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Cobalt oxides, obtained by vacuum co-evaporation of Co and TeO, are investigated as
electrocatalysts for oxygen reactions in alkaline media Bifunctional gas-diffusion oxygen
electrodes (GDE) are prepared by direct deposition of catalyst films on gas-diffusion
membranes (GDM). The influence of therma annealing on the surface morphology, the
composition and the electrochemical behaviour of the films on GDM are fdlowed by
scanning and transmission eectron microscopy and cyclic voltammetry. It is found that
thermal annealing of GDEs at 100 °C leads to an abrupt increase in the concentration of the
active sites participating in the surface redox reactions.
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1. Introduction

The search for highly efficient bifunctiond oxygen ddctrocatdysts <ill remains an
attractive area of investigation, because of their possible application in oxygen-evolving and
reducing gas-diffusion eectrodes for metal/air and metal hydride/air rechargeable batteries and
regenerative fud cdls[1,2]. The cobat oxides have shown promising properties as d ectrocatal ysts
for oxygen evolution [1,3,4] and reduction [1,5] reactions. It is wel known that the d ectrocatal ytic
properties of the metal oxides vary widey, according to their method of preparation [6]. Thin films
of Cos0, and CoO have been prepared by chemical [7] or physical [8] vapour deposition, by
dectrodeposition [9], by chemical spray pyrolysis [4], by cathodic sputtering [10] or by a sol-g€
method [6].

We have used a new method [11,12] for preparing cobalt oxides films by vacuum co-
deposition of Co and TeO, onto asubstrate held at room temperature. During the vacuum deposition,
co-evaporated substances are mixed at an atomic levd, giving the possibility of obtaining catalysts
with various components i n the desired proportions. It has been found that a chemical reaction takes
place between them, resulting in the formation of CoO and of demental Te phases [11,13]. X-ray
photod ectron spectroscopy (XPS) and transmission dectron microscopy (TEM) studies have shown
that the reaction proceeds until the complete oxidation of Co to Co®" in films with an atomic ratio
Rcorre < 2, and until the compl ete reduction of TeO, to demental Tein films with Reore > 2[11,13].
Changes in the chemica state of the cobalt were observed after thermal annealing above 300 °C,
caused by the oxidation of Co* to a higher va ence state.

Our previous studies have shown that films with an atomic ratio Reyre =1.4 -1.8 exhibit the
highest catal ytic activity toward both oxygen evolution and reduction reactions in akaline solution,
even at a very small loading of about 0.05 — 0.5 mg cm® [14]. It has been found that Te and TeO,
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themselves exhibit some activity, which is significantly lower, especially for Te than that of the
oxide films[12,14].

In this paper we have studied the influence of therma annealing on the morphology and
dectrocatalytic properties of films deposited by the above-mentioned method on gas-diffusion
membranes.

2. Experimental details

Films with various thicknesses were prepared by co-deposition of TeO, and Co on stationary
substrates, under a vacuum better than 10 Pa. The evaporation of TeO, was carried out from a
Knudsen type platinum cell and that of Co by an dectron gun. The condensation rates of each
substance, within the range 0.02 - 0.04 ug cm? s', were controlled separatdy during the
evaporation, using quartz crystal monitors. The amounts of both substances, as wdl as the atomic
ratio Reyre @ €ach point of the substrate, were ca culated from the crystal monitor data [15]. The
atomic ratio Reyre Was controlled by energy dispersive spectroscopy (EDS) in a scanning e ectron
mi croscope (JEOL, System 5000 — HNU).

Gas-diffusion membranes, consisting of Teflon-bonded carbon blacks, hot pressed on Ni-
screens, were used as substrates. The system of the film deposited on GDM represents the gas-
diffuson dectrode. The effective loading of the cata ytic film was within therange 0.05 - 0.25 mg cm™ of
geometric surface, which corresponds to a nominal thickness of about 100 to 500 nm.

Bright and dark fidd TEM and microdiffraction (Philips CM20) a an acce erating voltage
of 200 kV, plus scanning € ectron microscopy (SEM), were employed to characterize the films.

The eectrochemicd study was carried out by means of cyclic voltammetry. The GDESs were
tested in a three-electrode cell at room temperature. The dectrolyte was 20% KOH, prepared with
twice-distilled water. High surface area platinum wire was used as a counter eectrode. All the
potential was referred to a Hg/HgO reference dectrode in 20% KOH, positioned close to the test
eectrode by a Luggin capillary. The system was carefully de-aerated by supplying Ar through the
membrane and bubbling it into the dectrol yte before the measurements.

To follow the thermaly induced changes, GDEs were thermally anneded for 3 hours at
100-300 °C. under an air atmospherein an oven.

