 1.40 to 1.55 V.

Experimental conditions: 5 M KOH, 25°C; v = 25 mV s_l;
T, = 400°C and t_ = 1 h; catalyst loading = 20.10 ng oo e,
Polarizatlon time is 15 min at Epol = 1.10 V (curve I);
1.40 V (II); 1.45 V (III); 1.475 V (IV); 1.50 V (V);

1.55 v (VI).

of 25 mv s—1 in 5 M KOH, 25°C. Curve I presents the cyclic voltammo-

gram of the Fresh NiCo,0,. The voltammetric respons is changed

into curve 1II, after oiy:en evolution at 250 mA cm"2 for 1 h. Curve
III pregsents Lthe potentiodynamic respons after oxygen evolution over-
night at 500 mA cm—2 (14 h). It appears that increasing the polari-
zation potential in the oxygen evolution range only initlally accele-
rates the ageing process, l.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 5.36, i.e. after preanodiza-
tion at 1.5 V Eor 1 h, and of curve II in figure 5.37, 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 in the oxygen evolution range, the NiC020Q
electrode exhibits a more or legs constant voltammogram. No correla-
tion was found between the time or potentlial of the polarizatlion and
the change in the voltammetric behaviour.

Also galvanostatic rotating ring-disc experiments were performed, as
earlier described in sectlion $5.3.8. An anodic chargling cucrent ID of
0.250 mA was applied to the freshly deposited Nic°20¢ layer, until
steady-state oxygen evolution ig reached for 10 minutes. Curve Il
and 111 in Figure 5.38 repregent, respectively, the change in dise

potential and ring current versus time. Thereafter, the NiCo 0

274
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Figure 5.36: The cyclic voltammetric behaviour of a NicozoA elac-
trode which is repeatedly subjected to anodie polariza-
tion at 1.5 V. A
Experimental conditions: S M KOH, 25°C; v = 25 mV s 3 .
T? = 400°C and tF = 1 h3 ecatalyst loading = 26.50 mg cm .
" Ccurve 1 = voltammogram of fresh NiCozoa. Time akt
= 1.5 ¥: § min (curve II); 10 min (IXI); each time

E
ol
lg minutes (IV to X); each time 20 minutes (XI to XVIi);

15 h (XVIL).
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electrode was brought back to the rest potentlal and the charging
experiment was started again. Curve 12 and 112 present the respec-
tively repeated curves. It shows that repeating the galvanostatic
anodic charging process leads to an lincrease in overpotential. The
difference in overpotential as oxygen evolution ig reached, is about
30 mV, as seen in flgure 5.38 by comparing curve I1 and 12. Next,

the disc e¢lectrode was subjected to prolonged anodic oxygen evolution
at a current density of 10 ma cm"2 for 16 h. Then the galvanostatic
charging experiment was repeated and resulted in curves 13 and

11.. No further increase in overpotential was observed.

3
The results clearly show that the upper limit potential inFluences the

voltammetric behaviour of xic°204.

$(mAca)
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Flgure $5.37: Cyelic voltammogram of a fresh NiC020 electrode

4
subjected to oxygen evolution.

Experimental conditlons: S M KoOH, 25°C; v = 25 mv 8—1'

’

T = 400°C and tp = 1 h; catalyst loading = 20.40 mg em2.
Curve I = Fresh NiCozoﬁ; after 1 h 250 mA cm 2 (11)3

after 2 h 250 mA em  (III); after 15 h 500 mA cm 2 (IV).
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Figure 5.38: Plot of the galvanostatlc charging curves on a demount-

able RRDE.
Experimental conditions: Ozwfcee 1 M KOH, 20°C; & = 33.3
¢ 1. Disc: NiCo 0, covered nickel dige; I =

24 D
0.250 mA » ED v¢. time (curve I). Ring: platinized
platinum; ER = 0,2V ID vs. time (curve I1);

curve I1 and IIl: respons of fresh NiC02 2

and 112: repeated charging process; 13 and 113:

previously subjecting to oxygen evolution at 10 mA em
for 16 h.

04; I

4

In chapter 3, we have reported the phenomenon of ageing in the oxygen

evolution range. An initlal decrease in ancdic performance of Freshly

2°d was obgserved and it was mentioned that the rate

and extent of agelng varied with different parameters, like the elec-

prepared NiCo

trode preparation and the applied current density. It was found that
the anodlc behaviour remains nearly constant after 1 hour preanodiza-
tion. However, it must be noted that the electrocatalytic activity for
oxygen evolukion was determined at electrodes which were firstly sub-
jected to anodic polarization at the highest current dengitlies to be
studied, 1.e. 1000 to 1500 mA cm 2.
A correlation of the anodic performance with the progressive change in
voltammetric behaviour is 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 increase in overpoten—
tial 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 voltammetrle charge before oxygen evolution starts, is
nearly doubled. It also shows that no oxygen evolutlon is detected
before the oxide formaktlon is nearlyvfinished and that the start of it
s ¢hifted From 1.40 to 1.44 V, as seen from curves II1 and II3.

The results also show that in case of the agelng process no further

oxidatlon steps take place above 1.55-1.60 V.

Influence of cycling

The cyclic voltammetrlic behaviour of NiCozo4 is also influenced by

continuous potentiodynamlc scanning.

A freshly prepared N1C020A electrode was contlinuously cycled in
the potential range of 0.7 to 1.5 V for about 1500 cycles at a sweep
1

rate of 25 mV s ~ in S M KOH, 25°C, as shown in flgure 5.39. Both

the switching potentlals exceed the limit potentials, which were ear-—
lier determined. A fast change of the cyclic voltammogram of the

NiCozoA electrode is obtalined. At first, the second anodic peak
Eaz’ at 1.40 V, increases and a shoulder on the cathodic peak Ecl'

al’
is c¢learly

at 1.175 V, is observed. No decrease in the Flrst anodic peak E
ak 1.225 V, takes place. After 50 scang a shoulder at Ea2
observed. With further increasing cycle number a new anodic peak, at

1.35 V, increases Fast and dominates Ea . At the same time, a new

cathodiec peak grows and shifts to more zathodic potentials. Finally,
after 1500 scans, the voltammogram results in one broad anodlec peak,
at 1.39 Vv and a cathodlic peak, at 1.04 V. The total voltammetric char-
ge increased with a factor 3.0, and the ratio of the anodle versus
cathodic charge approaches unity.

The electrode was then subjected to oxygen evolutlion at a current
density of 500 mA (:m_2 for 24 h. Thereafter the voltammogram exhibi-

ted the same features and the charge increase was less than S%.
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Figure 5.39: Cyclic voltammetric behaviour of a Fresh Nlcozo4
electrode continuously cycled in the E-range 0.7 to 1.5 V.

-1
Experimental conditlons: 5 M KOH, 25°C; v = 25 mV s

-2
TF = 400°C and tF = 1 h} catalyst loading = 22.50 mg ecm .
a/ cycles 1 to 150; b/ cycles 150 to 1500.

The voltammogram of the c¢ycled NlCc:?O4 electrode recorded at a

sweep rate of 2.5 mV s_l. ig given In Figure 5.40. Lowering the scan
rate results in a deconvolution of the broad peaks an anodic¢ peak at

1.275 Vv, with a shoulder at 1.355 V corresponding to Ea *. The En

peak cannot be distinguished anymore. Cathodically, thezneu nnadl:
peak ls reduced at 1.115 V. The shoulders at higher potentlals corres-
pond to the reductlon of Eaz.
This experiment was repeated with switching potentlals whlch did not
exceed the (lower) limit potential, i.e. in the potentlial range 0.9 to
1.45 V, as shown in flgure 5.471. In contrast with Figure 5.40, the

*  Foot-nokte: The observed peak potentlals for the fresh NiCc:20A
elecktrode at a scan rate of 2.5 mV s”l ware Be

E at 1.35 V and E at 1.19 V.
a2 cl

1 at 1.20 v;
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cyclic voltammetric behaviour of the fresh RICOZO4 electrode is

much more stable. The voltammetric charge increase was less than 5% in
the Flrst 100 scans. The changing profile in the ficst 500 cycles
regsembles that of potentlostatic or galvanostatic ageing in the oxygen
evolution range. Ancdically, only an increase in the second anodic

peak Ea is observed, which is reduced in the shoulder at about

2
1.25 V. Also, a slight decrease in the first anodic peak Ra is

noticed. Between scan number 500-1725 as presented in figuri 5.41b, a
gimilar behaviour is obsecved, as seen before in Figure 5.39. The now
anodic peak ig distinctly observed as & shoulder of Ea2 and its
inerease is high compared to that of Eaz‘ However, the change in the
voltammetric charge over 1800 cycles is only a factor 0.5 and the

1 at 1.22 v, the new anodic peak at 1.325 V and

at 1.39 V. Cathodically, a broad peak is observed at 1.17 V with

obgerved peaks are Ea
Eaz
a shoulder at 1.35 V. Theceafter, the electrode was subjected to oxy-
gen evolution potentisls, and agein one broad peek wags obtained, (the
dashed curve in figure 5.41a).

itm Acm2)
.53

a0

=10

«20 4

50
Figure 5.40: Voltammogram of the cycled uicozo§ electrode gt a

sweep rate v of 2.5 mv s L.

Experimental conditions: see figure 5.40.
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Flgure 5.41: Cyeclic voltammetric behaviour of a fresh NiCozoa
electrode continucusly cycled in the E-range 0.9 to
1.45 v,
Experimental conditions: 5 M KOM, 25°C; v = 25 mV s-l;
2

il

26.85 mg cm
a/ cycles 1 to 1800 (dashed curve = after oxygen evolu-
tion); b/ cycles 500 to 1725,

TP = 400°C and tF = 1 h; catalyst loading

Table 5.8: Comparigson of the ancdic performance for oxygen evolution of

the prolonged cycled electrodes and a fresh NiCo
trode in 5 M KOH, 25°C (iR-corrected).

