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CHAPTER I
GENERAL INTRODUCTION

In the predlctlon of energy shortage 1n the'
new future, importance of developing fuel cells hasv
been rerecognlzed Up to now, a’ varlety of 1nvest1gat10n
on fuel cell systems have been conducted and choilse of
oxygen electrode as the cathode of fuel cells has been
recognlzed to be the most-promising for a practlcal
goal. It may be said, therefore, that electrochemicalr
rfeduction of oxygen has become one of thermost important
process for electrochemical energy conversion. HoweVer,
as far as our present knowlege concerns, only expensive
catalyst, such as platinum, are believed to be effective
in the oxygen electrode of the fuel ceil.

'In recent. years, severalvpapers have been'published,
in which some transition metal oxides have.a promising o
character for electro-catalyst foh oxygen reduction.
However,'the nature of the catalysis ofbthese oxides‘
for oxygen reduction has not yet been clarified at all.
In order to find out a good electro-catalyst, it is
very valuable to clarify the nature of the electrocatalysis
of these oxides. If one makes a success in elucidating
‘the catalytic nature Whlch is common to almost all thel

trénsition metal oxides, he can know in advance what



kind of oxide is effective as a catalyst for oxygen
reduction.

From the above point of view, present work has
been coducted to find out the-nature of the catalytic
propérty which is common to a variety of the transitioﬁ‘
metél\oxides. For this purpose,.iﬁ was’neceésary tQ‘
expand my research on a variety of transition metal
oxides,.the electrochemical proberties of which have
not yet been studied. As a matter of cdurse, the somé
electrochemical properties of These oxides have‘been

investigated.

The contenté of this thesis are mainly compésed
of the following papers..
1) A New Catalyst for Cathodic Reduction of Oxygen:
Lanthanum Nickel Oxide,
Y. Matsumoto, H. Yoneyama and H. Tamura, .
Chem. Lett., 661 (1975)
2)'Electrochemical Properties of Lanthanum Nickel Oxide,
Y. Matsumoto, H. Yoneyama and H. Tamura,
J. Electroanal. Chem., in press.
3) Catalytic Activity for Electrochemical Reduction of
Oxygen of Lanthanum Nickel Oxide and Related Oxides,
Y. Matsumoto, H. Yq@eyamé and’H. Tamura, .

J. Electroanal. Chem., in press;



L) Influence of Preparation Condition on Catalytic

Activity for 6xygen.Reduction of Lanthanum Nickel
‘Oxide and Related Oxides, |

Y. Matsumoto, H. Yoneyama and H; Tamura,

J. Electroanal. Chemn., in,pfess.

5) Influence of the Nature of the Conductidn Band of
Transition Metal Oxides on Catalytic Activity for'
Oxygen Reduction, | | |

Y. Matsumoto, H.;Yoneyama and H. Tamura,

J. Electroanai. Chem,, in press. )
6)VDependency of the Exchange Current Dénsity of.Oxygen
Reduction oﬁ the Resistivities of Lal_XSrXMnd3iand

LaNil_XMXO3 Electrodes, |
. Matsumoto, H.. .Yoneyama and H. Tamura,

J. Electroanal. Chem., in preés.



CHAPTER II

ELECTROCHEMICAL PROPERTIES OF oEVERAL TRANSITION METAL

OXIDES WITH HIGH ELECTRICAL CONDUCTIVITY.
IT - 1. INTRODUCTION

It is Well recognized thatvin general, oxygen ions
in oxideé with the perovskite typevstructufe are mobile_[l;72].
From an electrochemical point of view, it is a matter
of question whether such the traﬁsition métal'oxides with
the perovskite type structure keeps its original composition
by appreciable polarizétion at potentialsfcovering
oxygen reduction. Surface characterization of the‘tfansition
metal oxides aré, fherefore, required>before the ;;a:}gifﬂ
electrocatalyti¢ properties of the oxides for oxygen
reduction are studied in detail. |

In this chapter, basi¢ electrochemical properties
of the transition metal oxides with s high electriéal
conductivity, such as the perovskite type oxide, LaN103,7
LaTi0, Srvo,, SrRuO,, SrFe0, and Lay_,Sr, MnO,, as well ‘
as the corundom type oxide, Vb.zTi1.803’ are studied.

Among them, LaNiOy is studied in detail.



IT - 2. EXPERIMENTAL

LaTiO.. SrvO., SrRuO., La. -Sr M0, and v

3 32 3° a1 x 3 0.2T1;, 803
were syntheSized by 81m11ar methods to those described by
Kestigian .et-al’ [3], Chamberland et al. [4] -
éaiiéghgm~éﬁval. [5}‘ Jonker [6] and Kawakubo et al. [7];
respectively. LaNio3 was synthe31zed at 850 C for 2 days
in air by using La2 3 and NiO as the starting materials
and by Na2003 as the flux. The sample prepared was |
thoroughly washed with distilled water and then dried at _
100°c [8]. SrFeO3 was synthesized at 1200°C for 4-5 |
hours in air by using SrCO3 and Fe203 as therstarting
-materials [9]. This oxide presumably contained small
amount of oxygen‘ion vacancy as reported by MacChesney'[Q]}
In all the synthesis, starting méterials were pressed into
-a tablet form with lOOKgcm-.'2 The identification of the
substances produced was made by x-ray diffraction analysis.
- The specific resistivities were meaeured_byrthe~four probe
method. ’LaTio3,’Srvo3, SrRus, and Vg ,Ti, g0; could
be synthe31zed to give firm sintered discs. Then they were
_ used as the electrode merely being water—proofed with

polystyrene. In the case of SrFel and La. _Sr_MnO s

g 7 3 1-x7"x 773
however, the oxides were not so firmly sintered when
they were'prepared, and the powder form Was obtained
in the case of LaNiO3 SrFeO3 and Lal XSr MnO3 were
crushed to powder with an agate mortar. The powdered ,

oxides were mixed with Afron (Co-polymer of tetrafluoro—



~

ethylene aﬁd ethylene) as a biﬂder with welght ratio/
7 : 1 and pressed with 100 Kgem 2 into tablet form (Lmm
thick x 13mm dia.). These speciméns_were heated at 250°C
and then water-proofed by polystypené, The specimens -
prepéred by this wéy gave_reproduciblé results.'Thé both '
end of surfaces ofithe two kinds of the specimens,ri.é;,
sintefed_and'pressed pellets were polished with #20001 |
emery papers, and én electrical lead was connected via
silver paste on the one side of the surfaces. The |
specimen was then mounted in a glass tube-with epoxy
resin. |

Specific resistivities of sintered discs of LaTiO3,

SrFe0 SrVo SrRuO3, V0.2T11.8O3 and La Sr_MnO. -

3° 3 1-x"7"x 3
were 1.2, 5.0x107% 6.0x1073 9.u4x107" 4.0x10™" and 3.0~8.0x10"

2
Qeem respectively, while a preséed pellets of LaNiO3 with
binder gave a.specific resistivity of 0.8 Qcm.

The electrolytes of 1N-NaOH and 1N-H,S50) were
pre-electrolyzed for five days. Thé potential sweep
method was employed to study the basic polarization
behaviors of the electrode itself with a sweep rate of,
10 mVsécT1 Resistive and capasitive components of the
LaNiO3 electrode were obtained as a function of the
~e1eétrode pdtential by means of a wheastone bridge
assembly already reported [10]. A11 ﬁeasufeménts wére.
made at 25°C. ) |

Amounts of total nickel ions and NiS' ions in

lanthanum nickel oxide were determined by'the same



- manner as that described by Wold“etral. [8]. The amount

of Ni2+ lons was determined by subtracﬁion of S

the amount of Ni3* ioﬁsrfrqmqthat of total

ions. The amount of oxygen ioﬁé was determined by'calculatidﬁ
so as to give elecﬁrical_neutrality of the oXide.'Lanthanum: |
nickel oxide prepared in'this study had a compositioh

of LaNigT67NigT33o2.8h. quever, the composition of this

oxide is expressed in this thesis as LaNiO3 for simplicity

in description.



