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Abstract 

A kinetic study was carried out of the oxidation 
of water to O2 by CeIV ions in two different acid 
media, mediated by thermally activated ruthenium 
dioxide hydrate RuOz*yHzO*. The two different 
acid media were 0.5 mol dme3 HaSO and 1 mol 
dme3 HC104 + 3.5 X 10M2 mol dms3 H2S04, respec- 
tively. In 0.5 mol dmv3 H2S04 the kinetics were 
complicated by an inhibitive action exhibited by 
Ce ions. In 1 mol dme3 HC104 + 3.5 X 10e2 mol 
dme3 HaSO4 the kinetics were much simpler, no 
inhibition by the Ce”’ ions was observed and the 
kinetics were found to be first order with respect to 
[Ce”‘] and [Ru02*yH20*]. The results of the kinetic 
studies in the two different acid media were inter- 
preted using an electrochemical model of the 
catalytic step, in which the particles of the RuO2. 
yHzO* powder dispersion act as microelectrodes 
through which electrons are transferred from the 
water to the CerV ions. 

Introduction 

There are many oxidants which are thermo- 
dynamically capable of oxidising water to O2 but few 
which can do so directly under ambient conditions, 
due to a high activation energy barrier. The oxidation 
of water to O2 is an important reaction in a number 
of research areas including: industrial electrochemis- 
try [l], green plant photosynthesis [2] and solar to 
chemical energy conversion [3]. It is hardly surpris- 
ing, therefore, that there is a wide spread interest 
[3,4] in new materials which are capable of mediat- 
ing the oxidation of water to O2 by strong oxidants, 
i.e. 

02 catalyst 

40x + 2H20- 4Red + 4H’ + O2 (1) 

where Ox could be Ce4’, MnO, or Br03-, for 
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example. However, it is surprising that although a 
few O2 catalyst are known, little work has been 
carried out to find out how they work. 

In a recent paper [5] we established that 
ruthenium dioxide hydrate (RuO2*xHaO) was a poor 
O2 catalyst. Subsequent work showed [6] that 
Ru02*xH20 could be converted into an active, stable, 
efficient O2 catalyst by annealing Ru02*xH20 at 
cu. 144 “C in air for 5 h. This new O2 catalyst we have 
named thermally activated ruthenium dioxide 
hydrate, or Ru02.yH20* for short. In this paper we 
describe the results of a rigorous kinetic study of the 
oxidation of water to O2 by CeIV ions, mediated by 
Ru02.yH20*, in two very different acid media. As 
we shall see the kinetics observed in the two acid 
media are quite different and the results of both 
kinetic studies lend support to an electrochemical 
model of O2 catalysis by Ru02*yH20*. 

Experimental 

Materials 
The ruthenium dioxide hydrate was obtained 

from Johnson Matthey (Batch No. 061151) and 
converted to a good O2 catalyst by annealing at 
144 “C in air for 5 h. Previous work has established 
[6] that this process of thermal activation is effective 
for an 

X 
sample of Ru02.xH20, regardless of source. 

All Ce solutions were made up from an analytical 
volumetric solution of 0.1 mol dmp3 CeIV sulphate 
solution in 1 mol dmp3 HzS04. The 0.5 mol drn-j 
H2SO4 and 1 mol dmp3 HC104 were prepared from 
their respective acids in concentrated form. Unless 
stated otherwise all chemicals were purchased from 
BDH and were of AnalaR grade. The water used was 
doubly distilled and deionised. 

Preparation of a Stock Dispersion 
In a kinetic study of this nature it is an essential 

prerequisite to be able to reproduce the dispersion 
consistently. This was achieved by using a stock 
dispersion of the catalyst, which was prepared using 
the following simple method. The thermally activated 
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ruthenium dioxide hydrate (RuOz.yHzO*) was 
ground for 30 min in an agate ball mill. A 7 mg 
sample of this powder was placed in 100 cm3 of a 
solution containing 0.5 mol dme3 HzS04, or 1 mol 
dme3 HC104, depending upon the acid medium 
required. The dispersion was then subjected to ultra- 
sound, from an ultrasound bath (Ultra Sonics Ltd., 
model 6442AE), for 10 min to provide a good dis- 
persion. This dispersion was then stirred for 12 h and 
then left to settle. It was found that continued 
stirring of the dispersion led a gradual decrease in the 
average particle size, presumably due to grinding, and 
this in turn produced changes in the kinetics. The 
settled stock dispersion could be readily resuspended 
by shaking and, after stirring for a few minutes, used 
in a kinetic run to generate very reproducible decay 
traces. The stock dispersion was replaced every 7 days 
by a fresh stock dispersion. 