2Oa elec-

Electkrode treatmentl

2 2

E(V) at 200 mA cm E(V) at 500 mA em

Cycled From 0.9 to 1.45 V 1.60 1.63
Cycled from 0.7 to 1.5 ¥ 1.63 1.66
Fresh’ 1.60 1.635
1: TF = 400%¢ and tF =1 h 2: only preanodized at 1.5 A cufz for 1 h.
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Table 5.8 gives the anodic performance for oxygen evolution at two
current densitieg, i.e. 200 and SO0 mA cm‘2, for the prolonged
scanned e¢lectrodes and for a fresh ni(k)zo4 electrode which was

only preanodized at 1.5 A em—z for 1 h, as reported in chapter 3.

The voltammetric behaviour was differently influenced by potentiodyna-
mic cycling or treatment at constant potentlal or current dengity.

With c¢ycling, a new anodic peak is observed and Ea remaing nearly

) 1
constant. With subsequent cycling Eal will be hidden gradually by
the higher anodic peake, while with potentiostatic or galvanostatic

treatment, no similar new anodic peak is observed and Ea in general

decreases., It is evident that the switehing potentials, }.e. the lower
and upper limit potential, influence thig kind of ageing. Comparison
of flgures 5.3% and 5.41 indicates that it is 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 potentliodynamle cyecling on the
anodle¢ pecformance. An increage 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 is not due to a change in gurface

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 spinel decompositlon. On the other hand, the
anadic performance of the NiCozoh éleetrode scanned in the E-range

0.9 ko 1.45 V ig still comparable with that of a N1C0206 electrode

which wag only preanodized. Apéarently, the ageing here is just only
gtarted, compared to that in Figure 5.39,

5.4.3. Discussion

_ Correlation of the change in voltammetric behavicur and activity

Tt was attempted to correlate the ‘change in voltammetrelie resﬁnnse with
the electrocatalytic activity for oxygen evolution. A most steriking
obgervation was that the cyclic voltammetric behaviour of a freshly
prepared RiCozoA electrode differs remarkably from that of an aged
one. The voltammogram of a Freshly prepared NiCo, 0, elactrode

274
exhibits two anodle oxidation peaks, while that of an aged one only
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shows one gingle peak. The influence of both the limit potentials and
of the cyeling 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 srea.

In case of the lower limit potential, it is evideat that finally, the
decomposition leade to loss of activity. The decrease in the elactro-
catalytic activity is correlated with the rate of decomposition of the

spinel NiCo 04 which depends on the lower limit potential. In case

of the>uppe§ limit potential, the anodic performance remaing nearly
constant, after an initial decrease in actlvity, as earlier reported
in chapter 3.

Continuously cycling leads alse to a decrease in anodic performance.
Although in all cases, the voltammeteic charge increases significant-
ly, which indicates an increase in surface area, no increase in anodic
performance was observed.

1f the voltammetric charge ig¢ a measure for the number of active sites
for oxygen evolution, as concluded for fresh NlCozo&. we should

expect an increase in anodic performance with ageing. However, the
anodic performance remains nearly constant after ageing in the oxygen
evolution range. This implies that the number of active sites on the
surface where oxygen evolution takes place is congtant. Therefore, it
must be goncluded that the voltammetric charge of the aged e¢lectrodes
is no looger a measure for the number of active sites for oxygen evo-
lution. The increase in the voltammetric charge indicates that an
increasing part of the NiCOzod layer becomes idvolved in the oxi-
dation-reduction process. However, the oxygen evolution takes only

place on the top surface of the NiCo oa electrode, ag earller

2
reported in chapter 3, where the number of actlve gsites is apparently

constant.

Interpretation of the ageing phenomenon

The agelng phenomenon in this section was mainly a phenomenological
description of the change in voltammetric behaviour of the freshly

prepared NiCo electrode. The ageing in the oxygen evolutlon

(4]
274
potential range is of special lwmportance 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 6bser~
vation that the anodic performance remaing nearly constant, which in
turn indlcates that the number of active sites is constant, could be
interpreted in terms of partlal decompositlion of the NiCozo4 sup~

face layer. It seems that a part of the surface glteg ig unstable,
probably as a result of the defective nature of NiCazoa. A chemi-

cal decomposition step is not seen in the cyclic voltammogram.
However, NiCaZDA was always under potential control in the alka-

line solution. No change in voltammetric behaviour was observed at the
rest potential. Thus, polarizatlon is essentlal to ztart the ageing
phenomenon. These unstable sites will also be oxidized and reduced and
lead to the change in the voltammetrie behavicur. The inltial decrease
in anodic performance must be attributed to the logs of a part of the
active spinel sites, whereafter the number of active sites on the
surface is constant. It appeared that the ageing précess initially
goes rather fast, so the defect gites at the surface are preferential-
ly involved. It was also reported [38,39] that preliminary anodic
oxidation markedly increases the stability of 0030&‘ A gimilar

effect can also explaln the decrease In the rate of ageing with time
for niCozoh.

It must be suggested that at least part of the unstable sites dissol-

ves, resulting in a roughening of the NiCo layer. So, the

o
increasing voltammetric respons can be expiazned by a penetration
efFfect in the Ni(30204 layer ag a result of the *partial decomposi-
tion' and 'dissolving' process. Consequently, the total area increases
i.e. the number of active and lnactive sites. However, this ig not
expressed in an increase in anodlic performance, bacause the oxygen
evolution is limited to the sucface. A dissolving or leaching process
is esgential for the roughening or penetration process, but it is also
limited in depth. This Follows from the observatlion that the increase
in the voltammetric charge wi;h sgeing in the oxygen evolution range
wag maximum a factor 3 to &..

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 anodie¢ performance and an increase in the iR-drop
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gshould be obsgerved.

It was also Found that the rate of ageing increases with lowering the

temperakture T

v of the heat treatment, while the magnitude of ageing

was nearly equal.
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6. NON-ELECTROCHEMICAL CHARACTERIZATION
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 anslysis of N100204
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 NiCo2 4
in particular with reference to the heat trestment.

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 progremmed reduction and X-ray- and Auger photoelectron spectros-
copy were employed to study the surface and bulk composition of

NiCozoq.
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 0 {Merck) and of Ni(NOS)z.GHEO (Merck) and

Co(N03)2.6H O mixed in a stoichiometric ratio of 1:2. The TGA

2

2
curves are plotted as a fraction of the initial weight (GO—G)/Go

versus the temperature (Go 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
C°3°a' and in the latter NiCozoa. 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
initial weight vs. temperature,
[« ——==1] CO(N03)2.6H20
[———1 Nl(N03)2.6“20:00(N03)2;6520 = 1:2

1 = part of the solid curve on an expanded real weight

scale.

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 tskes place over a
short temperature interval of about 50°C and results in the spinel
oxide Coaoa. The weight at‘280°c does not correspond exactly to

that of C°304' The presence of hydration water in excess over the
nominal composition can disturb the calculations based on the TGA
curve. CO(N03)2.6 H2

[1]. The temperature at which the spinel oxide is formed, changes

O is known to be extremely deliquescent

with the heatingkrate. 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 Co304 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 Co,0, decomposes to CoQ, as indicated by the weight

374
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 hesting, 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, z steady weight loss
starting at 275°C up to 800°C is observed, followed by s more pronoun-
ced weight loss above B800°C (as shown by the curve on an expanded
weight scale in figure 6.1). '

1t can be suggested that NiCo is already formed after the

(¢]
274
nitrate decomposition is finished (at sbout 275°C). Further increasing
in the temperature up to about 400°C causes a weight loss, which can
2°&+x' The

weight loss above 400°C can then be interpreted as the thermal decom-

position of the spinel oxide ni00204. The sharp decrease above

800°C has been attributed to the loss of all spinel phases [7].

be correlated with the loss of excess oxygen of NiCo

From the weight loss in the range 300 to 400°C the excess oxygen, i.e.

the value of x in NiCozo , can be cslculsted from the thermogram

A+x
using the equation (6.1),
GT—GS 240.56
X = (6.1)
Gs 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 NiCozoa,
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 spihel structure.
This number has no physical meaning sbove 400°C, i.e., in the two-phase

region.
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Table 6.1.: Oxygen content in Ni00204+x obtained from the

thermal anslysis of the mixed nickel cobalt nitrate.

T {°C) 300 350. 400
x +0.40  +0.03 -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 TCA
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 cslculation. The thermogravimetric analysis
of the cobalt nitrate, and the mixed cobalt nitrate is in sgreement
with those obtained by otherAauthocs [1~10].

The TGA experiments were carried out in the laboratory of Prof.
R. Prins at the Department of Inorganic Chemistry, Eindhoven Univer-

sity of Technology.

6.3 BET surface area determination

Surface areas were measured using the Brunauer-Emmet-Teller method

{BET). Also the pore size distribution was determined. The NiCozo4

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 BET surface area of the

‘NiCozoa powders. The specific surface areas decrease with increase
of TF' and with t¥. At each temperature T? the surface area of
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Fig. 6.2. BET-surface area of NiCozoa powders as a function of

the temperature TF.
[o]: te =1 h; [+]: te =3 h; [*]: tF = 10 h; [-}: tF = 24 h.

NiCozo4 will reach a constant value as the duration time tF is

increaée#. So, at each temperature IF, a duration time tF exists
beyond which no significant changes in surface area will be observed;
B The diffe-
rence in surface area in this limit, i.e. t_ = 24 h, between the

F
heat treatment of 300 and 400°C is 25%. This differs from the results

this value is, of course, reached faster at higher T

reported in chapter 5, where the c¢yclic voltammetric charge was propo-

sed to be a measure for the sucface area of the NiCozoa electrode.

The voltammetric charge strongly depends on T _, but only slightly on

h?. Virtually no further change in surface area after a heat treat-

ment of one hour was observed. It was found that the difference in
surface area between the hgat treatment at 300 and 400°C was about
100%.

The BET-surface area of the NiCozo4 powder materials and the appa-

rent electrochemical surface area of the Ni°°z°4 electrodes are

compared in table 6.2. They show the same dependence with respect to
the temperature TF: 8 decrease of the surface area with increasing

TF.
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Table 6.2.: BET-surface area of NiCt)zo4 powders and apparent
electrochemical surface area of Ni60204 electrodes
as function of TF and tF.

Heat trestment BET-surface area Apparent electrochemical
TF tF NxCozog-pS:ders surface area og Niiozoé
(°C) (n) (m“ g ™) electrodes (m" g )
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 S 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
NiCozoa oxide due to the slightly different preparation condi-

tions. Unfortunately, it was not possible to subject the NiCOZOa

electrodes as such to a BET examination.