TT - 3. RESULTS AND DISCUSSION

IT - 3 - 1. Lanthanum nickel oxide
1N-NaOH solution was used as electrolyte in the
case of LaNiO3, since-this oxide dissolves immediately
upoh immersion in acid solutions. Fig. 1 shows typical
Figwe 1
VoltammogramS' of LaNiO3 eleetrode in 1N-NaOH. When the
voltammogram was taken in a restricted potentialrregion
between 0.6 and 0 V, a couple of oxidation and reduction
peaks appeared as the curves (a) shows, whlle a potent1a1
sweep in a wilde potential regilon gave the curve (b),
showing that the redox peaks became broad. Results
by chem10a1 analysis of the electrode before and after

a constant potential electrolysis at —0.8 V for ften

hrs, which are presented in Table 1, showed that trivalent
Table 1

nickel ions were reduced fo bivalent ionsrby the electrolysis.
In the table, the result after the electrolysis is given.

as if the composition change progressed hemogeneously

through the entire electrode, although 1t might not

be the‘case. The charge'consumed during the electrolysis

is given in third column of the table, and in the fouth



column, calculated charge necessary forvthe.composition
| change determined is given. The velues of them are
roughly in accord with each other. From;this result,
the cathodic current in the potential region less noble
than -0.3 V is attributable»to reducfion'of Ni3* in
the crystal to Ni‘?+ The reverse feactien'en the anodiC»
sweep seems to proceed in_the potentialskanodic to 0.6 V
in this case. The couple of the redox peaks which
appeared in the potential fegion'in the curve (a) can
then be assigned to the redox reaction of NilH-/Nig+

X ray ahalysis was made to the.electrode surface
before and after the constant potential electrolysis
at -0.8 V. Diffraction peaks of (110) and (012) planes
of the oxide became ambiguous by the.reduction. This
result suggests that a little destruction of the crystal
structure was brought about by the cathodic reduction.

3+

The Ni°' lons produced by the reduction of Ni3®T will be

- unable to occupy their original sites without any deformation -

of the lattice, because the atomic radius of N12+ is

larger than that of Ni3' This is possibly the main

reason for the crystal destructien; After the electrolysis;'
the crystal increased its resistivity by two orders
of'magnitude (~100 Qcm). |

FPig. 2 shows potential/time curves of the electrode

when it was polarized at 400 ﬁAcmjg'and the‘open circuit |



potential decays at various stage of the E/t curves. The
Figure 2

E/t curve  in the reduction-was obtained after thé electrbde::
was oxydized with the constant current of 400 pAcm™2 fbf
ten minutes. The.plateaus of B and B’ correspond td
the couple of the redox reactions of Nitt i3t
At the end of the plateau B’ in Fig. 2, i.e.,
at the point (f), composition of the electrode surface_

3+

is judged to be LaNi 03, because at this stage, reductioﬁ

of N:’LlH torNi'?’+ is completed. Therefore,‘it is possible
to.determine composition of the oxidized electrode

by analyzing a quantity of electricity of tﬁe plateau B2
For‘thisApurpose,‘an electrode was prepared by,the same
manner as that reported by Kudo et al. [2], that is o

a few drops of lN—NaOH solution was added:td mixture

of acetylene blak 0.025 g, graphite 0.025 g‘and laﬁthaﬁum
nickél oxide 0.5 g, and then the mixture was moﬁntéd.

in an acryle frame with the same consﬁruction as that
shown in Fig. 3 of ref. [2]. In this'structufe'of the -
electrode; almost all the surface of the oxidé'éarticlesf
charged is expected to be available for electrochemical
oxidation. After the prepared electrode.was oxidized

at a fixed current density for five to tén‘hrs'in

an oxygen evolution condition, the electrode was reduced

- 10 -



with the same current density. As for the current'density,
various values less than 1 mAcm"2 were chosen. The
shape of the potential/time curve was similar to that

shown in Fig. 2. If the composition of the fully

3+68°
determined by analysis:bf the quantity of electricity

oxidized electrode isvpresented as LaNiO .the value *:
of the plateau B’ was 0.001, regardless of oxidation
time and current density chosen. The charge to bring

the change of §=0.001 roughly corresponds to five to
seven times the charge necessary for oxidatioﬁ of
monolayer of LaNi3+O3 to LaNiu+O3.5,

area is assumed to be the same as the BET surface area,

if the reaction

i.e., 0.56 m?g?l’However, whether the oxidation proceeded‘
in the restricted surface of a few monolayer or not _

is not clear._Froﬁ a point of crystal geometry, it

seems unlikely fo impregnate oxygen into the crystal in

such a high concentration as to give LaN:’LL‘+

O3 5 Consequently,
oxidation reaction may have propagated into a deepef | '
interior of the crystal. Anyway, the result shows that

the redox reaction

LaN10 + 280H o= LaNiOy,, + 26
is likely, although the reaction is quite limited
in the surface region of electrodé.

As is shéwn in Fig. 2, the open circuit potential
of the electrode changed slole with time after éurrent._

i

interrupter in such a manner that it decreased during

- 11 -



the oxidation'and.increased during the reduction.

The behavior is quite similar to that observed on

other oxide electrodes, such as manganese dioxide [1117],
nickel oxide [12] and Lal_Xer0003 [2], and is connected
to the ionic diffusion in the surface of oxide electrode,
which bfings rearrangement,of ions in fheieurface region
after current interruption. In the case of lanthanum
nickel,oxide,’the species requnsiblevfor‘the open

circult decay is possibly oxygen ions as in the case

of La XSPX0003 [21].

1-

Fig. 3 shows resistive and capacitive components
Figure 3

of the electrode as a function of the electrode potential;
The measurements were.made at first cathodically from

0 to -=1.2 V at Whichvthe polarization direction‘was

" reversed. All the points in the figufe were obtained at a
metastable state which was attained after polarization
for about five to ten minutes. The resistance ef the
electrode showed a marked dependency on electrode |
potentials and became low with polarization toward

a noble direction, although a noticeable hysterisis

was observed in the both eomponents. High resistance

of the electrode in less noble potentiale is in accord

with the result obtained by the resistivity measurements’by

- 12 -



the four probe method on the electrode before and afterb
the constanﬁ potential electrolysis at ;0.8 v, which
already described in an above section.

" The conductivity of lénthaﬁum nickel oxide is'
due to o* band formationrof the atomic ofbitals of_nickei
and‘oxygen [13]. Concentrétion of oxygen ion in the
crystal changes depending on valency changé of niékél
in the crystal. If the oxygen vacancies in the oxide
increase by reducing N13+ toNi?+ then the degreé of
the interactioh will decrease, reSulting in an increase
in resistivity. On the contrary, the reSistanCe bf_
the electrode surface must become low in the high anodic
potential region, because the concentration ofkoxygen'ion
in the oxiae becomes high at the high potential region. 

Such a result has already been reported for Ln

[14].

SrXCoO3

l;X
It is noticed that hysterisis appéared in the -
capécitive and fesistivé components. Once when the
electrode was oxidized at a high anodic potential,
it gave high capacitance and low resistance in the
potential region between 0.4 V and —0.6 V compared with
those aﬁ the electrode pre—redﬁced at less noble
potentials._This result suggests that the more tri&alent
ions were retained in a innér surfacé region once when
the electrode was polarizéd at a very high anodic  |

potential. Though the hystérisis appeared, it is

- 13 -



confirmed by comparing behavior of the capacitiveraﬁd‘

resistive components with the volﬁammogram éhown in

Fig. 1-(b), that the redox reactions of Ni>'/Ni®*

of the electrode proceed 1n thé potential showing

no distinct peak in the voltammogram.

ITI - 3 - 2. Some transition metal oxideébwith high
electrical conductivity

Voltammograms of the other oxides obtained in 1N-H,S0,

Figure U

Figure 5

and 1N-NaOH, are shown in Figs. 4 and 5. Tn the case
of lestOu, a distinct waves of the electrochemical
reaction of the oxide itself was observable only .

for SrVO3 and SrRuO3. By the electrolysis of these
oxides for several ten minuﬁes at the potential giving
the anodic peak current, the electrolyte‘turned light
‘brown in the case of SrRuO3, while in the case of SrVO3,'
V5+ ion was detected in the electrolyte by a color |
identification using d—benzoin oxim. Thése results show
that the anodic dissolution took place at the potential
of the anodic peak current. In the case of 1N-NaOH, it
was found that SrRuO |

LaTiO, and La0.8Sr0.2MnO were

3 3 3
electrochemically active as shown in Fig. 5. On the

other hand, the voltammogram of SrFe0, had a similar

3

- 14 -



shape to that of LaTiO3 but the reaction current

of the former was small compared with that of thellatter.

V0.2T11.803 was quite stable. It was confirmed that

any dissolution of the oxide did not occur at the potentials
giving the current waves in the voltammograms in Fig..5.

Similar electrochemical reactions to that of‘La0.8SrO.2Mn03'
were observed for Lal;xserHO3 having x=0, 0.1, 0.3 ,
and 0.4, though the magnitude of the currents were
diffrent depending on x. If one takes into consideration

‘that all the oxides except for VO 2Til'803 have the perovkite

structure, the following conclusion is drawn that.
thevredoxlreaction of the oxide itself readily. occurs in
alkaline solution in the surface reagion of thé bxidé.
The redox reactions wiil be represented in geheral by
Ithe'foliowing equations by taking into accountrof

analysis of the voltammograms of LaNiO., and of the

3 .

Pourbeix diagrams.

