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Abstract 

The results of a kinetic study of the oxidation of water to oxygen by Ce”’ ions in different acid media, 
mediated by anhydrous ruthenium(IV) oxide are described. In an acid medium which is predominantly 
HClO, the kinetics are diffusion controlled and first order with respect to both [Ce”] and [RuO,] 
and exhibit an activation energy of 19 kJ mol-‘. In 0.5 mol dm-3 H2S04 the kinetics are much slower 
and complex, the rate decreasing with increasing [Ce”‘]. The kinetics of catalysis observed in all the 
different acid media studied are readily interpreted using an electrochemical model in which the catalyst 
particles are considered as acting as microelectrodes which mediate electron transfer between a Nernstian 
reduction reaction (Ceiv+Ce’u) and an irreversible oxidation reaction (HzO+2H+ +tO,). This elec- 
trochemical model is used to analyse the complex kinetics observed in 0.5 mol dm-” H,SO, and extract 
mechanistic information concerning the nature of the rate determining step. 

Introduction 

Oxygen catalysis, along with hydrogen catalysis, is 
an essential element of any water-splitting, photo- 
chemical system [l, 23. By definition, an oxygen 
catalyst is able to mediate the oxidation of water 
to oxygen by an oxidant with a sufficiently positive 
redox potential (i.e. E” > (1.23 - 0.059 X pH) V versus 
NHR. Unfortunately, many materials are either in- 
active as O2 catalysts, or rendered so by the formation 
of a passivating oxide layer, upon exposure to the 
oxidant [3]. In addition, many other materials are 
themselves readily corroded under the highly oxi- 
dising conditions involved. As a result, the number 
of materials which have been reported as examples 
of O2 catalysts are limited. The material most often 
used as an O2 catalyst is ruthenium(W) oxide, how- 
ever care must be taken since there are many different 
forms of this oxide [3]. For example, highly hydrated 
ruthenium dioxide hydrate (%HzO > 24%), i.e. 
RuOz~xHzO, which is the form most commonly avail- 
able commercially, is not a good oxygen catalyst, but 
rather undergoes anodic corrosion to form Ru04 
upon exposure to a strong oxidant such as Cen’ ions 
[4]. In contrast, by annealing RuOa-nHa0 in air (or 
Na, or 0, for that matter, as the nature of atmosphere 
makes no difference), for 5 h at 144 “C, a partially 
dehydrated form of RuOa.xHaO is created, which 
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we call thermally activated ruthenium diokde hydrate, 
or RuOz.yHzO* for short, which is both an Oa 

catalyst and stable towards anodic corrosion [5]. 
The Oa catalytic activity of partially dehydrated 

activated ruthenium dioxide hydrate decreases with 
increasing annealing temperature above 144 “C and 
associated with this observed loss in activity is a 

decreasing %HzO content, decreasing specific surface 
area (i.e. surface area per gram) and increasing 
degree of crystallinity [3, 51. Finally, samples of 

RuOz-xHzO annealed at 900 “C appear highly crys- 
talline (rutile structure) dark blue-black powders 
with no %H?O content and of low specific surface 

area and in all aspects identical to commercial an- 

hydrous ruthenium dioxide, i.e. RuOz. In the wurse 
of initial studies on ruthenium(IV) oxides as Oa 

catalysts, our group [6] reported anhydrous ruthe- 
nium(W) oxide as an example of a corrosion-resistant, 
but O2 catalytically inactive material, however, this 

latter description has since proved inappropriate [7J. 
Anhydrous ruthenium dioxide hydrate is an 02 cat- 
alyst, but, because of its very low specific surface 

area, compared with RuOz*yHzO*, a much higher 
catalyst concentration and reaction temperature must 
be employed to observe its catalytic action. In this 

paper we report the results of a kinetic study of 
oxygen catalysis by anhydrous ruthenium dioxide 

hydrate. 

8 1991 - Elsevier Sequoia, Lausanne 



150 

Experimental 

Materials 
The anhydrous ruthenium dioxide hydrate used 

throughout this work was obtained from Johnson 
Matthey (Batch No. 061199) and, unless stated oth- 
erwise, the concentration of the stock dispersion was 
300 mg dmw3. The procedure for the preparation 
of a stock dispersion is reported elsewhere [8]. All 
Cer” solutions were made up from an Analytical 
Volumetric Solution of 0.1 mol dmw3 Ce’” sulfate 
solution in 0.5 mol dmd3 H$O,. The 0.5 mol dm-’ 
HzSO., and 1 mol dme3 HClO., were prepared from 
their respective concentrated acids. All other chem- 
icals were purchased from BDH in the purest form 
available (usually AnalaR). The water used to prepare 
solutions was always doubly distilled and deionised. 