A pore size distribution was carried out on NiCczo4 powder sam-

ples, prepared at a/ temperature IF of 300°C and for a duration time
of 1 hour, b/ at 400°C for 1 h and ¢/ at 400°C for 24 h. In describing
pore size, the notation of Dubinin [11] is commonly adopted:

micropores are pores with s diameter of less than 20 A, mesopores have

diameters in the range of 20 to 300 R and macropores are those larger
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Fig. 6.3. SEM micrographs of the surfaces of NiCozoa electrodes
prepared at different T
8. 300°C -1 h :
b. 400°C - 1 h :

Magnificetion factor = 204.

F

than 300 &. The samples showed no distinct mean pore diameter; they
are spread in the mesdpore range. It appeared that there were no
micropores. In sample a/ most pore diametecs are situated in the range
20 to 50 R, in sample b/ 50 to 150 i, and in sample ¢/ from 70 to

200 A.

The observation of the samples with scanning electron microscopy (SEM)
gives additional evidence that the surface morphology is determined by

the preparstion temperature T_. SEM micrographs of NiCo, 0, elec-

274
electrode prepared at

P
trodes are 5ivenrin figure 6.3. The NiCozoa
400°C exhibits a smooth, circular scaly surface, while the electcode
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 Ni(:oz()‘{l catalyst was carried

out using a Philips model PW 1009 rdntgen diffraction spectrometer. A
FeKa radiation with 2 Mn filter was used. All diffraction patteras
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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
mm., X-ray diffraction patterns of the NiCozoa 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 Physicai Chemistry, Eind-
hoven University of Technology.

Table 6.3 shows the phase composition as derived from the Debye-

Scherrer powder photographs of freshly prepaced NiCozoa 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
Ni8020a 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 NiCozoa [12]. At higher
temperatucres lines, corresponding to another cubic phase were

observed, presumably NiO. NiCo electrodes at which oxygen had

(v}
274
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

1’ i.e. 20 = 46.6°) of the NiCozo4 coatings

as a function of TF and tF’ together with the ASTM data of Ni°°2°a
anQ NiQ. The X-ray diffraction patterns in the TF—tange below 400°C
are characteristic for the NiCozo4 spinel. The deviation in the
measured relative intensity, which seems to increase with decreasing

strongest line 1

temperature TF’ can be attributed to preferred orientations.

The appearance of NiO at T greater than 400°C is conficmed by the

F
detection of the additional reflections at 2 © 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 relative intensity I/Il. refer-

red to the strongest line I, of the additional lines, i.e. 2 6 = 55.2°.

1
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Table 6.3.: Phase composition of the powders

Heat treatment Phases
‘rF (°c) tF (°c)
250 1 (a) NiCozoé spinel
250 10 (a) "
300 1 {a) "
300 10 (a) *
300 24 (a,b) , v
350 1 (a}) "
400 1 {a,b) "
400 10 (a) "
400 26 (a,b) "
450 1 (a) Nicozoa + trace cubic phase
450 10 (a) NiC6204 + " " ”
500 1 (a,b) NiCozoa + appreciable cubic phase

a.: catalyst scraped from electrode

b.: evaporation method (see chapter 3)

The X-ray data analysis is in-agreement with the TGA disgram (section
6.2}, and revesls furthermore that the decomposition of the Ni00204
spinel sets in at temperatures above 400°C, with the appearance of
NiO. With RSntgen diffraction no influence of the oxygen evolution
reaction on the Ni60204 electrodes was detected.

The parameter of the lattice when it corresponds to the closest
packing principle is equal to 8 3.[13]. The cell parameter of

spinels is usually greater {han that predicted by the packing density

principle. The reported unit cell dimension of Ni00204 can be

situated in the range of 8.10 to 8.12 & [7,8,14,15]. The lattice

parameter or unit cell dimension 8 was simply determined from the



Table 6.4.: The values of the intecplanar d-spscing f.?u, the Miller indices and the relstive intensities of the IﬁCozol‘ electrodes as functiva ot Tv wng tr.
hkl 111 220 311 1i1 222 200 400 422 511,333 226 440D
I?(‘C)-t'(h) 4 IIII 4 Iltl ¢ ll]’,l 4 III1 4 I/!1 d U;& d I/l1 d 1111 " III) d III}_ d 1.«'1l
250 10 4.68 24 |z2.88 37 |25 100 .36  2a 2.03 85 1.66 1& | 1.56 3% 1.43 28
300 1 4.30 19 2.87 32 | 2.4% 100 2.34 22 2.03 68 1.65 1% L.56 35 1.43 50
300 ia 4.66 1S Z.87 33 ] 2.45 100 2,35 i3 Z2.03 34 1.66 16 | 1.36 32 1.43 a8
350 I 8.66 19 2.86 30 } 2.45 1%u 2.38 2r 2.03 60 1.65 13 i.56 a0 1.43 54
400 1 4.868 1s 2.8 28 | 2.43 100 2.35 14 2,03 &} 1.66 14 §1.5%6 33 1.43 LL]
400 10 4.69 13 2.87 3z § 2.4% 100 2.3% 20 2.03 48 1.6 15 1.56 3% 1.43 44
500 1 4,68 ia 2.87 31 ] 2,45 100 | 2,41 10 2.35 14 2.0% e 2.03 5% .66 10 1.56 3a i.48 & 1.43 47
600 1 4.66 12 2.86 36 | Z.4a2 100 | 2.a1 33 2.38 12 2.09 40 2.03 43 1.5 11 1.5 22 L4824 1.43 40
(83 (1003 (60
!licozo‘ ASTYM Z20-781 4.9 14 2.87 2% | 2.45 1000 2.34 16 EETYX 4] 1.46 8 1.5 30 1.43 4%
NiO ASTH 4-083% 2.4% 91 2.0% 100 1.48 57

£vl
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observed d-spscings for the planes {(311) and {440) by making use of
the cubic.formula for the interplanar spacing d,

s =d Vi o? (6.2)
where h, k and 1 vepresent the Miller indices.
The unit cell dimension determined from the Debye-Scherrer powder
samplés showg the téndency 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  was
noticed. No appreciable variation in the lattice constant as function
of LF was observed. v k
The lattice parameter of the coatings showed somewhat higher values,
i.e. 8.10 to 8.12 i, and more discrepancies in the temperature range
below 400°C. The decrease in ao above 400°C was more clearly obser-
ved.
The observation of the decrease in ao—values above aod°c in both
cases, i.e. powder or coatings, might be related to the spinel decom-

position. The difference in ao—values in the T _-range of the

F
spinel only phase is suggested to be a result of a difference in mea-

suring technique.
6.5 Temperature programmed reduction
6.5.1 Introduction

Temperature programmed reduction (TPR)} is applied to investigate the

reduction behaviour of the oxide chtalyst NiCo In TPR hydrogen

Q,.
is continuously led over the catalyst, while tieétempetature is raised
linearly with time. By measuring the consumption of hydrogen, due to
the reduction of species in the catslyst, 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 HZIH 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} ian 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.



145

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-

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 smell changes in the concentration of H2 in Ar
because of the differences in thermal conductivity between the active
phase, Hz, and the inert phase Ar. The heating rate during all TPR

experiments is 5°C min~t.

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. NiCozoa and 0030ﬁ spinel oxides were prepared by thermal
decomposition. The supports used were Ti02 (Anatase, Tioxide CLDD
1367, 19 m’/g), and Grace $10, (SP 2-324-382, 290 n?/g). The
NiCo,0, catalyst was deposited on the supports by means of a stan-

274
dard, pore volume impregnation method: a known amount of an aqueous

solution of Ni(N03)2.6H20 and Co(Noa)z.GH 0, mixed in stoichiometric

2
amounts of 1:2, was added to the support. The samples were dried at

moderate temperature, and finally cured at T, °C for 24 hours to

F
form the spinel oxide.

6.5.3 Results and disgcussion

4 (curve a) and COsoa

{(curve b and ¢) are shown in figure 6.5. Curve ¢ is the TPR profile of

The TPR profiles of the unsupported Ni0020

conmercial 0030A (Merck). The H2

curves, The reduction profiles of NiCozoa and 00304 are simi-

lar. The reduction peaks are asymmetric and broad, indicating that

/M values are given in the

various reducible species are present. It appears that the TPR of

NiCozoa (curve a) takes place at lower temperatures than the

reduction of COgoa {curve b), for both catalysts prepared under

identical conditions.
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*Ar < 5% Hz/‘l’

| lrco

reactor

d‘-”' %

Fig. 6.4. Schemstic drawing of the TPR apparatus:

1: pneumatic gas dosage system for preparing 5% HZ in Ar,
2: thermal conductivity cell,

3: reactor section = quartz tube placed in a silver block
oven.

H,/M=135

Hy /1133

100 200 300 400 500
TC)

Fig. 6.5. TPR profiles of unsupported xiCOZO and Co,0, cata-

4 374
lysts.
a/ NiCozoa : 400°C -1 h
b/ Co30a : 400°C - 1 h
c/ C°3°4 {(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 NiCozo4 forms a

‘metastable’ spinel structure, which already breaks down above 400°C,

while (:030A is stable up to 900°C, as shown in the TGA-curves in

section 6.2,
TIwo peak maxima are observed for both spinel oxides and suggest a two

stage process. Also the same stoichiometry is observed. The Hzfur'

value indiecates that the average oxidation state of the metal catlion
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 00304 pre-
pared by coprecipitation and Martens et al. [19] on 00304

supported on Tioz. Our results are in agreement with the literature
data.