ABO; + 2§,0H° ————==ABO, . + §H,0 + 2§, (1)

: 1
OH ——— ABO + 62H20 + 26,e (2)

2 3
where A 1s lanthanoid or alkaline earth ion and B

A303_52' + 26 5
is transition metal ion, 61 and 62 represént the'exceés
and the deficiency of dxygen from the stoichiometrié

- composition of the perovskite type oxides. Judging from
the Pourbeix diagram and the positions of the current
‘peaks of the voltammograms, only the reactidn (2)

seemed to occur in the cases of LaTiO

3’

SrFeO3,

- 15 -



La , while the both reactions of

l_XSrXMnO3 and SrVO3
egs. (I)Iand (2) seem to progress in the case of SrRuO3,_

which is described in the chapter IIT.

- 16 -



TABLE 1. Change .in composition of lanthanum nickel oxide by cathodic

polarization at -0.8V for 10 hrs.

Coulomb

Composition Composition Coulomb
before being after being obs. calc.
electrolyzed electrolyzed

(3 np2t i3t a2t 2 ,
LaNlO.67NlO.3302.8H La110_57A10_u302.79 27.4 24 .1

- 17 -
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CHAPTER III

INFLUENCE OF THE NATURE OF THE CONDUCTION BAND OF
TRANSITION METAL OXIDES ON CATALYTIC ACTIVITY FOR -

OXYGEN REDUCTION
Iit - 1. INTRODUCTION.

Several kindg of transition metal,oxidés such.:
as Pt-doped tungéten bronze [15], Li doped NiO [16-18],
LaOQBSrO.SCOOS [19] ana NiCo2bu [20,21] were reported
to have a promising property as an catalyst for oxygeh
reduction. However, the main'factof that controié the
catalytic activity of these transition metal oxides
has not yet been clarified.

The maih‘purpose of this chapter‘is to eluéidate
the factor which controlls thé cataljtic_activity. Forr
this purpose, the catalytic activities of some oxides
Vwith a high conductivity such as LaTiO3,'SrFéO3, SrVO3,

SrRu0 LaNi MXO (M: V, Co, Fe) and

3> Vg, 2Ty, g03> LalNi; M 04 »
Lal_XSrXMnO3 were investigated, and they as well as
the catalytic activities of other oxides which were
already reported, are compared with oné another

and discussed from the point of their nature of the

conduction band.

- 21 -



ITI - 2. EXPERIMENTAL

Metallic oxides such as La,05, Ni0, CoO, Fe,0,
and V203 were used as the starting materialé to prepare

LaNi, _M O3 (M: V, Co, Fe). The manner of the preparation

1-x"x

of samples was same as that of LaNiO, which was described

3
in the former chapter. The scanhing rate of 290min—1=0.5
was chosen in.the case of the determinationvof thé -
lattice constant by x ray analysis. Steady state polariZation
curves were obtained in the electfélyte into which
oxygen gas was bubling. IR-free current/potehtial

curves were obﬁaiﬁed by using a current interrupﬁer. All

the measurments were conducted at 2500. The other

details have been described in the former chapter.

- 22 -



ITT - 3. RESULTS AND DISCUSSION

IIT - 3 — 1. Physical properties of oxides

| According to Wold [8], LaNiO3 bélonés to
the space group D3d(5)—R§m,.and 1attice constants
of the crystal having a héxagonal form are a=5.456 X,f
c=13.122_z. The lattice consténts,bf the perévskite
oxide are shown in Fig. 1 as a function of the

degree of substitution, x. Dimension of the ¢ axis
Figure 1

o .
of LaNiO3.prepared was 13.18 A and larger than that

reported by Wold. This différence may'be due to
différent conditions of preparation such as
temperature and preparatibn time (Wold chose
800°C for three days, while a condition of 850°C
for fwo days was chosén in this present stﬁdy).
As figure éhows; the latticé,coﬁstants

'did not vary with x in the case of LaNii_iCoXO3;
Consldering that the dimension of the |
pseudocell of LaNiO3 is almost ﬁhe same aS'thét

3+

. of LaCoO ion must

3’
be almost the same as that of 003+ ion

the radius of Ni

o : . . )
(0.56 A) [22] in this perovskite type structure.

- 23 -



The invariance of the lattice.COnstants

in the case of.LaNll_XCoXO3, therefore,
3+

3+ and Co

possibly reflects that Ni vions

.have the same lonic radius in thé oxidés.

. On the other hand, in the case of LaNil_xFeXO3,
the lattice constants of both the |

a and c axises Iincreased with increase of

the degree of substitution, indicaﬁing:fhat

the Vegard’s law held good, although the |
Vvalue of the a axis did not increase

beyond x=0.3. Taking into the fact that
3% tom ( °

ion (0.628 A)
3+

the ionic radius of'Fé
is larger than that of Co ion in the
perovskite structure [22], it is quite.
reasonable for the latfice constants
of LaNil_XFeXO3 to increase with
increase of x. The lattice constants of

LaN10.9VOL103.were almost the same

as those of LaNlo.gFeo.103. However,

1 3
having more than x=0.2, a mixture of produced

when trails were made to prepare LaNi _XVXO
perovskite oxide and the starting

materials were obtained. The failure

to prepare single phase of peroVskite

for LaNll_XV)‘(O3 with high degree

- 24 —



of substituﬁion is unpredictable from the point of ionic

R (o]
radius of V3+(0,625 A) [22], which lies between those
3+

of.Co3+ and Fe. However, théré'is a posSibility by -
thefmodynamics that V3+ ions in LaNil_#VXO3 change into

v°* ions by the following reaction.

aNi3t 4 3P — oni?t 4 0t

If the total radii of the'produced ions, i.e., Ni2+n

and V§+ are larger than those of the reaCtaﬁt ions,ri.é.,_
‘ N13+ and V§+kthen the crystal will expand with increase

of x so greatly ﬁhat it cannot‘exist as the single

phase of perovskite. On the other hand, in the caserf‘
Lal—x

with the amount of the substitution of strontium.

SrXMnO3, the lattice constant varied scarcely

Resistivities of La XSrXMnO are shown in Fig. 2

1- 3

Figure 2
as a function of the degree of‘substitution of strontium, x. -
When the resistivity was obtained for a sintered disecs,
it was fairly close to the value reporﬁed‘by Jonker [6].
The oxide disc with Afron binder»(12.5'wt%),.which

was used as the eléctrode,_had a very iapge resistivity.v
Aé shown in.this figure, the tendency of the chénge ofl

the resistivities as a function of X, however, were



almost the same in both cases, as éxpected. When the degreé
of substitution with strontium, x, becomes largé, a |
localyzed eg orbital of the transition metal ion in

the oxide becomes availlable to form'the 0* bénd with

an oxygén ion [13]. Simultaneously the widthiof the §%_
band beoomes»great; The decrease of the fesistivity’with
an increase of X'in therrange of x=0 to 0.3, thefefore,
seems to be due to a decrease of the effecti&e masé of
electrons, m*, which brings an increase of the mobility of
electrons in the o* band, though physical Significance

of the increase of the resistivity at x=0.4 is not cléar.

Fig. 3 shows specific resistivities of LaNil_XMXO3

Figure 3
with Afron binder (12.5 %), which was used as the electrode,
as a function of the degree of substitution. In the

case of LaNi _XFeXO and LaNi

1 3 1~
increased semilogarithmically with an increase of x

XCoxog, the reSistiyities

and the degree of the increase was larger for LaNil_xFeXO3

than for LaNil_XCoXO3. If comparison is made on the

resistivities of each oxide with x=0.1, we see the following
order of the resistivities;

LaNlQﬁzLaNlO.QVO.103<LaNlO.9COOL1O3<LaNiO,9FeO.1O3

¥ L
When the o band is formed by overlapping the s‘p0 orbital

of oxygen ion and‘thé € orbital of a transition metal
o

ion, relations of the overlap integral, Ac s to the

ac
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critical overlap integral, AC, are as follows [13].
o . ' -
Acac>Ac for LaNlo3

0’ .
and Acac< Ac for LaFeO

and Lavo., A° = A, for LaCoO

3’ Tcac 32
Experimental results on

3

the resistivities of LaNil_XMXO3 agreé well with the

order of magnitude of the overlap integfal. Therefore,
the conductivity seems to be determined solely.
by the overlap integral. The 1bgarithmic dependency

of the resistivity on the degree of substitution,,

1- 3 1—xFexO3’

*
is connected to the prediction that the o band becomes -

which is observed in LaNi, _Co 0, and LaNi
_narrow with an increase of x. As a result, the_effectivé
mass m* of eiectrons in the o* band increases’with
an increase of x, leading to low mobility of electroh
in this band.
III - 3 - 2. Eleétrocatalytic-property for oxygen .
Areductidn |
By comparing pbtential sweép voltammograms
in Figs. 1 and 5 shown in the formervchapﬁef with

steady state polarization curves of oxygen reduction,

which are shown‘in'Figs. 4, 5, 6 and 7, it is noticed

Figure 4
Figure 5

Figure 6

Figure 7

o



that the electrode surface of LaNll_XMXO3, SrVO3 and

Lal_XSrXMnO3 might be slightly redﬁcéd during the

measurements of the polarization curves of oxygen reduction. .
However, the reduction, if any, is believed to bring no
detrimental composition change in the electrode surface. In -

the case of SrRuO the polarization behavior of the

3)
electrode was found to be quite analogous to that

of LaNiO Therefore, the two distinct current peaks

3"
seem to be connected to a couple of the reactions
of Ru3t/Rut ana Ruu+/Ru5+'tovgive SrRuO,_ g and SrRuO3+6,A
respectivély. It follows from this»identifiéation of the |
peaks that the oxygen reduction proceéded in potentials to
bring no distinct:change in the surface composition
of the electrode.