3. Results and discussion

Our previous investigations of films deposited on plane substrates of carbon coated mica
have shown that as a rule films with Reyre < 2 are amorphous, while those with Reyre > 2 are
nanocrystalline [11,13]. The study of the films deposited on gas-diffusion membranes, however has
indicated that they do not follow such arule. The SEM micrographs in Fig. 1 illustrate the surface
morphology of the gas-diffusion membrane and of the film with Reqre=1.5, deposited onit.
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Fig. 1. SEM micrograph of: (8) agas-diffusion membrane; (b) a 100 nm thick film with Reyre=1.5.
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Fig. 2. TEM micrograph and ED pattern of a 100 nm thick film with Rere=0.7.

A very rough film surface, following that of the membrane, is seen for the as-deposited
films. It was found that this morphology does not change after therma annealing up to 300°C. The
results obtained confirm that the surface morphology shownin Fig. 1bistypical for films deposited
on the GDM, independently of the fil m thickness, Rcqre and the thermal treatment. The only finding
was an increase in the “wire” diameter with increasing film thickness. The results show that the
“wires’ consist of an amorphous matrix with nanosized crystals embedded in it. A TEM micrograph
and an ED pattern of a typical “wire’ formed on GDM are given in Fig. 2. Only rings of the
hexagona CoO phase are observed in the ED pattern.

The éectrochemical behaviour of the films deposited on GDM has been studied by cyclic
voltammetry. The response of the film surface is a characteristic “eectrochemical spectrum”’, a
fingerprint of the state and composition of the surface. The resulting curve exhibits characteristic
peaks in the redox potentia, indicating the different oxidation states of the metal ion. Cyclic
voltamograms of GDEs, fresh and thermaly annedled at different temperatures are presented in
Fig. 3. All the eectrodes had the optimum catalyst loading of 0.2 mg cm? and the atomic ratio
Rcome=1.35. Two pairs of broad peaks prior to the oxygen evolution are observed. They can be
associated with the formation of redox couples CoO/CoO, (+ 195 mV vs. Hg/HgO [16]) and
CoOOH/Co0;, (+562 mV vs. HY/HgO [16]) on the surface. Fig. 3 shows that the position of the
main peaksis little infl uenced by the thermal treatment, athough a small shift to less positive values
is detected for GDE treated at 300 °C. A third pair of broad peaks at around 0 mV, which can be
connected with a Co(OH),/CoOOH redox couple [16] is seen for GDE treated at 100 °C. Thereason
for its appearance only for this d ectrode is not clear at present.
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The CV surface response is related to redox reactions at the surface active sites [17]. Thus
the surface charge,q , derived by integration of the voltammetric curves, can be taken as
proportiond to the number of active sites, i.e. to the actual surface area of the oxide film [17,18].
The common observation with oxide dectrodes is that decreases as the potential scan rate v is

increased. It has been shown, however, that " can be extrapolated to v = 0, providing the total
surface charge q;, as wdl as to v = w, giving the outer surface charge qf)[18]. The difference

O — g, =0, provides theinner surface charge, i.e. that associated with the less accessible surface

regions (pores, cracks, grain boundaries, etc.), where protons diffuse with difficulty [18].
Fig. 4 shows the tota, inner and outer surface voltammetric charges as a function of the

annealing temperature of the GDEs studied. It is seen that the total charge q;, representing the

concentration of active sites, goes through a maximum at 100 °C. Thisis due mainly to theincrease
of the inner voltammetric charge, since the outer charges are almost similar. This suggests that the
external morphology (macro-roughness) is not very dependent on the annealing temperature, as is
confirmed by the SEM studies. It should be noted that the annealing at 100 °C does not lead to any

changes in the voltammetric (q; , g, ad g, ) charges of the pure gas-diffusion membrane, which is

known to also have some catal ytic activity toward the oxygen reduction reaction. On the other hand,
XPS andlysis did not show any changes in the chemicd state of the catalytic films anneded at
temperatures up to 300 °C. Therefore, most probably, the increase in the concentration of the active
cites for eectrodes annealed a 100 °C is caused by full crystallization of the catalytic film, but the
size of the crystalites remains very small. The abrupt drop in the inner active surface area of
dectrodes annealed a 200 and 300 °C can be explained with by changes, caused by both melting of
the Teflon in the GDM at temperatures above 200 °C and the increasing size of the catalyst
crystallites. These suggestions, however, must be verified by further investigations.

4. Conclusions

The results obtained show that catalytic films, deposited on gas-diffusion membranes by
vacuum co-evaporation of Co and TeO, have very rough surfaces, following the surfaces of the
membranes. As-deposited films consisted of small nanocrystallites of CoO embedded in the
amorphous matrix. Thermal annealing causes a pronounced change in the concentration of the active
sites participating in the surface redox reactions, with maximum observed at 100°C.
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