Table 6.5.: TPR characteristic features of Co O4 and NiCozo

3 4

Sample Peak maxima Peak area HZIH Ref
{°C) ratio
Co,0, 347 402 1:3 1.33 this work
(T, = 400°C - £ = 1 h)
¥ 1F . .
c°3°b (Merck) 336 371 1 :3 1.33 this work
Go,0, (coprecip.) 1 320 390 1:3 1.33 [17]
00304/Ti02 2 315 413 1:3 1.33 [18]
NiCozo4 1 288 348 1:3 1.35 this work
(TF = 400°C - tF = 1 h)

1 : unsupported; 2 : supported

The first step in the TPR of 60304, i.e. Coz+[Cos+]204, iz
the reduction of‘Coao4 to Co0 and the second step is the reduction

of Co0 to metallic Co, as follows.
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Co30a + “2 2 3Co0 + HZO Hzln = 0.33
3Co0 + 3H, » 3Co + 3H, O H,/M = 1,00
2 2 2
00304 + 4H2 + 3Co + auzo azxu = 1.33

From the observed peak ratio and the H_/M ratio a similar course of

2
the TPR of Ni60204 can be proposed.
NICOZOa + Rz - NiO + 2Co0 + H20 Hzlﬂ = 0.33
NiO + 2Co0 + 3“2 < Ni + 2Co + 3H20 8218 = 1.00
NxCozo4 + 432 > Ni + 2;0 + 6H20 H2/H = 1.33

The reduction of the unsupported COBOQ and NiCozoa tskes place

in two not clearly separated peaks. However, in the case of (:0304

suppocted on Tioz [19], two clearly separated peaks were obser-

ved with szn 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.%
Ni6020411i02 for different calcinstion temperatures TF’ i.e.

300 and 400°C.

Hy/M=104

50 & 100 200 3no 400 500 600

T )

Fig. 6.6. TPR profiles of NiCozo_,‘fTiO2 catalysts

a/ 7.15 wt.% NiCozoﬁ : 300°C

b/ 7.15 wt. % NiCozoﬁ : 400°C
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The two reduction peaks are now completely separated, and the start of
the reduction, i.é. 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
NiCozo4 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. Smeller particles have
& relative higher surface area, and thus relatively more surface

defects where the reduction can start. The reduction of NiCo20é

supported on Si0O, also takes place in two separated peaks, and st

2

lower temperatures than for NiCozoalTioz. This is in accordance

with the line of reasoning described above., The expected particle size
on $i0, (290 n® 5"1) will be smaller than on Ti0, (19 we 5—1}.

However, it was reported [18] that for Co supported on

[¥]
silica or alumina, the reduction takes pia:e 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 NiCozoa catalyst, and 3102 or rioz.

The compounds, i.e. nickel and cobalt titsanates or silicates, respon-
gible for the interaction are probably only formed at higher tempers-
tures (TF was maximuﬁ 400°C}).

However, the complete reduction of the supported NiCagoa takes

place at higher temperatures than the unsupported Ni0020A

It can be assumed that the second stage in the reduction of the unsup-

powders.,

ported saemple 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 Hzlu value of 1.33
indicates that the stoichiometric oxide NiCo, 0, is formed and thus

2+ §+4

can be presented by the general formula M "2 04.'1f instead of

NiCozoé, NiO and c°304 were formed on the support, the H2/H value

should have been 1.22, which is subshantidlly different from the
observed value. It is, however, not possible to determine the indivi-

dual oxidation states of Ni and Co in NiCozoa.



150

The ratios of the Hzln 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. NiCozol‘/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 00304 by Paryjczak et al.
[18], who found that in the first TPR peak practically no metallic

phase was formed (4% metal).

’

-25 o 100 200 300 400 500 600
T (°C)

Fig. 6.7. TPR profiles of NiCoZOb/TiO2 catalysts:

7.15 wt. % Ni00204 : 300°C
a/ TPR-curve in the T-range of -50 to 600°C
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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Heat treatment

BET-surface area

2
(m” g

-1

TF (°c) t, (h) )
a/ 250 10 39.9
b/ 300 1 32.0
¢/ 300 24 17.7
d/ 400 1 22.5
e/ 400 24 13.3
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The influence of the temperature T, end the duration time ty of
the final heat treatment of lmli(:oz(.')ll 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 H_ /M ratio approaches the value of 1.33. The

2

stoichiometric composition of M2+Mg+0é is reached for NiCozoa with
a mean cation valency of 2.67+. The increase of the H, /M ratio at

lower TF is due to the increase in non-stoichiometey :f NiCozoa,

as indicated by TGA in section 6.2. Although, the oxidation state of
NiCoZO“ 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 t?'

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 asgumed that the stability of the NiCozo4 phase increa-
ses with T?, resulting in a decrease in the reducibility.
So the reducibility of NiCo

t

04 decreases with increasing T_ and

2 F

B
6.6. X-ray and Auger photoelectron spectrdscopy.

6.6.1. Introduction.

X-ray photoelectron spectroscopy (XPS), also referred to as electron
spectroscopy for chemical analysis (ESCA), and Auger electron spec-
troscopy (AES) were used to characterize and determine the composition
of the surface of NiCozoa anodes as a function of the temperature

of the final heat treatment (TF).

One of the major problems in the crystal chemistry of the mixed oxide
spinels is the determination of the valence state and the distribution
of the cations among the octahedral and tetrahedral sublattices of the

gpinel 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 NlCozoé.

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 (hv =

1253.6 eV}, an electron gun snd a double pass cylindrical mirror ana-
lyzer. A PDP 11-04 computer interfaced with the spectrometer enabled
gignal 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 gpectrometer did not exceed
1.19”9 Torr. The XPS snalyzer was frequently and carefully calibra-
ted with a gold sample (Au 4f 7/2 at 83.8 eV). The C 1s binding energy
of contamination carbon was used as internal calibration. No shift of
the € 1s 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 NiCozoa 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 = ion gun: 4 =

electron gun; 5 = analyzer.
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6.6.3. Results and discussion.

The XPS survey scan for a freshly prepared “i°°2°a 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 1ls 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.

3/2
P

Therefore, the entire 2p region of nickel and cobalt, i.e. 2 and

2p1/2, was used when measuring peak areas. A generalized expression
for the determination of the atom fraction of any constituent in a

sample Cx’ can be written as

ng I,/Sy
Cx = = (6.3)
z nj z I;/8;
i i

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. Théiuse of atomic
sensitivity factors will normally furnish semiquantitative results
(within 10-20%).

The surface composition of NiCozob electrodes, determined by XPS
measurements as described above, is given in table 6.6 for electrodes

freshly prepared at the temperatures T_ = 300 and 400°C, and for an

F

electrode prepared at T_ = 300°C, which is aged by previously sub-

F
Jjecting to oxygen evolution.

For freshly prepared NiCo electrodes, it appears that with

2%
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 '1'F equal to 400°C
varied between the ratios 1.0 : 1.0 and 1.0 : 1.4, whereas for TF
equal to 300°C the ratio varied between 1.0 : 2.0 and 1.0 : 2.6,

The surface composition of a NiCoéoé electrode has changed after
oxygen evolution at 0.5 A <:m"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.

Fig. 6.10. XPS spectrum of a freshly prepared Ri00204 electrode.

TF = 300°C and tF = 1 h.

Table 6.6: XPS composition of NiCozoa electrodes.

Materials Elements (% in atom)

Ni Co 0 [
!‘31(2(32()46 (theor.) 14.3 28.6 57.1 -
NiCozoa 400°C-1 h 21.4 22.1 48.1 8.4
NiCozo4 300°C-1 h ] 12.3 32.1 47.0 8.6
NxCozoa 300°¢C~1 h . 8.8 28.0 52.2 11.0

(after 24 h 0.5 A em™ °)
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Summarizing, a considerable variation in the composition of the sur-

face of freshly prepsred NiCo 04 electrodes was observed. Also, it

2

wag found that with increasing T_, the surface composition deviates

’
more from the theoretically expe:ted one.

However, one must be aware that the experimental conditions of the XPS
analysis can influvence 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 NiCo 04 sample

can be induced by the X-vsay radiation and the low pariial 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 quantitstive analyses. Therefore, in case of this study,
the approach is useful in obtsining 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-
tuce T?, 8s earlier indicated by the voltammetric behaviour in chap-
ter 5.

Auger spectroscopy was used to investigate the depth profile of the
elements in the Ni0020é 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 NiCozoa, 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 conséious because the experimental conditions can

influence the AES analysis in a similar way, as earlier mentioned.
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Fig. 6.11. The Auger profile distribution of the elements in a fresh

NiCozoq layer, prepared at 300°C (T?) 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 NiCo electrodes, prepa-

o
274
red under similar conditions. Since, the sanples exhibit the carbon 1s
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 NiCo_0

2% oxide sample preparation.

Some detailed spectra of the metal photoelectron lines are given in

figure 6.12 and the binding energies (BE) for the Co 2p3/2.

Co 393,2, Co 3s, Ni 293/2, Ni 393/2

table 6.7. No influence of the temperature TF’ i.e. 300° vs. 400°C,

. Ni 3s and 0 13 are given in

on the spectral characteristics is obsecrved. The Ni 2p spectrum {(curve
a) of N100204 ghows 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 393/2 and 3p1/2 shows an asymmetrical line with

a weak satellite band. No satellite bands can be distinguished in the
Co 3s {(curve ¢) and Co 3p spectrum {curve d); the adjacent Ni 3s and

Ni 3p lines can wmask them, respectively.
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Fig. 6.12. Detailed scan of the XPS spectrum of NiCo

= o - .
TF = 400°C and tF 1 h

a/ Ni 2p spectrum; b/ Co 2p spectrum; ¢/ Ni 3s and Co 3s

zoa electrode.

spectra; d/ Ni 3p and Co 3p specira.

XPS provides the ability to obtain infncmation 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 alwaﬁs possible to find separate peaks if the
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Table 6.7: Electron binding enérgies for RiCoZOa {eV).
N 2p°/? Ax N3/ Ni3s  01s
855.2 17.35 67.5 111.8 529.3
530.7
Co 293’2 ‘ Ax Co 3p3’2 Co 3s C 1ls
779.85 15 60.75 102.6 284.6
*: A = difference in BE of the (291/2 - 2p3/2) lines,
gives the position of the 2p1/2 line.
Table 6.8: Core level energies of nickel. {(eV)
2+ 3
Ni*[23] Ni~'[23) NiCo,0,
Ni 2p°7? 854.9 857.1 855.2
N 2p° %sat.  862.1 863.0 861.3
32 and 3p3/2 levels and FWHM for nickel spinels (eV).