From polarization curves for oxygen reduction‘

on LaNil_XMXO presented in Figs. 4 and 5, it is found

3
that the order of the actlvity was LaNingLaNi0 9V0 103>7

LaNll_XCoXO3>»LaNll_XFeXO3 as far‘as the degree of substitution

ranged between 0.1 and 0.3, and that the current densities

decreased with an increase of x in'both LaNil_XCoXO3 and

LaNiT_KFeXO3. The decrease in the reduction current

density of oxygen can be attributed to difference in
the surface area of the electrode, because the surface

areas of LaNi MXO3-(M: Co, Fe) was independent of the

1-x
degree of substitution, and had the following values

when it is expressed in m?g_l; LaNiO3: 0.56, LaNi

0.9%°0.1%3°
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0.48, LaNi

0.45, LaNiO.8CoO.2O3: ‘ O.7000.303:.0.43,
LaNiO.9FeO.1O3: 0.37, LaNi0.8FeO.2O3: 0.4Y4, LaNiO.7F60.3Q3:
0.36.

The impoftant view of the electrocatalysis connected
with the present study is the one proposed by Binder et al.

[23,247], that the transition metal ions in the surface

must have an empty dZZ orbital and fllled‘dxy, dxz

in order for the oxides to have high catalytic activity
for oxygen reduction.'If their view is applicable to

. the present cases, LaNll_xFeXO3 and LaNll—xCOxOS must

show as high activities as LaNiO3, because back-donation

3+ 3+

of an electron from Fe or Co

3+

easy as that from Ni7J Experimental results were againét

to oxygen should be as

this prediction. Consequéntly, we need an another
~view on electrocatalysis on these transition metal oxides.‘
In the case ofvthe polarization curves of oxygenA
reduction on Lal_XSrXMnO3 shown in Fig. 6, the current
density increased with an increaée of the'degree of
substitution with étrontium, x. Again the increasing
tendency of the reduction currenf of oxygen with an
increase of x cannot be attributed to difference in the
surface area of the electrode, because La

1- 3
had the surface area of 1.0~ 1.2 m_zg;"1 independent of

Sr MnO
XX

the degree of substitution.

From thg both results of LaNll_xMXO3 and Lal_XSerHO

1t is found that the currént density of oxygen reductibn,

3)
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that is the catalytic activity,_increased with an increasé 
of the overlap integral, which is éonnected‘ﬁo promotion »‘ 
of the 0* band formation as discribed in the former |
section. On the both électrodes, Tafel slope of U7 mV'bef
decade was observed as shown in Figs;_u,isgand 6, .The
vélue indicates that possible réaction pathesvforboiygen o
reduction under an activation controlled conditioﬁ
may be either the one by Hoére~[25,26] or Ives [26,27].
In either case, the following step is then'the réte
determing. | 7

MOH + e —;->M02H" | | (1)
where M represents an active site of the electrode..
In the present case, M is a transition metal cation of
the surface of the perovskite onto which one oxygen
molecule adsorbs. Then, 1t seems to be reasonable that
the catalytic acticity is controlled by the overlap
integral between a transition metal ion and an oxygen

ion nearest to it of the oxide.

’Figs. 7 and 8 show the polarization curves. of

Figure 8

3> SrVO3 and VO.2T11.803’

It is found by comparing these figures with Figs. 4, 5

oxygen reduction on SrRul

and 6 that a high overpotential was necessary for oxygen

reduction on these oxides, although the catalYtic _
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activity seemed to have some dependéncy oh,the pH values

of electrolyte. In the both cases 6f LaTiO and

3

SrFe0, electrodes, no distinct reduction current of

3
v " _

oxygen was observed. The m band formed by the M-0-M

interaction in the conduction'band in the cases of

LaTio SrFeO SrvV0., and SrRuO though the empty o

3’ 3° 3 37 _
band is also formed in these oxides [13]. On the
other hand, the conduction band of Vo.éTil.8O3’is'
the w* band formed by M-M interaction and no 0*
band is formed [7]. On the basis of the above diséussion,
an important conclusion ié drawn that the‘cétalytic |
activity of the oxide having the G* coduction‘band
is high, while those having the ﬂ* conduction band
is low or negligible.

From ﬁhe above resﬁlts, it is clear that the
following tWo conditibns must be fulfilled in order for
"a transition metal oxide to have a high catalytic activity.
1) The c*‘band must be formed, 2) It must have electrons.
Importance of the fifst'condition is demonstrated in

the fact that the catalytic activity changed with

the degree of substitution, x, in La: _Sr MnO, and

1-x77°x 3
LaNil;xMxO3' Importance of the second condition is
observable in the fact that LaTiO3, SrFeO3, SrVOS.and,SrRuO

3>
¥
which have an empty ¢ band, showed low catalytic

activities.

Qualitative relation between the catalytic activities
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and the nature of the conduction band are summarized in Table 1.
Table 1

for a variety of transition metal diidéé. ih ﬁhis table,

the results_obtainéd in this study as well as in otherr
literatures are collected. From this table, it is noticed
that the conductionAband of,transition metal oxides

must satisfy the above mentioned two condition in order

for the oxides to have a high catalytie activity for oxygén_
reduction.

Tseung and Bevan [19] reported that Lai_XSrXCoO3
~gave a so high catalytic activity as to give the equilibrium
pqtential of oxygen at the potenfial éxpectéd by thermodynamics.
According to Goodenough [28], the conduction band
of this oxide is formed by overlapping the U*Aband With'
the w¥ band. Hence, this oXidé satisfiesbthe ébove two
conditions. | |

The two different bands have been>proposed forbthé
conduction band of NaXWO3. Mackintosh proposed the band
formed by interaction between sodium orbitals‘[293;;while'
Goodenough considered the ﬂ* band formed by the M-0-M
interaction [28]. The theory of_w* hand seems to be more .
appropriate to understand the physical properties of‘

s ,
NaXWO If the m band is the conduction band of NaXWO3, the

3.
catalytic activity for oxygen reduction must be low. IT
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was reported by Bockris et al ‘{301 that the catalytlc act1v1ty
of Na WO3 is low; if the oxide is not doped w1th platlnum

- Although NiO is a well known p-type semlconductor
[31], the eg orbital of N12 is localized in the oxide [28]
However, the magnitude of the overlap integral of the
eg orbital'of Ni2+ wiph'the 5P orbital of oxygen lonbin
the oxide is eQual to that of the critical overlap
integral, that is, AcaE”A in the temperature range
above the Neel point [32]. Therefore, formation of a
partially filled o* band seems to be'possible in temperatures
.above the Neel point.'Then; NiO satisfies ﬁhe above
mentioned two necessary conditions. It was alfeadyA
reporped that the catalytic activity of Li doped-NiO
became suddenly high above the Neel poinf‘[l8].

