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Abstract

Reduction of oxygen was investigated on porous electrodes made flzaCo0; (with 0 < x < 0.6) perovskite-structured oxides, prepared
by a sol-gel process. It was found that both the reaction rate and the electrode active surface area (determined by cyclic voltammetry in a
narrow capacitive potential range and by impedance spectroscopy) depend on the partial substitutjdoothtitisplaying a maximum value
for x nearly equal to 0.4. However, in spite of the parallel trend exhibited by the reduction current and the electroactive surface area parameter,
the current varies much more withthat is, while the change in the surface area amounts to approximately 40% over the exdoges the
current increases fivefold. Subsequent investigation of the electrode surface composition revealed that surface cobalt concentration (estimatec
by XPS analysis) deviates significantly from the nominal bulk composition (determined by EDX analysis). It follows a similar dependence
onx, showing equally a maximum farnear to 0.4. Such a behaviour seems to have a greater effect on the reaction rate, since Co cations are
the surface active sites for oxygen electro-reduction.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sis medium. Such a performance was basically related with
their single-phase formation, grain-to-grain chemical homo-
Electro-reduction of oxygen on perovskite-structured geneity and good electrical conductivity, which all closely
oxides is of considerable importance for numerous elec- depended on the partial substitution ratiof La with Ca.
trochemical devices such as alkaline and solid-oxide fuel Within the La_,CaCoQO; series, the electroactivity and
cells, and secondary metal-air batteries. Mixed lanthanum specific surface are&ggT) features exhibited similar depen-
and cobalt-based oxides appear to be promising air electrodeslence onx, both passing through a maximum fomearly
not only for the oxygen evolutiofil] but for its reduction equal to 0.4. Although the geometric effect of the electrode
as well[2,3], and can thus be used simultaneously as bi- surface was minimised by using plain electrodes, the pores of
functional electrod@4—7]. which have been deliberately obstructed, the reduction cur-
In a previous investigation[8], we showed that rentstill strongly depended onthe calcium substitution degree
La;—,Ca.Co0; oxides (0<x < 0.6), prepared by a sol-gel x. This indicates that other physicochemical features of the
process using propanol as synthesis medium, exhibited betteelectrode material have a primary influence on the reaction
electrochemical activity towards oxygen reduction and evo- kinetics.
lution over their counterparts prepared using water as synthe- In the present work, we investigate the electrochemical
behaviour of such electrodes prepared in the porous form. We
* Corresponding author. Tel.: +49 241 80 969 73; fax: +49 241 80 92203. €valuate their actual surface area involved in the interfacial
E-mail address: hm@isea.rwth-aachen.de (A. Hammouche). reaction, on the one hand, and look into other parameters,
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such as the electrode surface composition, which possibly -0.6 -0.4 0.2 0.0
have a significant influence on the reaction kinetics, on the 0 ' i
other hand.
.50.
2. Experimental E
T -100-
2.1. Materials g
o
Ca-doped lanthanum cobaltites LgaCa.CoO; with -150
0<x<0.6) samples were synthesized following the amor-
phous citrate precursor method described[&h, using —A—x=0.60
-200

propanol as solvent. According to the microscopic investiga-

tion and X-ray diffraction analysig8], all compounds were

foundtobe smgle-phased occurringina perovsklte StruCture'Fig. 1. Current—overpotential curves of oxygen reduction on porous
La;—,Ca.Co0; pellets, in 1M KOH at 23C.

Overpotential (V)