Table 6.9: Ni 2p

Compound 293/2 FWHM 393/2 FWHM  Ref.
of 3p
2+ 2+ 24 3+ 44
Nio.lm‘o.g["io.t;““o.f“o.taloa 855.0 2.0 67.1 2.5 {371
an"[u5;2‘*1&:.‘“”]0[l 855.1 2.0 66.9 2.0 [37]
NiCozo 855,2 3.6 67.5 4.0 this work

4
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shifts are too small, as seen for example for Co2+ and Coz+ states

in 0030¢ [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.
gites, covalency effects are supposed to have only a minor effect, and
the core levels n2+ and a3* (M = Ni or Co) must be distinguish-

able. A comparison of the Wi 293/2 of Ni00204 with those for

Ni2+ or N13+ in other oxides [23], es given in table 6.8,

provide an indication that in Ni60204 nickel is present ag diva-

lent ion. The Ni 293,2 snd 3p spectrum shows a broadening of the

lines as indicated by the full width 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

Mclntyre and Cook [24].

0

274
electrode and after oxygen evolution. The 0. 1s spectrum for NiCozoh
exhibits two peaks, one at 529.3 eV, and a shoulder at about 530.7 eV,

Figure 6.13 shows the O 1s spectrcum of a freshly prepared NiCo

Contradictory opinions have been reported as to the interpretation of
the various O 1ls 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
oxygen ions Ozn, but also chemisorbed species 0,, 0;. 0" oxygen in
other chemisorbed molecules such as H_O, CO, CO

2 2
as surface and bulk hydroxides could appear in the form of separate

ete..., as well

peaks.

The pesk cocrresponding to the smaller binding energy, i.e. 529.3 eV,
can be assigned to lattice oxygen ions 02-. It was reported [24]

that, in general, oxides of related metals which have identical ecrys-
tallogrephic structures have very similar O 1s binding energies. It
appears that the lattice oxygen O 1s binding energy of N1002Oé is
about 0.6 eV lower with respect to that of the inverse spinel

oxides NiFeZOa and CoFe,0, [24]) and about 0.2 eV lower with respect to



161

that of the normal spinel Co [29] An empirical relationship
between the ¢ 1s 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 0O 1s
binding energy of Co3 4 pointed to the mean valence state of the
cations 2.664+. However, it does not predict the expected mean valence
state 2.66+ when we apply it to other mixed inverse spinels, like
NtFezoa, CoFe20A and NICOZOQ. Thus, no simple relationship exists
between the binding energy of the O 1ls 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 s cur-
rent density of 0.5 A em 2 for 24 h in 5 M KOH on the O 1s 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 surface by the appearance of the K 293/2 photoelec—

tron line.

ESCA MUTIPLEX

0 H
- 5% ~ 536 -5% -530 -5 -§2% -5t
© BINOING ENERGY £V

Fig. 6.13. 0 1s spectrum of NiCo 04, prepared at TF = 300°C and

2

tF = 1 h. Solid curve: freshly prepared NiCozoé;
dashed curve: after oxygen evolution at 0.5 A cm;'2 for

24 h in 5 M 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 NiCozo4 a prominent satellite band was
observed, as shown in figure 6.12a, like in NiO, Nx(oa) and NiFezo4

{24]. The satellite shoulder on the 293’2 line, as seen for Nio,
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does not occur. The prominent satellite structure in the Ni 3s spec-
tpal region, as has been observed for NiQ and ni(oa)z. is not seen
for NiCozoa, like for NiFezoé [24]. Only weak satellite lines are seen
next to the 293,2 line in the Co 2p spectrum.

The appearance of shake-up satellite lines near the M 2p core lines
(M = Ni or Co) was shown to depeand on the para- or diamagnetism of the
compound [32-34]. Frost et al. [32,33] have shown that high-

spin Ccz+~compounds have inﬁense satellite bands associasted with the
39 and 2p lines, while satellite lines for the low-spin 003+-com~
pounds are wesk or missing.

The Co 2p spectrum of Ni00204 shows an intermediate case. The
intensity of the satellite structure points to a mixture of Cn2+ and
mainly Co3+. Because of the absence of a strong shake-up satellite

in the 2p spectrum, the cobalt is mainly present as diamagnetic
003*—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. 002+ [6¢3+]204, which also shows only weak
satellite lines in the Co 2p spectrum [29]. Thus, it is possible to

3+ and high-spin Coz+ on the

identify the presence of low-spin Co
basis of the satellite structure. The appearance of 002+ may be
caused by the reduction of 003+—ions under the experimental condi-

tions in the spectrometer.

6.6.4. Conclusions.

The XPS spectral characteristics of NiCozoé, i.e. the binding

energy and satellite structure, are described. It was noticed that the
Ni00204 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. Co Oé, CoFe

3 2

“199204' Furthermore, the influence of the temperature Tp on the

04, and

surface composition has been demonstrated.

The presence of divalent nickel has been proposed on the basis of the
binding energy of the Ni 293/2 photoelectron line, and of Co as
mainly diamagnetic 803+ in a low-gpin state and paramagnetic diva-
leat high-spin cobalt, based on the satellite structure.
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7. NICKEL COBALT ALLOYS.
7.1. Introduction.

NiCozo4 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

[1] investigated nickel-cobalt alloys as electrodes for oxygen
evolution in alkaline solutions. It is known that, priof 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 Ni1002 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 Haén 99.8%), and cobalt powder (Ventron 99.99%). Two diffe-

rent compositions were prepared, i.e. N11C°1’ and Ni alloys. The

1°°2
samples were pressed into pellets and molten in a flame src in argon
atmosphere. The résulting 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 HNO

HC1, CH

3')
30068 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 25°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 the working elec-
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trode, a platinum foil (10 cmz) 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 cmz). The electrolyte
solution, 5 M KOH, was prepared from analytical grade chemicals
(Merck p.a.) and doubly distilled water.

Cyclic voltammetry was performed with the set-up as described in sec-
tion 5.2.

vsteady—state gpalvanostatic 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 cmz), 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 Rp and R;TiBefote each
experiment, the electrodes were carefully polished with alumina, down

to finally 0.3 um.

7.3. Results and discussion.
7.3.1. Electrochemical characterization.

Figure 7.1 presents the initial cyclic voltammetric behaviour of a
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Nilcoz—alloy recorded in Nz—saturated 5 M KOH at a potential

scan rate of 20 mV s“l. Before cycling, the Ni1C02~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 voltammogram exhibits in the first gcan 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.
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Fig. 7.1. Initial cyclic voltammetric behaviour of a Nilcoz—alloy
in 0,-free 5 M KOH, 25°C at a scan rate of 20 mV a L.

Figure 7.2 shows the initial voltammetric behaviour of the Ri1001—
-1
alloy recorded in Nz—saturated S M KOH at scan rate of 20 oV s .,

The Ni1001~electrode was prereduced at -0.5 V for 30 minutes, and
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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 Ni1C02, 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 asymmeirical 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 &
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.
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Fig. 7.2. 1nitial cyclic voltammetric behaviour of a Nilcol~alloy
in 0,-free 5 M KOH, 25°C at a scan rate of 20 mV st
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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 HOIZ* conversion (M is 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 [6-82+whereas the peak at about 0.30 g can be
correlated with the Co” oxide formation [5-7] or the Ni +

hydroxide or oxide formation [4-5, 10-12]. The stronger presence of
the peak at 0.11 V on Ni1Co1 versus Ni1C02 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 Ni1C02~alloy, is
also observed on pure Co [6,7], but not on Ni [4,5,9], therefore
it can be attributed to a Coz+[3+ conversion.

When the cathodic switching potential for Ni is also taken

~-0.1 V, as for N11002

profile, close to oxygen evolution, show a similar profile as obtained

1%°2
in figure 7.1, the anodic and cathodic pesak

for Ni_Co,, figure 7.1. The shape and position of the sharp anodic

1772
peak profile and related reduction on both alloys, strongly resembles
to the Niz+/34 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
N11C02~a110y was previously subjected to prolonged anodization.

Cyclic voltammetry is used to examine the electrochemical formed oxide
layer.

Figure 7.3 shows the voltammogram of an aged Nilco2 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., Thig was typical

for both nickel-cobalt alloys. The position of the anodic peak appears
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not to depend on the potential scan rate v, which points 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 study the effect of the oxide layer on the electrocataly-
tic activity for oxygen evolution, the E-log i curve is determined on

a preanodized Nilco -alloy (curve a), 'as shown in figure 7.4, and

compared with the Tifel line taken immediately at a freshly polished
NiICoz—alloy (curve b). It appears that an increase in the over-
potential with ageing takes place, and a shift of the Tafel slope of
about 50 mV for a freshly polished NiICoz—alloy to a slope of

59 mV after preanodization did not alter the Tafel line, nor the vol-

tammetric behaviour.
1mA) vimvs)
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Fig. 7.3. Cyclic voltammetric behaviour of a Ni1C02—alloy, pre-

viously subjected to oxygen evolution at 1.8 V for 18 h, as

a function of the potential scan rate v in 5 M KOH, 25°C.
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Fig. 7.4. Tafel lines on a N11C02—alloy in 5 M KOH, 25°C as a
function of the pretreatment.
curve a = preanodized N11C02—alloy at 1.8 V for 1 h;
curve b = measurements taken immediately at a freshly

polished Ni1C02—alloy.

The influence of cycling.