There are two ways for an oxygen molecule tor

adsorb on an electrode, when it is electrochemically
reduced.'The side-on fype adsorption, however, seems
to be improbable in the following'reaeon. On adsorption,
oxygen willl be adsorbed on sites in such'a way.that a
transition metal ion is surrounded octahedrally In the
case when the side-on type adsorptlon takes place,
the bond length between two oxygen ‘atoms of an oxygen ‘
moleculevmust be stfetched to long in Order‘to fit
the crystal structdre of the electrode. For example,

if 51de on type adsorption takes place on the (llO) plane,

the bond length between oxygen atoms in an oxygen
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molecule (1.2 K) is much shorter than that between the

néareSt oiygén fons in the crystal (2.7 K). Hence, the

side-on type adsorption seems to be improbablé on the

perovskite structure; ThérefOre, end-on type adsorption is

probable. On adsorption, the ﬂ* orbital of an oxygen

molécule, which is occupied by half with é1ectrons

and energetically highest [34]? orients toward'the eg

orbital of the transitioh metal ion. The probability

for the eg_orbital to overlap with the ﬂ* orbital of adsqrbed.

oxygen Will‘dependvon the overlap integral,'Agac.
The overlap integral of the w* orbital of ah oxygen

molecule with t2g orbital of a transition métél ion |

of the oxide wiil be very weak on the adsocorption. Therefore,

electrons 1in the d* band rather than W*bband seems to

be more difficult to be transfered to the.ﬂ* orbital

of an oxygen molecule. This»is one possible reason why

a transition metal oxide having the ﬂ* conduction band

shows a low or negligible catalytic activity for oxygen '

reduction.
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TABLE 1. d-electron configuration of oxide and catalytic

activity for oxygen reduction._;

Oxide d-electron configuration[13]Conductivity’b Activity
LaTio,, a*t 7 metallic negligible
Srv0, g*l ®O metallic low
SrFe03 te® TEIG¥T metallic negligible
SrRuO3 ¥t 5%T metallic ~ low
LaCrO; [33] g7 50 semi low
Lal_xseroo3 {191 t*eg*0 or t*“c*z(x=o) semi-metallic high
#n_xn 2
_ T g (x>0)
*3 %1 "
t eg " (x=0) . semi- . low (x=0)
Lal—xSPan03 metallic
¥3 %¥1-x
. t 30 (x50) . high(x>0)
LaNiOg Ty metallic high
11 _oM #6 x1 mi } Py =
LaNij_xMy03 ¥ o (x=0) se?i s high(x=0)
: A metallic b
(M: Fe,Co) t*seg*n (x50) ) low (x>0)
Na, W03 [30] T¥" o ¥° metallic low
Vg oTiqy 804 D) metallic “dow
¥ -
Li-doped eg («Ty) . : relatively
Ni0 [18] | N semi high(<Ty) -
¥n very . hi
g (>Ty) y(>T§?-

D "metallic" and "semi' denote metalliec conductivity and
semiconductivity, respectively.

. * *

2 Overlap of 7 band with ¢ band.

. ' .
%) This m band is formed by the interaction of M—ML
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Fig.1. Lattice constants as a function of the degree

of substitution. (O) LaNi Fex03, (®) LaNi]_xCoxo
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Fig.2. Resistivities of La;_ Sr.Mn0, as a function
of the degree of substitution, x. (0) sample _
bonded by a binder(12.5 wtz), (®) sintered disc,‘
(®) values reported by Jonker[10]. '
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Fig.3. Résistivities és a function of the degree
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Fig.4. Current-potential curves of oxygen reduction
in IN-NaOH. i i
a0H. (@) LaN1O3,_ (@) LaN10.9VOJO3,

(@) LaNig gFey 103, (W) LaNiy gFe) 04, (O) LaNig sFey 305,
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Fig.5. Current-potential curves of oxygen reduction
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Fig.6. Current-potential curves of oxygen reduction on
La]_xSr‘anO3 in IN-NaOH. {0} x=0.4, (@) 0.3,
{®) 0.2, (a) 0.1, (a) 0. i
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Fig.8. Current-potential curves of oxygen reduction in.
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CHAPTER IV

DEPENDENCY OF THE EXCHANGE CURRENT DENSITY OF OXYGEN
REDUCTION ON THE RESISTIVITIES OF Lal_XSrXMnO3 and

LaNi XMXO

1- ELECTRODES

3

IV - 1. INTRODUCTION

In the preceding chapter, the~fblquing>§qinbs‘ £”?'t
were elucidated; (1) the dafélytic activitiés of Lai__;(SrXMnO3
and LaNil—xMxO3 for oxygen reduction are influenced
‘by the resistivity of the oxide which is determiﬁed by
magnitﬁde of the overlap integral, Agac,‘between the
orbitals formed by an eg orbltal of a constitute metal
ion and that by a SP orbital of an oxygén ion ; (2)
the activation controlled step of oxygen réductionbseems to

2
% - ¥
in the o band of an oxide must transfer to the 7w

bevMO2H + e —MO,H in both oxides ; (3) an elecfron
orbital of an adsorbed oxygen moiecule in this reaction |
step. Thire findings seem to suggest that the nature of
electrons in the g* band, which is refleéted ih the
resistivity of the oxides, influencés on the rate of
'oxygen‘reduction. In this chapter, a relationship.bétween
the exchange current of.oxygen reduction and the resistivity

of the oxide are theoretically derivéd and is comparéd:_

with experimental results already reported.
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IV - 2. THEORETICAL ANALYSIS

Fig. 1 shows a schematic model of the electron transfer

Figure 1
in the-raté determing step of oxygen feduction on Lal_XSrXMnO3
and LaNil—xMxO3‘ This figﬁré‘shows the case when fher
.»overlapping of the ég orbital with thé ﬂ* orbital is relafively
low. If the overlapbing is very high, theh the magnitudev 
of the overlap integral shoﬁld not éxert an influence
on the catalytic activity, because the probability
of the electron transfer is unity in this casé [35].
If an equation derived by Dogonadze et al. [36] for

eXchange current of a simple redox reaction is assumed to
be applicable to the case of oxygen reduction, then
the following equation holds for the‘oxygen reduction.

1,=(e8/n)p i (mkT/E )1/ 2exp (-E_/UkT)exp(-5ep/2kT) (1)
where L is the exchangé integrai between the eg orbital
of a transition métal ion and the ﬂ* orbital of an oxygen
molecule, Pe the densitonf states of electrons at the
Fermi 1eve1,»éthiokness Qf the Helmholtz doubie 1ayer;
: ES the febrganization énérgy of solvent, w:the;potentiaii
of the outér Helmholtz pléne reiative to a feférencé

point in the bulk of solution, and e, &, k and T have

their usual meanings. The main factors to determine
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io are pe and L, since only the electrode material is

different in the reaction system [37]. Therefore, the
equation (1) can be simplifiéd to équation (2).

s _ 2

1 =0 fc, | @
where Cl=(e6/ﬁ)(ﬂkT/ES)l/2exp(QES/f4kT)exp(—5e¢/2kT)

pp and E. are given by the folloWing equétions [387,
respectively. 7 |
pp=(v/2n?) (2m’ /02)3/2g 12 (3)
E.=(6%/2n") (3n2n/m3 ()

% ' : .
where m 1is the effective mass of electrons, V the volume
of the unit céll and N nﬁmber of free electrons.

Combining eq. (3) with (4), one obtains,

‘4 2/3 1/3 L o L3
£ t aN:
Ratios of V N~ of LaNlo3 to that of L N10’7000.303

and to that of LaNi 0, are ~1.1 in both cases,

I
0.7°%0.3"3 |
" if one choses numbers of free electrons in the eg orbitalj

of nickel in LaNij M0, as N. The ratio of v2/3nY3 or

3

LaMnO3 to that of LaO.Ter.3MnO3 is again about 1.1.
Therefore, eq. (5) is simplified to eq. (6).
pp=C,m , | (6}

Replacing P in eq. (2) with eq. (6),
. ® 0 | o
1,=C,Com 1 . | - (7))
- Although the overlap integral increases with an increase
of the exchange integral [39], the relationship between
them is not known ekactly. However, the exchange integral

in this case corresponds to the transfer integral, bij’
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which is approximated to be propqrtional to the overlap
integral [40]; Théreforé,_for simplicity; iet us assume
that the exchangé,intégral is a liner functidn of the
overlap integral.

L=C,r | | | . (8)
where r is the overlap integral between an eg orbital
of the transition metal ion of the electrodé and the
n* orbital of an adsorbed okygen molecule. As'shown

gqualitatively in chaptér IIT, it seems that r is proportional

to the overlap.integral, A®

cac? between the orbitals formed

- by the ég orbital of the transition metal ion and the
'SP orbital of the oXygen ion in the oxide.
- 7O S
r=Cyl, .. | . (9)
Using the tight binding approximation [41], the relation
‘between Ag

ac and the effective mass of an electron in

o % , :
the ¢ band, m , is expressed by eq. (10).

O _~p.—2 %=1 : o _ k
cac~Cho Tm 7 . (10)

A
where C is a constant and o is the distance of the nearest
neighbors. Although o depends on the size of the unit cell,

the change of d in a.perovékite oxide ABO, with promotion

3
of the substitution to give ABl_XCXO3'is not large. For
. 2 ‘
R P .
example, rgtlo of o _of LaNlo3 to that o-_LaN10.7FeO.SQ3‘
is no longef than 1.1. Therefore, eq. (10) is simplified to
eq. (11).
o _ ¥.1 ;
Beac=Cs™ (L1)
where CS=Cﬁa—2

Using egs. (8), (9) and (11), the exchange integral, L,
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is expressed as a simple function of the effective mass

* S :
of an electron, m, in the ¢ band.

m*—l . o (12)

= C
L=C30C5 | |
Replacing L in eq. (7) with eq. (12), the exchange current
density of thelokygen rédﬁction, iO’ is simplified to
the following équation.