Kinetic Studies 
The rate of oxidation of water by CerV ions 

mediated by RuOz*yHzO* was monitored via the 
rate of reduction of the CerV ions. The decrease in 
CerV ion concentration was monitored spectrophoto- 
metrically as a function of time, using a Perkin-Elmer 
Lambda 3 spectrophotometer. The wavelength at 
which this decay was monitored was determined by 
the initial concentration of CeIV ions. Thus, 430 nm 
was used over the range 3.5 X lop4 mol dme3 < 
[Ce”] < 3.5 X 1O-3 mol dmp3 and 320 nm was used 
for [Ce4’]s S3.5 X low4 mol drnL3. The molar 
absorptivities of CerV ions in 0.5 mol dm-3 HzS04 
and 1 mol dmV3 HC104 t 3.5 X 10e2 mol dmp3 
H2SO4 at 320 and 430 nm are given in Table 1. 

TABLE 1. Molar Absorptivities of CeIV Ions in Different 
Acid Media 

~(320 nm) ~(430 nm) 
(mole1 dm3 (mol-’ dm3 
cm-‘) cm-‘) 

0.5 mol dmP3 H2SO4 
1 mol dme3 HC104 
+ 3.5 x 10’ mol dm-3 

H2S04 

5580 290 
4490 253 

The first set of kinetic runs were carried out in a 
medium containing only 0.5 mol dmw3 HzSO4. This 
was achieved by using a stock dispersion of Ru02* 
yHzO* (70 mg dmM3) made up in 0.5 mol dmp3 
H2SO4, rather than 1 mol dme3 HC104. Another set 
of kinetic runs were carried out in an acidic medium 
which was 1 mol drn-j HC104 + 3.5 X lop2 mol 
dmp3 H2SO4, i.e. predominantly HC104. In this work 
the H2SO4 was added either with the CeIV ions or 
prior to their injection. For example, in a typical 
kinetic run 90 mm3 of a CeIV ion solution containing 

1 mol dm-’ HsSO4 were injected into 2.5 cm3 of the 
stock dispersion which was continually stirred at 
1000 rev. mm’. Within 3 s from the time of injection 
mixing of the two solutions was complete and the 
composition of the acidic medium was as required, 
i.e. 1 mol dm-3 HC104 + 3.5 X lop2 mol dme3 
HzSO4. The time scale of the kinetics was always 
much greater than the mixing time. When injections 
of less than 90 mm3 of a CeIV ion solution were made 
into the stock dispersion, the extra HsSO4, necessary 
to produce a solution medium of 1 mol dme3 HC104 
t 3.5 X lop2 mol dme3 H2S04 after mixing, was 
added to the dispersion prior to the injection. 

After inJection and mixing, the subsequent decay 
in the Ce’ ion concentration was monitored spectro- 
photometrically and the data collected, stored and 
analysed on a microcomputer (Acorn model: BBC B). 

The Flow System 
A flow system was used to evaluate the ability of 

Ru02*yH20* to act as an O2 catalyst in either of the 
two acid media, i.e. 0.5 mol dme3 HaSO or 1 mol 
dm-3 HC104 t 3.5 X lop2 mol dme3 HzSO4. If 
RuOz*yH20* is a good O2 catalyst it should be able 
to catalyse reaction (1) efficiently without under- 
going extensive anodic corrosion, i.e. 