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 NiICoz—
alloy (see figure 7.3) during the first 2 h cycling at a potential
scan rate of 20 mV s-1 in the E-range -0.2 to 1.475 V. The anodic
switching potential of 1.5 V was chosen in order to minimize 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
as a shoulder on the cathodic side of the large anodic peak, just
before oxygen evolution. At first, the anodic peak profile with shoul-
der increases with cycling, and evolves to a distinet 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
peak profile is less distinct, and consists of a sharp peak at 1.27 V

with a shoulder at about 1.15 V, which also increases and shifts 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 charge
increases continuocusly with cyecling, 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 Ni1C02— alloy was cycled

for 22 h in the E-range -0.05 to 1.475 V at a scan rate of 20 mV st
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_Co_-electrode, on which the

measurements were taken immediately lftir polishing, with a slope of
48 mV. After prolonged cycling (22 h), the Tafel line shifts to lower
N, 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).
(rig2.7)
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Fig. 7.5. Change in the voltanmetric response of the aged Ni1C02—

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-1
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Cyclic voltammogram of the Ni1C02-allcy after 22 h
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Tafel lines on a Nilcoz—alloy in 5 M KOH, 25°C as a
function of the pretreatment.

curve a = measurements taken immediately at a freshly
polished Ni1C02—alloy; curve b = after prolonged

cyeling in the E-range.
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Summarizing, it is shown that the electrocatalytic behaviour of the
Nilcoz—alloy changes with the pretrestment. At a freshly polished
Ni_Co,-alloy, a Tafel slope of about 40 mV and a decrease of the

ov:rpitential 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 agsin obtained. The difference
in catalytic performance must be due to the different nature of the

electrochemically formed oxides on the N11Co -alloy. This can be

explained either by assuming that spinelwlikz oxides are formed on the
Ni1C02~alloy 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 N160204 oxide electrode,

as reported in chapter 4, whereas a slope of 60 mV is found for a
Co3oa 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

NiCozoa is formed, while prolonged oxygen evolution leads to the

formation of a 00304 spinel type oxide. Likewise, the change in

the voltammogram with cycling resembles that of the NiC0204 elec- 7
trode, as seen in section 5.4, 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 Ni1Coz-a110y as given in figure 7.3 shows also some
resemblance with the single peak profile of an aged NiCozoa oxide
electrode. It must be realized that in case of thermally prepared
oxides, the spinel is already present, whereas on the Ni1002~a110y
it still must be formed, _

However, the behaviour of a cycled NiICoz-allay can also be compa-
red with that of a Ni electrode [9], which also shows a 40 mV

slope; evenso the preanodized NiICOz-alloy with that of a Co elec-
trode [7], which exhibits a 60 mV slope. Then it must be assumed

that cycling of s freshly polished NiICoz-alloy with a sufficient
low cathodic switching potential should give rise mainly to the forma-
tion of a Ni(OR)2 layer, and that Co disappears selectively by dis-
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solution from the surface. The dissolution of Co(OH) formed on Co

.
in alkaline solution during cycling up to a poteatiai of 1.0 V, has
been reported by Behl et al. [6].

Furthermore, it seems that after subjecting a freshly polished
Nilcoz—alloy to prolonged oxygen evolution, the alloy behaves like
a Co electrode. Bagotzky et al. [14] reported that, subjecting a
cobalt electrode to anodic potemtials > 1.45 V, this results in the

formation of s pure Co spinel oxide layer. Behl et al. [6]

o)
also reported that ahozthl.o ¥V a new outside film, i.e. a C030a
spinel is formed. They suggested that this film more or less acts as a
filter, which blocks the dissolution of CD(OH)2 and yet allows the
transport of OB —~ ions for the growth of the 00(05)2 £ilm under-
neath and its subsequent oxidation. Thus, with prolonged oxidstion at
high anodic potentials (where no Co dissolution can take place), it
can be assumed that the Nilcoz-alloy behaves as a Co electrode,

When such a preanodized Nilcoz—electrode is again continuously
cycled, Co dissoclution will take place again, and consequently the Ni
behaviour is again obtained {(the behaviour of the Ni1C02~allog

shifts to a Ni one).

However, it is not clear why a cycled'Nilcoz—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 NiC0204 spinel type
oxide is formed with cycling, which is not stable to prolonged oxida-
tion and subsequently decomposes, whereafter the Nilcoz-alloy
behaves as a 00304 electrode. If this electrode is cycled to
cathodic return potentials ¢ 0.45 V, the Nic<)204 spinel oxide

layer is re-established.

Whether or not a NiCozo4 spinel-like oxide is formed on the cycled
electrode, it is less suitable for water electrolysis than thermally
prepared NiCazoﬁ oxide electrodes, because the iaitia} catalytic
activity decreases with prolonged oxygen evolution: the Tafel slope

shifts from 40 to 60 mV and an increase in 7 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 N11C02—a110y.

Substrate.

In order to establish the value of the refractive index of the

Ni1C02—substcate different pretreatments were carried out:

1° Polishing with alumina down to finally 0.3 um.

2° Polishing as in 1°, followed by reduction under vigorous hydrogen
evolution.

3° Polishing as in 1°, then dipping into 1 M stoa under vigorous
hydrogen evolution, rinsing with distilled H20 and immediately
transferred thereafter to the cell.

In the cell the potential was held at -0.075 V vs. RHE, where no

hydrogen evolution was observed. Table 7.1 shows the ellipsometric

parameters A and ¥, and refractive index (n-ik) taken at this

potential for the pretreatments 1°, 3° and 4°.

With method 2° an anodic current was observed, when the potential was

brought to -0.075 V after the vigorous hydrogen evolution, which

points to anodic film formation. Method 3° gives poor reproducible

results, although the lower value of the optical parameter A seems

to point to a cleaner surface. Pretreatment 4° gave rise to an extrs,

inexplicable peak, both in the voltammogram as in the optical curve.

Therefore, the ellipsometric readings taken at the potential -0.075 V

after pretreatment 1° were assumed to represent the bare substrate of

the Ni1C02 alloy electrode. The refractive index of the Nilcoz—

alloy, as calculated from A and ¥ values at E = -0.075 V, appears to

resemble more that of cobalt than that of nickel metal, as follows

from a comparison with the literature data, compiled in table 7.2.

Table 7.1: The ellipsometric parameters A and ¥ and refractive

index (n-ik) for the different pretreatments (N = 5461 ).

Pretreatment A Y n k

(see text)

1° 115.5 £+ 0.5 32 £ 0.5 2.6 £+ 0.1 4.5 £ 0.1
3° 110.5 % 2.5 32 £ 0.5 2.3 £ 0.2 4.2 £ 0.2
4° 115.5 £ 0.5 33 £ 0.5 2.4 £ 0.1 4.7 £ 0.1
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Table 7.2: Refractive index (n-ik) for nickel and cobalt (N = 5461 R)

Species n k medium Ref

Ni 1.68 3.63 Phosphate buffer 14

Ni 1.73 3.47 NaOH 11

Ni 1.889 3.449 KOH 4

Co 2.83 3.86 Borate buffer 12

Co 2.39 3.95 Borate buffer 13
N'11Co2 2.6 4.5 KOH this work

First cycle.

Firstly, the optical behaviour of a Ni1C02—alloy during the first
applied potential scan from -0.075 to 1.425 V is investigated. The
limit potentials were chosen in order to minimize the influence of the
hydrogen or oxygen evolution.-Figure 7.8 shows the changes in A and
Y, and the corresponding cyclic voltammogram (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 A
and ¥ remain about constant. At about 0.25 V, A begins to

decrease while ¢ increases (part B), and beyond about 1.05 Vv, A
decreases fast and ¥ increases further (part C). Finally in part D,
¥ starts to decrease and A decreases faster. These changes in A

and Y correlate with the appearance of different oxidation peaks in
the corresponding voltammogram. .

The results of figure 7.8 are replotted in figure 7.9 in a A-y
graph. With increasing anodic potential, up to about 1.25 V, the
change of A and ¢ is such that a linear A-¢ relation is

obtained, i.e. over part B and C. This implies that in the potential
range up to 1.25 V, an oxide layer is formed, which grows with a con-
stant refraction index N. At the maximum in the A-¢ curve, the
optical properties change: the decrease in ¥ coincides with the
onset of a further oxidation process.

From the ellipsometric data and curve fifting using the McCrackin
program [15], it appears that in part a of figure 7.9 (which cor-

responds to part B and 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; the best fit corresponds to a layer with a
refraction index N = 2.3 - 0.1 i. At 1.25 V a thickness of 34 A
(£ilm 1) is reached. The low value of the imaginary part of the

refraction index, k, points to a poor conductivity.

i(mAcm™) A

120

E vs RHE (V)

Fig. 7.8. Plot of the changes in A and § of a NiICOz-alloy
k during the first potential sweep in the E-vange -0.075 V to
1.425 V in 5 M KOH, 25°C; scan rate 20 mV st ov = cor-

responding cyclic voltammogram.



179

L4
325

25 | D B ad C A
320 |
315 .

~15,15
310 ¥ T 4 ¥ ¥ ¥ d ]
102 106 110 14 118

i)

Fig. 7.9. Graph of ¥ versus A 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 1) to another film, which

starts either

a/ at the film 1 - electrolyte interface

b/ or at the substrste - film 1 interface.
2° Pormation of a new film, either

a/ on top of film 1

b/ 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 layervwith 8 refraction index N = 2.9 -~ 2.1 i.
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This layer reaches a final thickness of 24 R at E = 1.425 V. The cal-
culated perpendicular Rs and parallel R9 values are in agreement
with the measured one at 1.425 V. Summariziang, a two layer film model

can be proposed with refraction indices and thicknesses, as schematic

presented in figure 7.10.

N=29 -21i (24A)

N=23 -01i (34A)

\

Suhstrate N=286 -45i

Fig. 7.10. Schematic representation of the two-layer film model.

Influence of cycling.

Figure 7.11 shows the changes of A and ¥ in a A-¥ plot, when the
-alloy is continuously cycled for 80 cycles {(about 3.5 h) in the

Nllco2 u
. The first

E-vange -0.075 V to 1.425 V at a scan rate of 20 mV s~
cycle is presented for the complete anodic potential range (part I).
Thereafter, the values of A and ¥ are given at a potential of

1.425 V during successively cycling {(part II), indicated with the
symbol [e].

The increase in ¥ in part 11 with cycling, points to a continuous
growth of an oxide layer. It is cecrtainly not the growth of film 2.
The best fitting [15] of the experimental curve is obtained with the
agsumption 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 R). The solid curve in part II
shows the calculated increase in thickness d of film 1, up to 175 R,
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 indéx, n, from 2.2 to 2.4, and of the imaginary part,
k, from 0.0 to 0.2, for d = 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 £it with the experimental results up to 175 A.

Moreover, a further confirmation is given by the measured Rp and

Rs values at these points {d = 100 &), which are in agreement with

the experimental ones.

Part 1i: 80 cycles Part I: tirst cycle

B‘? 8.6 s as 98 102 108 o 118 1;8
A
Fig. 7.11. Plot of the changes in A and ¥ of a NiICoz—alloy
continuously cycled in the E-range -0.075 V to 1.425 V at a

scan rate of 20 mV s .