. 2.2.2 ¥.1
1,=C,C,C5C;Com
%1

=C6m - (13)

where c6=clczc§c§c§ | | |

The inversely proportional relationship of io to m* in-‘
.eq. (13) is due to that the effect of the overlap integral
on io is stronger than that of thé dénsity bf states,'pf,
Combining éq. (11) with eq. (13),

1 =A% ¢t
7o Tcac’h

(14)
Eqg. (14) shows quantitatively an enfluence of the overlap
integral on the cétalytic activity for oxygen reduotioﬁ..
The resistivity of an oxidé is represented by. the
folloWing eqﬁation. |
R=N"1pt | | - (15)
where N is the concentration.of carriersband ﬁ is the

mobility of the carriers. Since the carrier is electrons

g _ A
in the o band and numbers of it seems to be almost proportional

to the amoﬁnt of the substitutive élement, X,Vthe resistivity

of the oxide is determined mainly by the mobility of electrons.. . :

 The relationship between thé mobility and the effective '
mass was gilven for the casé of the lattice scattering

in the covalent bonding crystal, such as diamond, silicon
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and gelmanium, by Seitze L4217, and Bardeen and Schockley

[43]. The eqﬁation given by Seitze is
ﬂ=61/3u‘lz1/2Pl/3éﬁzkl/zmcngf3/25'5/692m*‘5/2 (16)

. where P is the density of the unit cells of the lattice,

8 the debye temperature, Cf a function of the. Debye temperature

originated from the Bloch function; and the'other symbols

have the usual meanings.,If the mobility is assumed to

be decisively determined by the effective mass, eq. (16)

is simplified to eq. (17).
¥
LE-5/2

_61/3 u-121/2P1/3eﬁ2k1/2MC;2T—3/2ﬂ-5/662 |

This equation 1is derived by Bardeen and Schokley, too.

u=Cg (17)

where 08

In the case of the impurity scattering, howeVer, Conwell
and Weiskopf [44] proposed an another equation as shown

in eq. (18) with the same assumption made in eg. (17).

®-.1/2

p=Cam (18)

a T + .
In the eeses of Lal_XSrXMnO3 and “aNll—XMXOB’ we cannot
- predict which equation is more appropriate to apply. Therefore,

eqs; (17) and (18) are generalized to the following equation.

w=Cgm " | | : (19
Combining eg. (15) with (19), | m
R=Cym - o)

’ P R
where 010—09 N

By eombining eds. (13) with‘(20),vthe dependence of
the exchange current of oxygen reduction on the resistivity
of the oxide is formulated as follows.

io=CllR B (21)
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1/n

where Cll=c6clo

Therefore, 7
1n10=(—l/n)1nR + 1nC11 (22)
The equation (22) shows that the value of n in eq. (19)

-can be obtained from the slopé of the 1line, if piots'

of 1ni vs. InR give a straight line.
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IV - 3. RESULTS AND DISCUSSION

Figs. 2'and 3 show the exchange current densities of

oxygen reduction on La SrXMnO and LaNi

1-x 3 1~
function of the degree of the substitution, x, which

XMXO3 as a
were obtained from the polarization curves in Figs. 4, 5

Figure 2
Figure 3

and 6 of chapter IIIL. Fig. 4 ehows”plotS'of the'exghe@get

Figure 14

current dehsities asva function of the resistivity of
the electrode, for three kinds of the eleetfodes. The
data of the resistivities used in this figure were
"already reported in the chapter III. |
Good linearities of logio/logR were obtained for
a series of the perovskiterokides. In the case of Lal_XSrXMnOB,
the plots were made for the range of x from 0 to 0.3,
because the resistivify seems‘to reflect the effect of
the effective mass in this range as described in chepter ITT.
‘The slope and n obtained are listed in Table 1. The o
present approach to give e theOretical background to

the dependence of the exchange current density on the
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Table 1

electrode conductivity may contain»a detrimental defect
in the point that derivation of eqs.‘(8) and (9)vére
based on rough approximation and that éq. (17) whidhbis
applicable to covalént bonding crystal is used invthe 
perovskite okidé to derivé a mobility-effective mass relatioh.'
However, the fact the value n found on LaNi,  Fe O;.

and Lal_XSrXMnO3 Weré véry;close to the value predicted in

eq. (17) is believed to support that the theoretical

approach presented here is not unreasonable.
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TABLE 1. Parameters of the relétionship between the eXchange
current of oxygen reduction and the resistivities

of eleétrodes.

Substances Slope ' n

L) _xSTMn0g. -0.5 2.0
LaNil_xFeXo3 0.1 2.5
LaNi,_,Co 04 -0.18 5.6

- L4o -



¢" band
- ) 5 /-—\ é\:\c*orbital
70 07771MN S Ose

eg orbital

0

Fig.1. Model of the electron transfer of the rate
determing step in oxygen reduction at La]_xSr‘anoq
and LaNi, M 0,. M; trans'1t1cm metal ion,

0; oxygen ion.
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. Fig.2. Exchange current densities of-bxyééﬁw;eduction

on La]_xerMnO3 as a function of the degree of
substitution, x.

1 1 1
0 01 02 0-3
X

Fig.3. Exchange current densities as-a& function of the °
’ degree of substitution. (e) LaNi]_xC0x03,

(o) LaNi]—xFex03’ (®) LaNi, ,V, .0

0.970.1°3°
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Fig.4. Plots of logi  vs. TogR. (2) La,_,Sr Mn0g,
(0) LaN1'1_XCoX03, (®) LaNi]_xFeXO3. .
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CHAPTER V

INFLUENCE OF PREPARATION CONDITION ON CATALYTIC ACTIVITY
FOR OXYGEN REDUCTION OF LANTHANUM NICKEL OXIDE AND

RELATED OXIDES
V - 1.. INTRODUCTION

Accdrding‘to Goodenough ng, cations océupied A site
~ 4in a perovskite type structure ovaBO3'negligibly influencé
the conducti?ity of the crystél‘on account bf lacking
interaction between the electron orbital of thé A site

ion and that of the oxygen ion. Hence, even‘if La3+

ions in LaNiOB_are substiﬁuted by other 1anthan¢id

elements, Ln, to form'La-_XLnXNiO3, the electrocatalytic
activity for oxygen reduction will be unchanged by the'
substitution. The present study was conducted to demonstraté
the validity of this view.

Lanthanoid elements which can be substituted for
lanthanum are limited to neodymium and samarium [8]. When
the degree of substitution promotes,'formatiéh of'foreign
oiides as well as deformation of the perovskite structures'
are brought about. Therefore, the présent chapter_déals also

with effects of crystal structures and deformation on

catalytic activity of éxides for oxygen reduction.
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V - 2. EXPERIMENTAL

LaNiO, were prepared by decomposition of nitrates,

3

boxalates and carbonates, besides by the flux method.YOXides

substituted some fraction of 1anthanum'with other lanthanoid

elements such as samarium and neodymium were brepafed

by using a Na2CO3 flux at 850°C for two déys. | : -
A scanning electron microscdpe (SHIMADZU, EMX-SM) was

employed in order to evaluate the crystal shapes of oxidés.
Conventilonal péllets electrodes wére prepared.by.the

same manner as described in the former chapter to examine

the nature of the electrocatalytic activity.uBeside

these electrodes, andther_two types of PTFE (poiytetra—

fluoroethyléne) bonded electrodes were preparéd; Ohe

was prepared by pastihg a mixfure of PTFE (l&mgdﬁ—Z) and

sample oxide (56mgom—2) onto a 100 mesh nickel scfeen and

then by heating it at 25000; This electrode was mounted

inva glass tube with epbxy resin in such a manner that

oné side of the electrode is contacted with an electrélyte

and the other side flowing oxygen of one atom pressuré.

The other waé prepared by pasting a PTFE dispersion onto

oxygen flowing side of the PTFE'electrodé, which was

consisted of PTFE (28mgcm—2) and LaNiO3 (56mgcm_2), aﬁd by

heat treatment at 300°C. The former and‘the latter electrodes

- of the PTFE bonded electrodes are named as A and B typez

electrodes respectively in this chapter.
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"V - 3. RESULTS AND DISCUSSION

V ~ 3 - 1.. Physical properties of oxides
Table 1 gives summary of products obtained, when

trials were made to prepare LaNiO3 by various methods;
Table 1

When flux methods were chosen, the flux of Na CO3 gave

the s1ng1e phase of hexagonal LaNiO, at a lower temperature

3

than that of K CO3, on account of its lower melting

point. LaNiO, having a cubic type structure was obtained

3

by the decomposition method, as expected. However, a
high temperature was necessary to obtain a single phase

of LaN103 than that reported by Fogx et al (600 C) ﬂS]

Resistivity and BET surface area in the table are
given for as-producted oxides including forelgn substances
not intended, on account of difficulty of separation.