40x t Ru02.yH20* - 

4Red + Ru04 t (Y - 2)H20 t 4H+ (2) 

The flow system comprised a N2 cylinder which 
provided a continuous flow of 180 cm3 min-’ of gas 
through a series of 2 Dreschel bottles, each 125 cm3, 
and an oxygen membrane polarographic detector 
(02-MPD). The first Dreschel bottle contained 
100 cm3 of a dispersion of 7 mg of Ru02*yH20* in 
either 0.5 mol dmw3 H2S04 or 1 mol dmp3 HC104. 
This Dreschel bottle had the additional feature of a 
rubber septum through which 3.6 cm3 of a solution 
containing 0.1 mol dme3 Ce” ions and 1 mol dmm3 
H2SO4 were injected. The second Dreschel bottle was 
a chemical trap for Ru04. In this trap were 100 cm3 
of a solution containing 0.1 mol dme3 NaOCl in 
1 mol dmw3 NaOH. This solution was used to trap 
out, in the form of perruthenate ions [7], any Ru04 
produced in the reaction vessel and carried over by 
the N2 stream. Any O2 generated in the reaction 
vessel was detected quantitatively using the 02-MPD. 
A detailed description of the use of an 02-MPD for 
making such measurements in a flow system is given 
elsewhere [8]. 

The % corrosion undergone by the Ru02*yH20* 
when used to catalyse the oxidation of water by CeIV 
ions in different acid media was calculated using the 
equation 

%Corrosion = [N(Ru04-)]/N(Ru02*yH20*)] X 100% 

(3) 



Oxidation of Water by Cexv Ions 51 

where N(Ru04-) is the number of moles of RuO4- 
collected in the RuO4 trap (a quantity determined 
spectrophotometrically [9]) and N(RuOz*yHzO*) is 
the number of moles of RuOz*yHzO* in the reaction 
vessel, calculated via the measured % Ru content of 
the RuOz.yHzO* sample. 

The % O2 yield was calculated using the equation 

the first five injections are illustrated in Fig. 2 by 
curves a-e. It is clear from these curves that the rate 
of reduction of the CeIV ions decreased as the 
number of injections made was increased. For 
example, the half life (tl12) for curve a was 35 s and 
this had increased to 162 s for curve e. The decay 
curve for the first injection gave a poor fit to both 
first and second law kinetics but with each subse- 
quent injection the fit with second order kinetics 
improved. Other work has established [6] that the 
catalyst does not lose activity with repeated use. 
Decay curves identical to those illustrated in Fig. 2 
by curves a-e were generated in a series of five 
experiments in which 20 mm3 of a solution contain- 
ing 0.1 mol dmW3 CeIV ions in 1 mol dmp3 HzS04 
were injected into five lots of 2.5 cm3 of a RuOz* 
yH20* dispersion (70 mg dmp3) in 0.5 mol dmp3 
H2SO4, to which had been added, respectively, 0,20, 
40, 60 and 80 mm3 of a solution containing 0.1 mol 
dmp3 Ce” ions in 1 mol dmp3 HzSO4. From these 
results it appears that Ce”’ ions, generated by the 
reduction of Ce Iv ions via reaction (5), decrease the 
rate of reduction of the CeIV ions and are the cause 
for the broadening decay curves a-e, in Fig. 2. 

%OZ yield = N(0,) X 400/N(Ce’V) 

where N(OZ) is the number of moles of O2 detected 
using the 02-MPD and N(CerV) is the number of 
moles of CerV ions injected into the reaction vessel 
(always 3.6 X lop4 mol). The results of the work on 
the flow system are summarized in Table 2. 

TABLE 2. % Corrosion and % O2 Yields for RuOz*yHzO* in 

Different Acid Media 

O2 yield 

(%I 

Corrosion 

(%) 

0.5 mol dmw3 H7_SO4 91 0 

1 mol dmp3 HC104 + 3.5 X 91 0 
10” mol dme3 H2SO4 

Other Methods 
In all this work the gradient and intercept of a 

straight line plot were calculated using the method 
of least-squares and the errors quoted alongside the 
values are their respective standard deviations (0). 

Results 

Ckv Reduction in H2SO4 
From the results given in Table 2 it appears that 

in this system the reduction of Ce Iv ions is wholly 
associated with the oxidation of water to 02, i.e. 