Part T : first cycle for the complete anodic potential
range.

Part II: with cycling, measured at E = 1.425 Vv [e]; solid

‘ line = fitting curve for the growth of film 1 with
N=2.3-0.11; calculated values of A and ¥
for different refraction indices at a thickness of
100 A [*]; underlined numbers slong the curve

refer to cycle numbers, the other to thicknesses [o].

influence of preanodization.

The c¢hanges in A and ¢ as function of the polarization time at

1.8V for Nilco -alloy are shown in figure 7.12. The first cycle

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 ¥

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
i1).

1t appears that there is virtually no further change in the optical
parameters A and § after 2 h preanodization. The solid curve in
‘part II 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 K.

'y

325 . Part l:preancdization Part I: first cycle

Ez1425V

320

s

Fig. 7.12. Plot of the changes in A and ¢ of a Ni

lcoz—alloy

preanodized at 1.8 V.

Part I : the first cycle for the complete anodic potential
range.

Part II: after preanodization, measured at E = 1.425 v,
numbers along the curve gefer to the polarization

time in hours.

The calculated thickness of this £ilm 1 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 1 with N = 2.3 -
0.1 i against the polarization time.

Table 7.3: Refraction index (n-ik) for nickel and cobalt compounds
(N = 5461 &)

Species n k medium Ref.
NiO 2.23 [18]
Nio 1.52 0 KOH [ 5]

(x—Ni(OH)2 1.41 4] Ni(NO3)2 [16]

B-Ni(OH), 1.46 ) Ni(NO,), ,KOH (18]

Y-NiOOH 1.54 . 0.39 KOH {16}

Co0 2.3 0.1 NaOH i1n

Co(OH),, 1.4 NaOH {19}

Co,0, 3.2 0.5 NaOH [19]

Co,0, 3.2 0.95 NaOH (19}

The refraction index of NiCozob 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 thHe 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 Cosoﬁ or 00203.

However, one must bear in mind that this can only give an indication.

1f indeed a NiCo spinel type oxide is formed indeed on the

4]
274
Ni_Co_-alloy, a large k-value (as observed for film 2) is expec-

1 2
ted, since the conductivity of NiCo is higher than that of

0
274
Coy0,: a resistivity was reported of approximately 10 Qcm for

k 4
NiCo,0, and of 10 Qem for Co,0, [20].

Transient measurements.

The cyclic voltanmogram (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 B and
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 A and ¥ are recorded as a function of time t.
Figure 7.14 shows the changes in A and Y 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
A and ¥ are given with respect to their initial value at t = 0.

I1f there is a difference in the rate of the growth between the
different layers (part B and C), this might be noticeable in the

A- 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 ¢ (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
film (potential step up to 0.725 V) is probable a Ni or Co hydroxide.
No fitting curve was found for curve a in the investigated range of

refraction indices.

Thus, it can be concluded that in the B-C range indeed more than one

oxide is formed.

hh
1.25.

1.00

-8 -6 -4 -2 )
&4

Fig. 7.14. Plot of the changes in A and ¥ after a potential step
from -0.075 V to 0.425 V (curve a), to 0.725 V (curve b)
and to 1.025 V {curve c), respectively, and the time is
Biven along the curves. The changes in A and Y are
given with respect to their initiel value at t = 0, repre-

sented as 8A and 6.

Finally, it is attempted to correlate the electrochemical (section
7.3.1) and ellipsometric results (section 7.3.2). The two different
pretreatments lead optically to the same two-layer film model: only it
appeared that, with cycling, film 1 continuously grows, whereas with

preanodization a maximum thickness of about 75 A 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 NiICoz—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 (NiCozoa—like

behaviour) or an oxidized Ni1C02—alloy (Co3oa-1ike 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 NiC0204 spinel
type oxide and film 2" is a Co spinel type oxide formed by

304

oxidation. A cycled Nilc -alloy, film 2', converts to £film 2" by

o
2
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".

Ni{Cop
cycli:y \{idaﬁlon
film 2* " film 2"
B —
— film 1
fm ? " eycling 7777777
77777777 substrate

substrate

Fig. 7.15. Schematic representation with assumption of the formation

of spinel type oxides on the NiICoz—alloy.

The alternative explanation for the kinetic behaviour was that, depen-

ding on the pretreatment, the Ni -alloy behaves predominantly

1%°2
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
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structure which permits the growth of film 1 with cycling; cobalt
dissppears selectively by dissolution out of film 1.

Consequently, film 1 predominantly exists of nickel-oxide and oxygen
evolution is supposed to take place at this film. On the other hand,
oxidation of the Ni1C02—alloy gives rise to the formation of a

compact f£ilm 2", as esrlier mentioned blocking the dissolution. This
film prevents the continuous growth of film 1; the evolution of oxygen
taskes 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.

NiyCoy

cwﬁﬁ// \<2TMMn

wanton TE—

—
titm1 — - tim
eycling
substrate

substrate

Fig. 7.16. Schematic representation with the assumption that the

Ni,Coz—alloy behaves predominantly as a Ni or as a Co
electrode.
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8. GENERAL CONCLUSIONS

In this chapter, a correlation of the different results of the prece-
ding chapters is undertaken.

Ni00204 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 voltammetric charge of fresh-

ly prepared NiCo electrodes (chapter 5). The results of chap-

2%
ters 3 and 5 clearly indicate that, mainly the top surface layer of
the NiCozoa electrode is electrochemically active for the oxygen

evolution, independent of the electrode structure.

The surface morphology, and composition of the NiCo layer was

204
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
voltammetric charge (chapter 5) with decreasing TF indicates that
these effects can be related to a change in the surface area. There-
fore, the voltammetric charge of freshly prepared NiCo2O4 electro-

des can be taken as a measure for the surface concentration of the
metal ions participating in the electrochemical processes. These
results indicate their number to be 5% at maximum. An apparent elec-
trochemical roughness factor of 500 to 2000, and an electrochemical
surface area of 3 to 10 m2 g*l can be calculated in the TF—range

where only the spinel phase exists. Similarly, the BET-surface areas
of NiCo_O, powders show a tendency to increase with decreasing

274
TF (chapter 6).

However, the variation in the ratio of the voltammetric 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, Q81 and Qaz' increase
with decreasing TF’ but also the ratio Qa2 vs. Q81 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 NiCo surface

0
layer with respect to the theoretical NiCozoﬁ spinel io&position.
This confirms that the surface composition is indeed influenced by
TF’ as earlier reported in chapters 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 reglon. 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 megnitude, nor in the ratio of the voltammetric charge
{chapter 5) of the anodic pesaks.

Summarizing, it can be concluded that the surface composition of the

NiCo,O, spinel oxide is affected by the temperature T but not

274
by the duration time tF of the thermal treatment.

F'

The performance of a NiCo electrode depends on the valence

o
states of the ions in thezszrface region in the potential range, where
the desired reaction takes place. The cyclic voltammogram of a fresh
NiCozoﬁ electrode represents a surface layer with ions in higher ’
valence states. Both anodic oxidation peaks in the voltammogram 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 prio¢ to oxygen evolution {chapter 5).

On the hasis 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
“i°°2°4 electrode. From a correlation of the observed peak poten-
tials with the standard potentials of the individual oxides, and the

voltammetric behaviour of Co,0,, the assignment of the first tran-

374’
sition Eal to Coz+/3‘ is justified, whereas the second anodic peak
E _ could be a 53*/“* transition, where M is either Ni or Co.

a2
However, on the basis of the mag- nitude of the photoelectron binding

energy, it was suggested that aickel in NiCon is present as

4
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divalent ion, and from the satel- lite structure, that Co is mainly
present in the diamagnetic, low-spin 003+-stste, and to a lesser
extent as paramagnetic, divalent high-spin cobalt.

Therefore, the presence of C02+, from cyclic voltammetry, as well as
Niz*, 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 NiCo,0, elec-

274
trode is measured at its rest potential). It is most likely that the

voltammetric 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+/3* transition is

manifest in the cyclic voltammogram. This must be in Eal or Eaz'

since no other oxidation peaks were observed. In chapter 5, Ea was

1
solely attributed to the C02+/3+ transition, this could explain the

difference between the peak potentials of the first transition (Ea )

1

on NiC0204, i.e. at 1.20 V, and on Co3

this context, it is conceivable that the first anodic peak on NiCo,O

2°4
reflects a H2+/3+ conversion, with M = Ni or Co. The other possibi-

lity is that the N‘12+/3+ transition is masked by processes occurring

at E
a

04. i.e. at 1.15 V. In

2 In chapter 5, a more complex nature of Eaz 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 NiCozoa,

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, Néel ferrimagnets, the
spontaneous magnetization at T = O K can generally provide a good
indi- cation of the cation distribution, and valence states if a
localized - electron, crystal field model gives the appropriate
description of the d-electron manifold. More correctly, Ni00204 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)zos, to

represent the
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likely presence of two oxidation states for each cation. Lotgering [2]
found a magnetization [M = (B-H)/4vw] of approximately 1.5 R, per
formula unit. Blasse [3], interpreting Lotgerings magnetization data,
proposed a structural formula 002+[C03*Ni3+]0§~.

However, the spin-only ferrimagnetic magnetization predicted from this
model is 2 Wy 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 NiCo, 0, is an inverse spinel. But no reliable

274
determination of the degree of inversion in NiCo, 0.  could be made.