2.2. Characterisation methods
sus Hg/HgO, the solution being in contact with &rg. 1
The samples specific surface ardggy) was measured  confirms the expected dependence of the current on the sub-
on powders by the BET method using a Perkin-Elmer Shell stitution degree, exhibiting particularly a maximum activity
Sorptometer. atx close to 0.4, as previously observed with LgCa,CoQO;3
Electrochemical measurements were carried out usingflat surface electrodes, the pores of which have been delib-
a three-electrode set-up in 1M KOH electrolyte solution. erately obstructed using polystyrene soluti@h. By way
Porous working electrodes were obtained by moderately of illustration, Fig. 2 shows the cathodic current obtained at
pressing La ,Ca.CoO; powder in form of thin cylindri- overpotentials 0of-0.3 and—0.5 V for the different composi-
cal pellet (1cm base surface area) for 1 min at 1tcfn tions. Quantitatively, the reduction current recorded with the
Only one face of the pellet was exposed to the electrolyte, the present porous electrodes is nearly two orders of magnitude
remaining surface, including a copper wire electrical contact, larger than that corresponding to the flat surface electrodes,
was isolated with Araldite. A platinum foil and an Hg/HgO stressing that the reaction basically takes place on top of the
electrode, in the same potassium hydroxide concentration agnternal surface of the electrode pores.
the cell electrolyte, were employed as counter- and refer-
ence electrodes, respectively. The solution was gently stirred3.2. BET surface area, Sper
during the experiments by means of a magnetic stirrer. The
temperature of the experiments was equal t&23' C. Polar- One of the main advantages of the solution preparative
isation and impedance measurements were performed usingechniques is the grain fineness, which yields samples with
an Autolab PGStat30. Impedance spectra were recordedconsiderably developed surface area and, accordingly, with
in the 10 to 10-2Hz range with an ac signal of 10mV  improved electrode kinetic&ig. 3displays the evolution of
amplitude. BET surface area with the degree of lanthanum substitution
Quantitative determination of La, Ca and Co elemental
concentrations both in the bulk and at the surface of the .20

samples was performed respectively by means of energy- | Overpotential |

dispersive X-ray spectroscopy (EDX) and X-ray photoelec- . ;‘;ggz ‘

tron spectroscopy (XPS). XPS analysis was conducted using ~ -150- ~

an Al X-ray source. Curve fitting was performed on the basis g

of Gaussian peaks and binding energies (BE) were deter- =

mined with reference to the C 1s signal. g 100 +

a3 +

3. Results and discussion 1 / / \
=

3.1. Electrochemical behaviour 0 . i . i . i
0.0 0.1 0.2 0.3 0.4 05 0.6

The electrochemical behaviour of 1.3Ca,CoQO;s elec-
trodes for oxygen reduction was investigated by plotting
current—overpotential curves in the steady-state regime. Therig. 2. Electrode performance for oxygen reduction as a functionaf
open-circuit potentials ranged between 0.05 and 0.2V ver- —0.3 and—0.5V overpotential.

Partial substitution degree, x
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Fig. 3. Specific surface area dependence on calcium contefdr
La;—,CaCo0; samples.
Overpotential (V)

As aresult of the evolution of the average particle size with ~ Fig.4. Cyclic voltammograms of LaCa@lectrode inthe 0.02-0.06 V over-
[8], this parameter increases monotonously wgt0.4,then  Potential range, in 1M KOH at 2.
decreases for highervalues. This trend is similar to that

same order of magnitude of those reported elsewjte®g: composition parametarpasses from 0 to 0.45.
3.3. Determination of the electrode active surface area 3.4. Determination of the electrode active surface area
Sfrom voltammetric curves, Syo; by impedance measurements, Sipp

Obviously, the actual electrode surface area, which affects  de Levie[11] developed a simple ac signal theory for
the electrode kinetics, is only the surface of the compacted porous electrodes in the absence of dc current, relating their
porous electrode exposed to the electrolyte. A first attempt to ac behaviour to that of a corresponding planar electrode. For
determine this parameter was made by measuring the doublea system with semi-infinite cylindrical pores, the apparent
layer charging current within a narrow potential range where impedanceZ, of the pore interface is given by
the faradaic processes can be regarded as neglifiiged 12
shows typical cyclic voltammograms recorded at varying Zp = (ZR)™“coth(/2) @)
sweep rates in the 0.02-0.06 V overpotential interval. All
curves exhibit quite symmetrical horizontal plateaus for the
scan rates used.

The double-layer capacitanc®; values were evaluated
from the slope of the linear plotsAicap=ia —ic”, whereiy 0

andic denote respectively the anodic and cathodic currents g 081

measured at the middle of the potential range, as a function of =

scan ratefig. 5). Note that using the differencicap, rather D

than the individual values af, or i, eliminates most of the ~ 'n 9
error due to any faradaic current in the calculatiorCgf _4_‘;5 04 g

The actual surface areé8q, of the electrodes was then
computed assuming a value of @B cni~2 for Cq), accord- .
ing to the view of Levine and Smitf10] for a perfectly flat 0-'0"
oxide/electrolyte interfacd-ig. 6 displays the variations of G ‘ ' ' ‘