Ru02*yH20* 
4Ce’ + 2Hz0 - 4Ce3+ + 4H+ + O2 (5) 

In a typical kinetic experiment 90 mm3 of a solution 
containing 0.1 mol dme3 CerV ions in 1 mol dme3 
H2SO4 were injected into 2.5 cm3 of a dispersion of 
RuOz.yHzO* (70 mg dme3) in 0.5 mol dme3 HzSO4. 
The resulting absorbance versus time plot is illus- 
trated in Fig. la. Unfortunately, in 0.5 mol dm-3 
HzSO4, the kinetics did not appear to be simple, thus 
a first order analysis of the data illustrated in Fig. la 
produced a curved rather than straight line, as illu-- 
trated in Fig. 1 b. 

A series of repeat injections of 20 mm3 of 0.1 mol 
dmd3 CeIV ions in 1 mol dmh3 HzS04 was made into 
2.5 cm3 of a RuOz*yH20* dispersion (70 mg dmW3) 
in 0.5 mol dmp3 H2SO4; the [Ce*‘] was allowed to 
decay to zero before each subsequent injection was 
made. The relative absorbance versus time plots for 

It has been shown [IO, 1 l] that a large number of 
redox catalysed reactions can be interpreted using an 
electrochemical model of the catalytic step. In this 
model it is assumed that the powdered catalyst acts 
as a polyelectrode and provides a medium through 
which electrons can be transferred from the water to 
the CeIV ions. Using this model it is possible to 
predict the kinetics of the redox catalysed reaction 
through a knowledge of the current-voltage curves 
on the redox catalyst of the two couples involved, in 
this case 02/H20 and Ce’V/Cem, and by assuming 
that at any time during the reaction the anodic 
current is numerically equal to the cathodic current. 
A detailed study of the kinetics of reaction (5) in 
0.5 mol dmV3 H2SO4 has shown [12] that the 
observed kinetics for the reduction of the CeIV ions 
over a wide range of conditions can be interpreted 
successfully by assuming that the current-voltage 
curve for the 02/H20 couple is that for a totally 
irreversible reaction and the current-voltage curve 
for the Ce’V/Cem couple is that for a totally revers- 
ible (nernstian) reaction. 

Using this model it can be shown [12,13] that the 
Cem ions will reduce the rate of reduction of the 
CeIV ions and cause the type of decay curves illus- 
trated in Fig. 2, assuming the equilibrium potentials 
for the two current-voltage curves are not very well 
separated. This situation is illustrated in Fig. 3 by 
the current-voltage curve for the irreversible oxida- 
tion of water, curve a, and the current-voltage curve 
for the reversible reduction of CeIV ions when the 
[Ce’V]/[Cem] ratio is b, 9:l; c, 1:l; and d, 1:9; 
respectively. In theory, with the first injection, i.e. 
curve a Fig. 2, the Ce’V/Cem ratio changes from 
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Fig. 1. (a) Absorbance-time profile recorded at 430 nm for the injection and subsequent decay of a solution containing Ce’” 

ions (90 mm3 of 0.1 mol dmm3 Ce’” ions in 1 mol dm-3 H$S04) in a RuOa*yH20* dispersion (2.5 cm3, 70 mg dm-j) in 0.5 
mot dmm3 H#04. The broken vertical arrow denotes the point of injection. (b) Solid line: first order plot of the data illustrated 
in (a) where At is the absorbance at time t after the injection was made and A0 is the absorbance just before the injection was 

made. Broken line: line of best fit to the data, calculated from a least-squares analysis of the data. 

03: 1 to 1 :m as the [Ce”‘] decays to zero. Thus curves 
b, c and d in Fig. 3 can be considered to represent 
the current-voltage curves for the Cerv/Cern couple 
after lo%, 50% and 90% of the Ce’” ions first 
injected have been reduced. The broken vertical lines 
in Fig. 3 identify the mixture potential on the redox 
catalyst (Emix) and the mixture current, imix, at the 
three different stages of the reduction of Ce’” ions, 
for the first injection. 