-into individuals. Resistivity of single phase of LaNiO

3

,C05 flux decreased a little with

increase of the reaction time. In the case of Single phase

prepared in the Na

LaNiO3 prepared in the flux method, X rey'diffractien
patternstshowed that diffraction peaks became sharp with
an increase of the reaction time, 1ndlcat1ng that the
degree of crystallzatlon increased with the reactlon

tlme.
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When trials were made to prepare a single phase
perovskite type oxide substituted some fraction of
lanthanum of LaNiO3 With neodymium; a foreign'substance
of neodymium nickel oxide was simultaneously preduced
when the degree of substitution intended Wes beyond
0.2. Similarly, in the case of‘substitutien with samarium -
more than 0.1 ffaction of lanthanum, products contained
samarium nickel oxide. PFig. 1 shows x ray'diffraction.

peaks of (100) and (012) planes of perovskite type'exide
Figure 1

produeed.,lt was found froﬁ this figure that deformation

of the perovskite fype structure was promoted with the
degree Qf substitution, x, and the rate of the deformationb
was higher for Lal_XSmXNiO3 than for Lal_ Nd. NlO3 This
observetion was roughly in accord with Wold’s results [8].
Easier substitution with neodymium than samerium is |
attributable to the fact that the ion radius of La3+
(1.3464) is closer to that of NAST (1.320A) than Smo'

(1. 3103) [27]. It was unsuccessfuT to separate mixed oxides
_1nto individuals when they were proauced Therefore, phy31ca1
propertles as well as electrochemical propertles were
obtained on the as-produced oxide. For simplicity,of

description, nominal composition intended, expressed in

Lal_XLnXNiO3, is used in this chapter even when mixed
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"oxides were produced.

It is noticed from the resulté in Table 2 that
Table 2

electrical conductivitiés of prepared‘oxides decreaéed

with increase of x. The decrease seems to bé resulted mainly
from two causes. One is crystal deformation_of the perovskite'
| structure as stated above, and the other‘isrekistence

of foreign oxides sudh as neodymium nickel oxide'andA

samarium nickel oxide. The rate of the decrease with X

in this case, however, was far less thén'thét in the single
phase perovskite type oxide substituted some fraction

of nickel of LaNiO., with an other transition metal to

3

give LaNi XMXO as described in chapter 2. In the case

1- 3
of LaNil—XMx’ for example, substitution of N1 with Fe at
x=0.3, brings increase of the resistivity by about four
orders of magnitude, while in the case of mixed oxides
expressed in LaO.7LnO.3NiO3, where Ln is either Nd or
Sm, the resistivity was only three or four times that

.of LaNil although an increasing trend of resistiVity

3:
with x was noticeable.

If one takes into account that the resistivity
. is a measure of magnitude of the overlap integral between

 an electron orbital of nickel and of oxygen of the oxidés sl,

the overlap integrals of neodymium nickel oxide andA
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samarium nickel oxide as well as of perovskite type

L LnXNiO are judged to be comparable to that of

al-x 3

LaNiO3. This is an important conclusion on the basis of

which electrocatalytic activity of the mixed oxide electrode

is discussed.

Fig. 2 shows the crystalline forms obtained by a
Figure 2

"scanning electron microscope of LaNiO3, La0.7NdO.3NiO3

and Lao 7Smo 3N103, prepared by the flux method, and of

LaNiO3 prepared by decomposition of nitrates-eﬁ 95000

for one day. The crystalline forms of oxides prepared by
the flux method were resemble with one another, and the '
particle sizes of crystals were several microns at 1argest5

While, that of LaNiO prepared by the decomposition of

3

nitrates consisted of much fine particles of an order of

10"l micron.

V:— 3 - 2. Electrocatalytic activity for oxygen reduction

Cathodic polarization curves of oxygen are presented
Figure 3

in Fig. 3 for electrodes of cubic and hexagonal LaNio3;

and of La XNdXNiO We see in this figure that reduction

1- 3°
current on the cubic LaNiO3 electrode is by one order



of magnitude higher than thet on the hexagonal LaNiQ3.
In the previous chapter, it was préposed that the overlap
integral between the eg orbital of nickel and |

-‘the 5Py orbital of oxygen is an important factor to determine'
the activity of the electrode for oxygen reduction. As
the resistivity of cubic LaNiC3 used as the electrode_’
material (0.9 Qcm) was comparable to that of hexagonal
LaNiO3 (O.SFQcm),‘the overlap inftegral is judged to be almostv
the same between the two electrodes. On the other hand,
since the crystal of LaNiO3 of ﬁhe hexagonal type is the

one distored only 43° in the (111) direction of the

~cubic cell, the catelytic activity.seems to bebscarcely
influenced by the difference in structures. Therefore,‘a
major part of the difference of the cathodic current of
oxygen observed must be attfibutable to that of the

_surface areas of oxides as deseribed above. The eiectrode of
the single phase Lao.gNdo.lNiO3 gave eventually the same
polarization curves for oxygen reduction as that of

LaNiO,. Lattice constants of this oxide were judged

3
to be the same as that of LaNiO,. Considering that f

3 .
electron orbitals of lanthanoid elements are localized
in the oxides and has no influence on the overlap integral
between nickel and oxygen, the result obtained was

in accord with our expection.

Fig. U shows cathodic polarization curves of oxygeén
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reduction on La XSmXNiO . All the Tafel slopés for

1- 3

Figure 4

various Lal_XLnXNiO3 electrodes were the same and 47mv

per'decade, as was observed at LaNi1

as described in the previous chapter. Fig. 5 shows exchange

M_0O, electrodes
-X X 3

Figure 5

current densities as a function of the degree of substitution,
x. It is shown in Figs. 3, U4 and 5 that the cataiytic activity
leanleQB and

that the degree of the decrease was larger for lLa SmXNiO

decreased with an increase of x in La

than for La XNdXNiO In our opinion, the fact t_at'the

1- 37
curfent decrease with an increase of x in Lél_XLnXNiO
seems to be reasonable, because magnitude of the overlap
integral between nickel and oxygen, the measure of
“which is the resistivity of the electrode, decreases
with increase of x. If the overlap integfal éoieiy determines
the catalytic activity, however, we éhould expect that
the current is larger on'Lal_XSmXNiO3 than on.Lal_XNdXNiO3
at same value of x. The results are againsﬁ this expectation.
Thefefore, we have to recognizé-thétrthere is at léast
an another factor to control the electrocatalytic activ;ty

of the oxides.
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It was noticed that deformation of the pefovskite
structure progressed with promotion of formation of the
monoclinic oxide of neodymium nickel_cxide or samarium
nickel oxide, and that the rate of the defofmatién with
X was'larger.for Lal_}'(SmXNiO3 thaﬂ Lal_XNdXNiO3 on account
of more difficulty of the'substitution of La WithiSm' |
than Nd. It follows that these observations that the
deformation of the perovskite.structures as well as
difference in the crYstal structures are other important
factdrs td determine the eleétrocatalytic activify'of
the electrode. Considering that there is large'difference‘
in the crystal structure between the perovskite and |
the monoclinic oxide such as samarium nickel oxlide and
neodymium nickel oxide, the cataiyticractivity for_oxygen
reductiocn of these monoclinic oxides may be diffefént
from that of the perovskite oxides.

If the monoclinic.oXidesiare assuﬁed to have no
catalytic activity, theh the catalytic acﬁivity 6f the
electrode will be decreased in proportion to the amount
of the monoclinic oxide in the~electrode; The current
deérease cbserved with an increése~of fhe degree of
substitution was, however, far more than that estimated
by this assumption. On the éstimation, it was assumed that

273 273

Nd,0, or Sm,0, charged as the material in the synthesis
was consumed to produce the monoclinic oxide when the

degree of substitution was beyond x=0.1. Therefore, it is
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suggested from this discussion that the»deformation of
the perovskite structure must decréase»the catalytic
activity of thé electrode.

This suggestion is supported by the following results.r

When the current density for oxygen reduction was compared

A 3
prepared by using Na,CO, flux at different reaction time,

with one another at OV on the single phase LaNiO. electrodes

2773
LaNiO3 prepared by one, three and seveniday’s.reaction
gave 20, 35 and 78 uAcm';2 respectively.’As'stated in the

above section, crystalization of LaNiO, was promoted

3
with increase of the reaction time. Therefore,'it is
clear that thé catalytic activity for oxygen redﬁctibn
was decreased'with promotion of defofmation of perovskite
structures. | |

If the end-on type adsorption of an oxygen molecule
as described 1in a previous chapter occurs, the eg
orbital of a transition metal ion, i.e., of Ni>' in the |
present case, 1is very l1mportant for the éatalYtic,activity
of oxygen reduction. When the cfystal structure of the
peroﬁskite is deformed, the direction of the d orbitals

3+

of a Ni ion as well as the eg‘orbital of it wiil become
'random.'Then, the overlapping between the'egrorbital

and the ﬂ* orbital of oxygen molecule decreases de1icaté1y
with promotion of the deformation of the perovskite

structure, so that the catalytic activity decreaées.' i

It should be stressed here, that the current
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decrease by the deformation was not so that brought by

substitution of the transition metal of LaNiO,. For
example, an electrode of the single phase of LaNi0 7Fe0'303
gave a current decrease of two orders of magnitude ‘

by the substitution, while La NiO-'one order of

| 0.75%0.3"103
magnitude.
Fig. 6 shows I/E curves of the A type electrode

of LaNiO3 in 30% KOH. The cubic lanthanum niékel oxide
Figure 6

prepared by the decomposition df nitrates showed a promiéing
‘polarization behavior for oxygén reduction because

of higher surface area than that prepared by'thé flux_
method.