The authors were unable to distinguish between tiehmagnetic structure

proposed by Blasse, and the one with the structural formula

Co3+[Ni2*Ccs*]0§_. The net magnetic moment derived from

the magnetization measurements was only 1.25 Wy which is lower

than the value of 2 uB, 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 Yorg with

composition in the spinel system Nil-xC°2+x°& {with x < 1). They

concluded that the more probable valency distribution is
2+

Col_xCoi+[Nii+Co§tx]0§-, which extcapolates to Co34INi2*Coa+}0z".
However, it predicts a spontaneous magnetization at T = 0 K of 2 Yy
per formula unit, as seen before, which is significantly larger than
the observed value. King and Tseung [6] investigated the ferrimag-
netic ordering of NiCozo4 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+ jons and suggested the cation
distribution Cog'_'QCogfl[nigfgnigflco?’*}oijzo; e
The considerable concentration of holes 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

204 matecials [8]. The

authors [7] have made a refinement of the nickel atom distribution

measurements on polycrystalline NicCo

_on the ferrimagnetic NiCo OA’ using neutron diffraction. They

2
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suggested the possibility of an inhomopgeneous distribution of the
nickel and cobalt, and introduced A-site §i3+ (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 Ni2+, high-spin paramagnetic Coz*,

and low-spin, diamagnetic Cog+ was observed by XPS analysis. Since,
NiCozoa is an inverse spinel [4], and low-spin Co3+ has a

strong octahedral site preference [9-11] (and Niz*). this leads

to the preliminary distribution: C02+[N12*003+]. The TPR

measurements in chapter 6 have shown that NiCon‘i is formed with

the average oxidation state of the metal ions equal to 2.67+ (total
valency 8+), and that it camn be presented by the general formula
nz*ng*oi', indicating the presence of di- and trivalent

metal ions (Ni or Co) in the ratio 1:2, respectively. The cyclic vol-
tammetric characterization in chapter 5 suggested the presence of

2+ 3+

‘Co”, and possibly Co~ and Ni3+. Therefore, with this correla-

tion excercise the following general distribution can be proposed:
24 34, 2+ .3+ c°3+ ]02—
1.0 442

Co, _Co” [Ni Ni
1-x % Yy 1~y
with two valence states on the sublattices, and the possibility of

- excess oxygen to maintain the electroneutrality, and x, ¥ and z are

related through z = (x-y/2).
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LIST OF SYMBOLS

activity [mole dm“:a]

s P

&
lattice parameter [A]

o

surface ares [cm2]

Tafel slope [mV]

concentration [mol 1—1]

capacitance {F cm*zl

interplanar spacing {R]; thickness [A]
diffusion coefficient [cmzsml}; divalent
poteﬁtial [v]; binding energy [eV]
Faraday constant [C.eq—l]
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electron hole
activation enthalpy [kJ mol"l]

current density [A cm-zl

-1

exchange current density [A cm_z}

e
o

current [A]; number of photoelectron per second [5_1]
reaction rate constant fem sfl}

molecular weight [g mo].”l]

number of electrons; number of atoms per volume unit [cm’s]
collection efficliency; index of refraction

reaction order; péessure [torr]

charge amount [mC cm~2]

oo o2 s Xom

resistance [Q]; gas constant [kJ mol-l]; reflection
coefficient

rvadius

atomic sensitivity f&ctor

time [s]

temperature [K]; trivalent
1.
]

potential 'scan rate [mV s

§<Hﬂ'wﬂ

% weight percent



197

Subscripts a transfer coefficient

a anodic B overall transfer coefficient
¢ cathodic; capacitive A ellipsometric parameter
D disk ‘ n overpotential [V]

dl double layer ] surface coverage

f faradaic v kinematic viscosity [cm2 s-l]
F final thermal treatment N wavelength Uh

1 limiting ¥ ellipsometric parameter
[+] oxidized form @ rotation frequency’[sF1]
p peak; parallel

R ring; reduced form

s sucface; perpendicular

t total

u uncompensated

Superscripts

o in standard state

* in bulk

Abbrevistions

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

RHE Reversible Hydrogen Electrode

ROE  Reversible Oxygen Electrode

SCE  Saturated Calomel Electrode

SEM Scanning Electron Micrscopy

T6A Thermogravimetric Analysis

TPR Temperatute Progfammed Reduction

Xps X-ray Photoelectron Spectroscopy
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SUMMARY

In theylast 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, s number of problems hin-
der the breakthrough. The high anodic overpotentisl 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 NiCo spinel oxide,

o
274
as anode material in alkaline solution was carried out. NiCczoa 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 NiCozoa elec-
trode is electrochemically active. Furthermore, it was clearly shown
that Teflon incorporation gives about the same activity (chapter 3 and
4). A

The kineties of the oxygen evolution reaction were examined with gal-
vanostatic steady-state measurements in the temperature range of 10 to
80°C, and in the electrolyte concentration range of 0.1 to 7 M 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 1 < 280 mV and a

range of Tafel slope values from 70 to 100 mV at higher overpoten-
tials, i.e. m > 280 mV, which is assumed to be 2 RT/F. The change in
the Tafel slope (nc—value) does not depend on the temperature

T.. The activation enthalpy confirms the electrocatalytic behaviour

og Ni80204 and reflects the influence of the temperature TF'

Oxygen evolution is suggested to take place via the formation of
higher oxides. For thé 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

+ 0, to high coverages, i.e. ©

low coverages, i.e. GTO roH

H * 1,

oceurs.

In order to correlate the electrocatalytic activity and spinel struc-
ture, the NiCozoé catalyst has been characterized in chapter 5,

using electrochemical techniques, such as cyclic voltammetry, the
galvanostatic charging method and the rotating ring-disec electrode,
and in chapter 6, using non-electrochemical techniques such as X-ray
diffraction, temperature programmed reduction, XPS and Auger.

The surface morphology and composition of the freshly prepared

NiCozo4 layer are found to depend on the thermel 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 Ni(20204 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 NiCozoa 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 NiC0204
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 hss been proposed
2+, 3+ 2+ .3+ 3+, 2-

Cox c°1~x[Niy “ll—ycol . 0]04+z

The electrochemical formation of oxides on nickel cobalt alloys has

{chapter 8).

been investigated in chapter 7. The oxide formation was examined with
eyclic voltammetry, kinetic analyses and ellipsometry. The kinetic
behaviour has been explained either by assuming that spinel-like
oxides are formed on the Ni1602~a110y, or that, depending on the
pretreatment, the alloy electrode behaves predominantly as a nickel or
as a cobalt electrode.
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De elektrokatalytische aktiviteit en de spinel-oxydestruktuur zijn aan
elkaar gerelateerd door de karakterisering van de NiCozoa—elek—

trode met behulp van elektrochemische technieken (hoofdstuk S), zoals
cyclovoltammetrie, coulometrie en de roterende ring-schijfelektrode,
en niet-elektrochemigche technieken (hoofdstuk 6), zoals ROontgen-
diffractie, temperatuur geprogrammeerde reduktie, XPS en Auger. De
oppervlaktemorfologie en -samenstelling van een vers bereide elektrode
is afhankelijk van de thermische behandeling, in het bijzonder van de
temperatuur TF: de toename in de aktiviteit met afnemende tem—
peratuur TF kan gecorreleerd worden aan de toename in de grootte van
het oppervlak en aan de verandering in de oppervlaktesamenstelling.
Het voltammogram van een vergs bereide NiCozoA—elektrode vartaoont

twee anodlsche oxydatiepleken, tengevolge van één-elektronoverdrachts-
reaktles. De elektrochemische oxydatie- en reduktleprocessen, vooraf-
gaand aan de zuurstofontwikkeling, zijn met elkaar gekombineerd via
drie verschillende modellen.

Het voltammetrlisch gedrag van een vers bereide NiCo O4 alektrode

wordt niet alleen beinvloed door de kathodische en inodische omkeer—
potentialen van het potentiaaltrajekt, maar ook op een verschillende
wijze als gevolg van een potentiostatische of een potentiodynamische
behandeling. DIt verouderingsfenomeen wordt toegeschreven aan een

partiéle ontleding van de N16020 oppervlaktelaag.

4
De katlonverdeling

2+ 3+, .24 3+ 3+, 2-
Co Co, [Nil_yNiy Col_o]o‘“z

(hz;;dstuk 8) is gebaseerd op de elektrochemische en niet-elektro-
chemische karakterisering.

Tenslotte is de elektrochemische vorming van oxydes aan nikkel-kobalt
legeringen onderzocht (hoofdstuk 7) met behulp van cyclovoltammetrie,
kinetiekstudie en ellipsometrie. In een poging om het waargenomen
kinetisch gedrag te verklaren, wordt enerzijds verondersteld dat
spinel-type oxydes gevormd worden, en anderzijds, dat afhankelijk van
de elektrochemische voorbehandeling, de legeringselektrode zich voor-

namelijk gedraagt als een nikkel of als een kobalt elektrode.
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STELLINGEN

1.

De bewering van Tseung et al., dat Teflon-inbouw in Ni002ca*
elekiroden de aktiviiteit voor zvurstofontwikkeling sterk verhoogt,

i onjuist.

A.C.C. Tseung, S. Jasem, and M.N. Mahmood; in Hydroger Energy
Systems, T.N. Veziroglu and W, Seifritz (Eds.), Pergamon Press,
Vol. I, 215 (1978).

Dit proefschrift, hoofdstuk 3.

. De aanname van Willems et s&l., dat voor de verklering van de gevon-

den reaktieorden van zuurstofontwikkeling aan Co-elektroden, de -
aktiviteit van water constant is in het onderzochte KOH-concentra-
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).

Het verdient aanbeveling om bij de vergelijkiog van elektrokataly~
satoren voor zuurstofontwikkeling sabruik te’maken van het produkt
van de Tafelhelling en de uitﬁishelin&ssttoomdichtheid, nitgedrukt
in b. losfio. s .

De door Hsueh et sl. geintroduceerde werkwijze voor de bepaling van

_de snelhe{dsconstanten voor de elektroreduktie van zuurstof, is

geen verbetering van de eerder door Pleskov en Filinovskii ontwik-
kelde methede.

K.L. Hsueh, and D.T. Chin, J. Electroanal. Chem., 153, 79 (1983).
Yu.V. Pleskov, and V.Yu. Filinovskii, The Rotating Disc Electrode,
Consultants bureau, New York-London {1976).

De definitie van een oxydatiepotentiaal door Skoog en West is fun-
damenteel onjuist.

D.A. Skoog and D.M. West, Fundamentals of Ansalytical Chemistry,
CBS College Publishing (1982).



. De algemene opvaiting dat het oog licht waarneemt, is ogenschijn-

1ijk 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, 77 (1970).

Het gebruik van literatuurreferenties mei de verwijzing “... to be

‘submitted, private communication, unpublished results, ete,..." is

frustrerend voor een 'jong' onderzoeker.

. De Belgische opvatting dat Nederlanders zuinig zijn, is, met de

kosten gemaakt voor dit proefschrift op rekening van de Nederlandse
belastingbetaler, weerlegd.

Innovatief 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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