From the broken vertical line connecting curves 
a and b in Fig. 3 it is clear that at in the initial part 
of the reaction, i.e. the first 10% at least, the rate of 
reduction of Ce Iv ions is near to diffusion controlled 

. 
since r,ix lies close to the plateau region of curve b. 
However, near to the end of the reaction, Le. the last 
10% say, illustrated by curves a and c, the mixture 
current is further away from the plateau region of 
curve c and so imix and, therefore, the rate is signifi- 
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Fig. 2. Relative absorbance-time plots recorded at 430 nm for a series of repeat injections of 20 mm3 of a solution containing 
0.1 mol dme3 CeIV ions in 1 mol dmp3 H2SO4. The injections were made into the same dispersion of Ru02*yH20* (2.5 cm3, 
70 mg dme3). The decay curves a-e are for the first to the fifth injection of CeIV ions. A relative absorbance change of 1.0 
corresponds to an observed absorbance change of 0.264. 

(b) 

Fig. 3. Current-voltage curves for the 02/H20 couple (curve a) and the CexV/[Ce”‘] couple where the [Ce4+]/Ce111 ratio is: 9: 1 
(curve b), 1:l (curve c) and 1:9 (curve d). These curves were generated using equations which assumed that the oxidation of 
water was an irreversible process and the reduction of CeIV Ions was a nernstain process [ 12, 131. In this Figure the equilibrium 
potentials of the two couples are not very well separated and as a result the mixture current is less than diffusion controlled. The 
broken vertical lines identify the mixture potential and the mixture current, i.e. when the anodic current, due to the oxidation of 
water, is equal to the cathodic current, due to the reduction of CeIV ions. 

cantly less than diffusion controlled. Thus, when the 
current-voltage curves for the two couples are poorly 
separated, as illustrated in Fig. 3, the rate of reduc- 
tion of CeIV ions will appear to slow down as the 
reaction proceeds due to the accumulation of Ce”’ 
ions. These qualitative predictions are in agreement 
with the observed kinetics illustrated in Figs. la 

and 2. However, the electrochemical model and 
associated equations used to generate the curves 
illustrated in Fig. 3 also suggest that for the first 
injection, when the [Ce3’] is low, the initial rate of 
reduction of CeIV ions will be approximately diffu- 
sion controlled and, therefore, will depend directly 
upon [Ce”] and [Ru02.yH20*], vide infra. A 
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kinetic study was carried out in which the initial rate 
of reduction of Ce’” . ions was measured as a function 
of [Ce”], over the range (3.5-0.4) X lop3 mol dmT3 
and as a function of [RuO~*JJH~O*], over the range 
200-2 mg dm-‘. From the results of this work the 
initial rate of reaction did, indeed, appear to be first 
order with respect to both [Ce”] and [RuOz* 
yHzO*], as predicted by the electrochemical model. 

Cp Reduction in HC104 + some H2S04 
A prediction of the electrochemical model is that 

if the current-voltage curves for the Oz/HzO and 
Ce’“/Ce”’ couples are very well separated then the 
mixture current should always lie in the plateau 
region of the Ce’“/Ce”’ current-voltage curve 1131. 
Under these conditions the mixture current, and 
therefore the rate of reduction of Ce’” ions, would be 
purely diffusion controlled, i.e. 

imix = nFD[Ce4+]A/6 (6) 

where n is the number of electrons transferred in the 
reduction of Ce’” to Cen’, D is the diffusion coeffi- 
cient for the Ce’” species in the acid medium under 
examination, A is the surface area available for 
catalysis and is directly proportional to [RuOz* 
yHzO*] , and 6 is the thickness of the diffusion layer. 
6 is essentially a function of the hydrodynamic flow 
conditions around the microelectrode particles; in 
our experiments these conditions were fixed by using 
a constant stirring rate in all kinetic runs. Under these 
conditions the electrochemical model predicts via 
eqn. (6) that the rate of reduction of Ce’” ions will 
be diffusion controlled and depend directly upon 
[Ce”] and [RuOz.yH20*], but independent of 
[Ce3+]. 