" ) 25 50 75 100 125
the electroactive surface area, referred to 1g, for the different 5
electrode compositions. Although the surface area exposed Seansate(mV &)
t(? the electrolyteSyo, is appromr_nately two orders of mag- Fig. 5. Linear variations of Aicap=ia — ic” vS. scan rate for LaCo§elec-
nitude smaller than that determined on powders by the BET trode, withi, andi, denoting respectively the anodic and cathodic currents
method (cf.Fig. 3), the curve also shows an increase in this measured at the middle of the potential rangEii 4.
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Fig. 6. Variations of the electroactive surface area, determined both from the p 5000 Hz
voltammetric capacitive currentSyo, and the impedance diagran$yp, 0.5

as a function of electrode composition. 63 Hz

with

A= (Z/R)Y? )

whereZ and R are respectively the impedance and ohmic 1680 Hz

resistance of the pore per unit lengtthe pore length ana

is the penetration depth of the ac signal. The porous behaviour L ' '
is expected for the electrode at higher frequencies as long as 00 05 1.0
the penetration depth of the ac signal is smaller than the pore Z'-Rq (Q)

length (. <« 1). In this case, Eq(1) simplifies to
Fig. 7. Complex plane impedance plots at the open-circuit potential for (a)
Zp= (ZR)l/2 3) flat surface and (b) porous b,gCay 4CoQ;s electrodes, in 1 M KOH at 23C.

Accordingly, since the resistané&behaves as a scalar, the . . .

absolute magnitude of the impedance is proportional to the bOtquf the impedance real and imaginary components versus
square root of the corresponding planar electrode impedance® in the high frequency domain.

whilst the phase angle is half that of the equivalent flat elec- . '”‘,Peda"‘c? measurements were performgd at th? open-
trode. As the frequency decreases, the interfacial impedancé:'rc,UIt potential, Where ho significant fgrada|c reaction s
increases compared to the pore ohmic resistance, making th&2king p.Ia(;,e. N31q9|st plots (a) and (b) kig. 7 correspond
signal penetration depth increase and ultimately overrun therelerngVe y;o P 3'” dand_ porogsﬁgc?])_@oQ r_nlxed OX'df
entire pore lengthi(> /). In this case, the electrode behaves €/€ctrode, after deduction of the ohmic resistane) (0

as a flat electrode and its impedance becomes the free electrolyte solution. The linear quasi-vertical shape
of spectrum (a), observed over the whole frequency range,
Zp=2]1 (4) unambiguously describes a planar behaviour for this elec-

N ) __ trode. A value of approximately 5i4F cm~2 has been esti-
The transition plorous—plangr behawour occurs at a specific ated for the double-layer capacitance according tq(Bg.
frequency at which the ohmic resistance of the pore becomesrs yajue compares well with that usually taken into account
equal to its interfacial impedance. ~ foroxide-based electrodes, estimated gL6@m2[10]; the
If we consider the c.apacm\./e-only situation corresponding gifference may be ascribed to some reduction in the outer
to double-layer charging, as is the case of the systems undegtace area resulting from pore filling with polystyrene.
study, the interfacial impedaneis given by Spectrum (b) displays a typical diagram obtained on porous
Z = —j/oCq (5) pellet electrodes. Two distinct linear domains appear on this
spectrum: a high frequency range (>63 Hz), exhibiting an
wherej=(—1)Y2, » is the angular frequency ar@ is the almost 45 phase angle, describing the porous character of
double-layer capacitance. The Nyquist impedance plot is the electrodes, and a low frequency one (<63 Hz), where the
expected to exhibit a linear increase with a phase angle ofimpedance branchis virtually a vertical line, corresponding to
45° at high frequencies, switching to a vertical line to the real their planar character. The variations of both of the imaginary
axis at frequencies lower than the critical value. Combination and real impedance parts in the high frequency domain were
of Egs.(3) and (5)predicts an equal and linear dependence checked to be almost equal and display a linear dependence
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onw Y2, supporting the approach of the cylindrical-shaped 1
pore model adopted for these electrodes. ] _
The actual electrode surface arap, can be estimated o ) N Bulk ratio
knowing the electrode capacitance and the unitsurface capac-
itance values. The former is determined from the impedance S 08 /
imaginary component of the vertical branch. When the - Surface ratio
frequency decreases, tit@ value increases slightly, and 8 |
reaches a limitFig. 6 depicts the variations dfimp parame- g 1 Co
ter with the sample substitution degreeimp values derived O 4
from the impedance measurements match those deduced Ca
from voltammetric curves, also showing a close dependence 5 |
onx with a maximum value at between 0.4 and 0.45. La
The variations of the electrode surface area values show g & i i i i , i
the same tendency with like those of the reduction current 00 0.1 02 03 04 05 06 07
presented in SectioB.1 However, it is important to point Partial substitution degree, x

out that while the change in the surface area amounts to ca.