Fig. 7 shows variation of oxygen reduction current
Figure 7

at 0.875V (vs. dhe) on the A and B tjpe electrodes of
LaNiO3 which was prepared by the decompotion of’nitrates‘
(95000, iday). A shafp drop at the A type electrode,
which was observed after polarization»for about ten
hours, was attributable to penetration of the e1ecﬁro1y?e
into the oxygen flowing‘side of the electrode. The o
extent of the penetration of the electrolyﬁe intgbfhe

inside of the electrode wés less at the B type electrode
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than at the A type electrode bj the fact that thé'former'
electrode was more tightly water-proofed with PTFE.

The apparent activity for oxygen reduction was poor at
the B type electrode as a matter of course. An initial
rise of the current at the B type eleétrode_withjtime

is believed to be due to permeationvof the electrolyte.into:
the inside of the electrode. The succeeding gentle

decrease was'judged to be connected to a local pénetration
of the electrolyte into the oxygen flowing'side of the
electrode. The observation that the B type electrode

gave an almost constant current over about a'week except
for the initial stage of the testiﬁgVSuggests that

the catalytic activity for oxXygen reductidn will

maintain over a long period if we can improve a
fabfication technigue of the electrbde} It Was réported
that Co2NiOu [23] and Lnl_XSrXCoO3 [L6] showed a high
catalytic activity for oxygen reducticn at an initial

stage of experiments,'bﬁt the former and sbmé éf the
latter oxides have a defect of instability in alkéiihe
solutions. A composition éhange in the surface oxide

into hydroxide was reSponsible for the instability

of the former oxide, and formation bf»a large amount

of oxygen vacancies_within the crystal lattice for

some. of the latter oxides. In the case of LaNiO3 electrode,
formation of a large amount of oxygen yacancies, which |

will bring the destruction of the crystal structure,
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is probable if it is polarized at potentialsléathodic

to about 0.55V (vs. dhe) as described in chapter 'ii;r

However, it worked as an effectivelcatalyst for oxygen

reduction over a long period énd the,decomposition

0of the electrode was negligible so far as it_was

used in the potential région anodic to 0.55V (vs. dhe);
The high activity of the material‘with good |

stability and moderate pricerof starting matérials'

are promising character of LaNiO, for practical use

3
as a catalytst for oxygen electrode in ah energy conversion
 system such as fuel cell. Figs. 6 and 7, however,

show that some improvements shduld be made for particle
sizes [hTJB]of LaNiO3 as well as fabrication technique

of the eleétrode l49,507.
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TABLE 1. Materials produced by different preparation conditibné;'

T
Prgparation ;Starting ’ Condition éﬁ Product gResistivityl- Surface
method imaterial ' Time/day! Temp./ C {/ssem _! area/ng'l
I i 1 I ] ’
NiO,La, 0, .
lLa20 . I 0.2 ] N >™7273¢ 7150 |-
Flux lNiO : ' L________J L,LaNiOB L 7|
g P 0.5~0.7
'(Na2003) 1 1| i LaNi0, L2 l
l | 2,3 | 850 | Lo.8 |
L7 ! R 1 0.5 |
l l 1 I 950 ‘ N1La20,4 1 '
] | | LaNi0y | 9.5 .
H
MLa o I U Nio,La0,l o
Inio > : 1 | 8% | Lanio,” 2| 78.0 !
2773 ! 950 LaNioy | 3.1 T
| I o5 — 1.0 1.0
Decoggosition'La(N03)36H2O i* s [ 600 ] Nio’La203:7628 ] 111
nitrates | I1\110\*03)26}{20 | - 550 LaNio, ; ’13 I gg
) ) . : Q, i .
L 2 | | - [0.6 2.5
LaTNO, T ;6,0 i > | 950 Lanio, | ) f ]
‘Ni carbonate i N | 0.9 joi.
; P =t 1 ; 1 !
Deco$g051t10n Ld2(020“)39”201 ) | 950 : N10,La203! 196 : 2.9
oxalates [N1C,0,2H,0 | | | Lanio, ! [
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- TABLE 2. Materials produced by substitution of La with other

lanthanoid elements.

Surface

Nominal Products Resistivity/Qcm |

composition area/ng_l

LaNiO3 Perovskite 0.56 0.8

LaO:QNdO.lNlo3 Perovsklte_' 0.68 1.3

LaO.SNdO.ZNiO3 Perovskite, O.?o 2.8
Neodymium nickel oxide )

LaO 7Ndo.3NiO3 Perovskite, 0.65 3.3
Neodymium nickel oxide )

LaO.QSmO lNlO3 Perovskite, 6.g2 0.6
Samarium nickel oxide

LaO.SSmO.leo3 Perovskite, .79 1.6
Samarium nickel oxide ) v

J_,ao.7Sm0.3N103 Perovskite, 1.67 2.8

Samarium nickel oxide
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LaggNdy,NiO, LaggSmoaNi03.

L007Nd0'3 N303 . L0075m03Ni03

1 H 1 [ - H I i []

1 J
29 28 27 26 25 28 28 27 26 25
20/ deg-

Fig.1. Deformation of x ray diffraction peaks of
La]_anXNiO3 with promotion of substitution.
(@) neodymium nickel oxide or samarium nickel oxide.
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)
3 prepared by

LaNiO

decomposition of nitrates

Fig. 2. Shapes of oxide crystals prepared.
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Fig;3. Current-potential curves of oxygen redu‘ci:;cion )
in IN-NaOH. (®) LaNiO3 prepared by decomposition . .
. of nitrates (950°C, 1day), (e) LaN‘iO3 prepared
by the flux method (in Na2C03, 850°C, 2days),
(o) Lao,gNdo,]Nios’ (m) haO.BNdD.2N103’ «D).La0.7Nd0‘3N1O3.

»
upe
uGe
m0Oe

a Qe

P/ Acm?

10°6

1 : 5. . 1 i X - L
~200 -150 -100 50 0 50 00
E /mV(v.s.Hg/HgO) :

Fig.4. Current-potential curves of oxygen reduction in
IN-NaOH. (@) La¥103, (o) La0-95m0.1§103,
(m) La0.8$m0.2N103, (o) La0.75¢o.3N103.
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Fig.5. Exchange current densities as a function of the -

degree of substitution. () La, Nd Ni0y, (0) La;_,Sm Ni0,.
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Fig.6. Current-potential curves of oxygen reduction on
PTFE bonded electrodes in 30% KOH at 25°C. (o) LaNiO
prepared by decomposition of nitrates (950°C, lday),
(@) LaNiO3 prepared by the flux method (in Na2C03, 850°¢, 2days).
I
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Fig.7. Variation of oxygen reduction current with
time at 0.875Y (vs. dhe) in 30% KOH at 25°C.
(0) A type electrode, {3) B type electrade.



CHAPTER VI

CONCLUSION

The results of the present work aré summarized as follows

1)

2)

3)

)

The oxide with the perovskite type strﬁcture have relatively
high activity for surface redox reactions of themselves in

alkaline solution, which are resulted from exchange of the

‘oxygen lons between the surface of the oxide and the

electrolyte.

A conclusion was drawn that in order for a transition metal

oxide to have a high catalytic activity for the cathodic

reduction of oxygen, (1) it must have the'o* band and (ii)
the band must have electrons. This conclusion indicates

that the eg orbital of thé transition metai ion on the
electrode surface of the oxide is most impoftant fér]the'
electron trahsfer.in_the oxygen reduction process.

A relationship between the exchange current density df oxygen
reduction and the resistivities of the electrodes,.i.e.; |
1nio=(—1/n)lnR + C, were derived theoreticaily‘fof
Lal_XSrXMnO3 and LaNil_xM#O3 by ‘connecting an equation
derived by Dogonadze and Chimadzev with the concept of the

conduction mechanism of the transition metal oxides

'proposed by Goodenough. The derived relation was well in

accord with the ekperimental results.

A fairly high current density Qf several'ten mAcm_2 Was
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obtained on LaNiO3 prepared by the decbmpositioﬁ method.
Althoﬁgh‘some improvements seem to be necessary for LaNiO3
to have a practical significance as the electrocatalyst V

for oxygen reduction, a promising character was obtained.
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