These predictions and the validity of the electro- 
chemical model can be tested, since the current- 
voltage curve for the Ce’“/Cem couple can be shifted 
to more positive potentials by changing the acid 
medium [ 111. In 0.5 mol dmP3 HzS04 the Ce’” and 
Gem ions are complexed with sulphate ions whereas 
in 1 mol dme3 HC104 the Ce’” and Ce”’ ions are 
largely uncomplexed [ 14, 151. As a result the formal 
redox potential of the Ce’“/Ce”’ couple (P’(Ce’“/ 
Ce”)) in 0.5 mol dmP3 HzS04 is 1.44 V versus NHE 
and is significantly lower than E”‘(Ce’“/Cen’) in 1 
mol dm-3 HC104, which is 1.70 V versus NHE [ 141. 
In order to carry out reaction (5) in an acidic medium 
containing HC104 and no HzS04 it would be neces- 
sary to prepare Ce’” perchlorate. Unfortunately, the 
preparation of this compound is both a lengthy and 
involved process [IS], thus, for practical purposes, 
it was decided to carry out a kinetic study of reaction 
(5) using an acid medium which was predominantly 
HC104, i.e. 1 mol dm-3 HC104 + 3.5 X 10h2 mol 
dmd3 HzSO4. In this medium the formal potential 
of the Ce’“/Ce’” couple was measured as 1.58 V 

versus NHE, i.e. 140 mV more positive than that in 
0.5 mol dmP3 HzSO4. 

From the results given in Table 2 it would appear 
that the reduction of Ce’” ions in 1 mol dme3 
HC104 t 3.5 X lop2 mol dmM3 H2SO4, mediated by 
Ru02.~H20*, occurs with the concomitant oxidation 
of water to 02. Thus, the overall reaction may be 
expressed by eqn. (5). In a typical kinetic experiment 
90 mm3 of a solution containing 0.1 mol dme3 Ce’” 
ions in 1 mol dmP3 H2SO4 were injected into 2.5 
cm3 of the stock dispersion of Ru02*yH20* in 1 mol 
dmW3 HC104. The recorded absorbance versus time 
plot is illustrated in Fig. 4a. A first order plot over 
three half lives of the data illustrated in Fig. 4a is 
given in Fig. 4b. This plot is a perfect straight line 
(correlation coefficient (r) = 1 .OOOO) with a gradient 
= -3.8 X lop2 s-r. In a series of experiments the 
amount of Ce’” ions injected was varied so as to 
produce, after mixing, a variety of initial concentra- 
tions of Ce’” ions over the range 3.5 X lop3 to 3.9 X 
lo-’ mol dmW3. In each case a first order plot of the 
decay data gave an excellent straight line (r = 
>0.9999). The average value for the first order decay 
constant (k, = -m) was found to be 4.8 X lop2 s-l. 
These results appear to confirm that the prediction of 
the electrochemical model that the rate of reduction 
of Ce’” ions in 1 mol dmP3 HC104 + 3.5 X lop2 mol 
dm-3 HzSO4, via reaction (5) is first order with 
respect to the [Ce4’]. 

A series of repeat injections of 20 mm3 of a 
solution containing 0.1 mol dmP3 Ce’” ions and 
1 mol dm3 H2SO4 were made into 2.5 cm3 of the 
stock dispersion of Ru02*yH20*; the [Ce”] was 
allowed to fall to zero before each new injection was 
made. Unlike a similar experiment carried out in 
0.5 mol dme3 H2SO4 and reported above (see Fig. 2) 
each of the decay traces were identical and had a 
half life of 21 s. From this work it appears that the 
rate of reduction of Ce’” ions in 1 mol dmd3 
HC104 + 3.5 X lo-’ mol dm-3 H2SO4 is independent 
of the concentration of Ce”’ ions present, once 
again confirming the prediction made by the electro- 
chemical model. 