40% over the explored substitution range, the reaction currentFig. 9. Surface metal composition and atomic ratio (Co/(La +Ca)) in the
increases by afactor of nea”y 5. ltseems thus that the increas@ulk and at the surface (note that the sum of surface metal fractions is taken
. . equal to 1).

inthe currentis not merely due to the effect of the surface area

factor, but likely to another more effective parameter which

controls the electrode activity.
the lattice decreases wittincreasing, in accordance with the

increase in oxygen sub-stoichiometry, which has been deter-
mined by chemical analysis in a previous sty The Ca

Since oxygen electro-reduction is an interfacial process, 2P Signal gives two peaks gpand 2p> centred respectively
at 347.2 and 350.8 eV.

we performed a surface analysis by means of XPS technique h ; . ¢ th . | .
in order to disclose a possible relationship between the reac- 1€ sSurface composition of the various elements is
depicted inFig. 9. In contrast to the homogeneous distri-

tion rate and the surface statddg. 8 shows two surve X , : ,
g y bution of all cations in the material bulk, observed by EDX

spectra for La_Ca,CoG; electrodes withh =0 and 0.4. The sis. th | Ith ’ [
latter is a representative spectrum for all calcium-containing 3M&!YSIS, the XPS resits reveal that surface metal concentra-

samples. The characteristic lines for lanthanum, cobalt, cal-tions deviate significantly from the expected nominal values.

cium and oxygen were identified in reference to literature SUChabehaviour, commonly reported for homologous multi-
data[12-16} component catalyst systems, is likely due to the difference in

The La 3d spectrum consists of two doublets situated at the surface tension of the various elem¢fi. It .is. Impor-
binding energy of 835.5 and 838.7 eV. The Ca2pignal tant to note that the surface cobalt content, deficient at lower

gives an asymmetrical peak typical of &dons at 780.6eV. ¥ values, increases gradually witlincreasing up to the sto-
hdchiometric ratio forx = 0.45, then drops. Because of the fact

The O 1s spectrum can be deconvoluted in three peaks: t éh h ity of Kite ibuted to th .
one with lower BE (529.4 eV) is assigned to lattice oxygen, that the reactivity of perovskite is attributed to the active tran-

the next (531.6 eV) is ascribed to hydroxyl group or adsorbed sition metal B iof in ABQ r‘rlixed oxides, the atomlic ratio
oxygen and the third peak (532.9 V) is due to moisture. It Of B/A (where B=Co and A=La+ Ca) can be considered as

can be noticed that the peak area corresponding to oxygen irfi" iINdex representing the catalyst actijit, 13] Fig. 9also
indicates that this ratio possesses a maximum value lying near

to 0.45. This shape of curve has also been reported for Mn-,
Ni- and Co-based perovskite oxides investigated as catalysts
Co for methane and CO oxidatidd2] and NO reductior13],
e 04 each showing a maximum at a specificalue.
ca Itis of particular importance to point out the parallel trend
of the oxygen electro-reduction rateig. 2) and the evolu-
tion of the surface cobalt concentratidrid. 9), displaying
simultaneously the highest values of electroactivity for oxy-
gen reduction and Co/(La+ Ca) ratio at a valuexdfing
between 0.4 and 0.45. Such a correlation evinces the key
300 400 500 600 700 800 900 role of the surface concentration of the Co cations as active
Binding energy (V) sites in the reaction kinetics. Indeed, it is knoyli8] that,
before charge transfer occurs, oxygen reduction involves an
. 8. Survey XPS spectra of the 4 aCa.CoQ; series perovskite oxides.  adsorption process which proceeds through either “end-on”

3.5. Analysis of the electrode surface composition

Intensity (a.u.)

Ei

a
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configuration (i.e., @molecule adsorbs by one oxygen atom) electrode activity by deliberate adding of cobalt; a statement
or “bridge” mechanism (i.e., ®molecule adsorbs by both  which requires further examination in a future work.

atoms), depending on the distance between the surface active

centres (compared to-@ bond distance) and on their con-

centration. The latter mechanism corresponds to easi€r O  References
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