In a separate set of experiments the value of kr 
was measured as a function of [Ru02*yH20*] over 
the range 12-140 mg dmP3, using a fixed initial 
concentration of Ce Iv ions of 3.5 X 10e4 mol dmP3. 
A plot of In(k,) versus ln[Ru02.yH20*] yielded a 
good straight line (r= 0.9901). A least-squares 
analysis of the data showed the following: number 
of points (n) = 8, gradient (m) = 1.04 + 0.06 and 
intercept (c) = -7.99 + 0.25. From this work it 
appears that the rate of reduction of Ce’” ions in 
1 mol dmm3 HC104 t 3.5 X 10h2 mol dm-3 H2S04 
depends directly upon the concentration of the redox 
catalyst present. These findings lend further support 
to the electrochemical model used to interpret the 
kinetics. 
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Fig. 4. (a) Absorbance-time profile recorded at 430 nm for the injection and subsequent decay of a solution containing CeIV 
ions (90 mm3 of 0.1 mol dm-3 CeIV ions in 1 mol dmV3 HzS04) into a RuO~*YH~O* dispersion (2.5 cm3, 70 mg dme3) in 1 mol 

dmV3 HaSO HC104. The broken vertical arrow denotes the point of injection. (b) First order plot of the data illustrated in (a), 
where At is the absorbance at time f after the injection was made and A0 is the absorbance just before the injection was made. 

In a final set of experiments the variation in k, 
was measured as a function of temperature using a 
fixed concentration of catalyst (70 mg dm-3) and a 
fixed concentration of CerV ions (3.5 X 10h4 mol 
dmP3). The subsequent Arrhenius-type plot of 
ln(k,) versus T -’ is illustrated in Fig. 5. A least- 
squares analysis of the data shown in Fig. 5 yielded 
the following information: n = 6, m = -2610 + 
250 K, c = 5.36 t 0.78 and r = 0.9901. The activation 

energy for the catalysed reaction (5) was calculated 
from the value of the gradient to be 22 f 2 kJ mol-‘. 
The electrochemical model predicts that the activa- 
tion energy for reaction (5) in 1 mol dme3 HC104 + 
3.5 X lo-* mol dm-3 H2S04, should be that for a 
diffusion controlled reaction, i.e. typically 15 kJ 
mol-’ [ 161. The experimentally determined value of 
22 kJ mol-’ is, therefore, in quite good agreement 
with that predicted by the electrochemical model. 
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Fig. 5. Arrhenius-type plot of kt vs. T -l. The temperature range studied was from 20 to 50 “C. 

Conclusions 

RuOa-yHaO* is able to mediate the oxidation of 
water to O2 by Ce Iv ions in both 0.5 mol dmP3 
HaSO and 1 mol dme3 HC104 t 3.5 X lop2 mol 
dme3 H2S04. In the former acid medium, the rate of 
reduction of the CerV ions decreases as the concen- 
tration of Ce’” ions increases. These results can be 
interpreted using an electrochemical model of the 
redox catalysed reaction. In this model the Ru02- 
yH20* powder acts as a polyelectrode, providing a 
medium for electrons to be transferred from the 
water, via an irreversible reaction, to the CerV ions, 
via a highly reversible reaction. Although Ce’” ions 
complicate the kinetics, in the initial part of the 
reaction, when the concentration of Ce” ions is 
low, the rate of reduction of CerV ions should, 
according to the electrochemical model, be approxi- 
mately diffusion controlled and, therefore, first order 
with respect to [Ce”] and [RuOa*_~Ha0*]. These 
predictions were confirmed in an initial rate study. 
It can be argued, using the electrochemical model, 
that in an acid medium consisting of mainly HC104, 
Le. 1 mol dmM3 HC104 + 3.5 X lop2 mol dme3 
H2S04, the rate of reduction of CerV ions should be 
first order with respect to [Ce4’] and [Ru02- 
yH,O*], but independent of the [Ce3’]. These 
predictions were once again confirmed by experi- 
ment. Further support for the electrochemical model 
was provided by the experimentally determined 
value for the activation energy for the reaction which 
was close to that expected for a diffusion controlled 
reaction. The findings reported in this paper provide 

very strong evidence that the 02 catalyst, Ru02* 
yH20*, works as a polyelectrode when catalysing the 
oxidation of water by strong oxidants, such as CerV 
ions. Although this model has often been assumed 
[3, 171 in O2 catalysis, there have been few [lo] 
attempts to test it. This work represents an important 
step forward in our understanding of heterogeneous 
O2 catalysis. 
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