Kinetic studies 
The oxidation of water by Cerv ions mediated by 

anhydrous ruthenium dioxide hydrate, i.e. 

4Ce’” + 2Hz0 = 4Cem+4H+ +0 2 (1) 

was monitored spectrophotometrically as a function 
of time using a Perkin-Elmer Lambda 3 spectro- 
photometer. The absorbance versus time plots were 
recorded, stored and subsequently analysed using a 
microcomputer (BBC Masterclass). In a typical ex- 
periment 2.5 cm3 of the stock dispersion (made up 
in either 1 mol dm-’ HClO, or 0.5 mol dmv3 H2S04) 
were placed in a 1 cm quartz fluorescence cell which 
was then positioned in the thermostatted sample cell 
holder of the double-beam spectrophotometer. The 
cell contents were stirred continuously at a constant 
1000 rpm with a magnetically-driven Teflon-coated 
flea and the absorbance due to the catalyst dispersion 
alone allowed to settle down to a constant value, 
typically 15-20 min. After this period the kinetic 
run was initiated, via the injection of the Cew solution 
(typically 90 mm3 of 0.1 mol dmw3 CeN solution in 
0.5 mol dmv3 H2S04) using a gas-tight syringe. Blank 
runs carried out in the absence of catalyst showed 
that in all cases mixing was complete within 5 s of 
the injection being made; this is a negligible time 
period compared with that of a typical run, i.e.> 
50 s. 

Redox potential measurements of different C!er”/ 
Ce”’ ratios in various acid media were carried out 
using a Pt/(Ag/AgCl) combination redox electrode 
(Schott Gerate Pt62). 

Electrachemical model 

In many cases of .redox catalysis, of which reaction 
(1) is just one example, it has been established that 

the role of the catalyst as is an electrode which 
simply provides a medium through which electrons 
can be transferred from one redox couple to another 
[2, 91. Provided the redox couple is chemically inert 
under the reaction conditions used and that the 
redox couples act independently of each other (the 
Wagner-Traud additivity principle) it is possibIe to 
predict the kinetics of catalysis from a knowledge 
of the current-voltage curves of the two redox couples 
involved on the redox catalyst and this forms the 
basis of the electrochemical model of redox catalysis 

]2, 91. 
For most anode materials, including anhydrous 

Ru02, the electrochemical oxidation of water to O2 
is a highly irreversible reaction and, as a result, the 
associated current-voltage curve is usually described 
very well by a simple Tafel-type equation [lo, 111, 
i.e. 

ia =i, exp(2.303qb) (2) 

where io, is the anodic current flowing through the 
redox catalyst due to the oxidation of water to 02, 
i, is the exchange current for the Oz/H20 couple, 
q is the overpotential and b is the Tafel slope. The 
overpotential, q, is the difference between the applied 
potential, Eapr and the equilibrium potential for the 
02/H,0 couple. 

For most materials it is likely that the exchange 
current density for the Cerv/C!em couple is much 
greater than that of the 02/Hz0 couple. If the 
exchange current density for the Cerv/Cen’ couple 
is very large it is likely that the heterogeneous rate 
constant for electron transfer between Ce’” and Ce”’ 
ions, of which the exchange current density is a 
measure, will be much greater than the mass-transfer 
coefficient for the Ce’” and Ce”’ ions (Q. In such 
a case the current-voltage curve for the Cerv/Cem 
couple will be that for a Nemstian reaction [12] 
and, therefore, can be expressed as follows: 

L,=E’ti+ @T/E;) ln(ie -iI, Jl(il. II -ice) (3) 

where E& is the formal redox potential of the Ce’“/ 
Ce”’ couple (taken to be 1.444 V versus NHE), ic. 
is the current flowing through the redox catalyst due 
to the reduction of Cerv ions, and iI,, and iI,, are 
the limiting cathodic (negative) and anodic (positive) 
currents, respectively. The constant, kd, depends 
inversely upon the hydrodynamic flow conditions 
around the electrode which, in our work, are kept 
constant by using a fixed rate of stirring. 

According to the electrochemical model of catalysis 
[2,9] when both redox couples are present the redox 
catalyst particles adopt a mixture potential, Em*, at 
which the net current flowing through the redox 
catalyst is zero, i.e. 
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imix=&= -icz 

where i,i, is the mixture current. 

(4) 

In order to test fully the applicability of the 
electrochemical model described above to a redox 
catalyst system it is necessary to relate the model 
parameters, imi, and Emix to the kinetic data. In our 
work the kinetic data is in the form of a series of 
absorbance-time profiles. For any kinetic run the 
rate of reduction of the 0~‘~ ions at any time t, r(t) 
(units: mol drnm3 s-l), is a measurable quantity 
(= -d[Cen’],/dt), directly related to i,i, via the 
expression, 

r(t) = &,JF (5) 

The model parameter Eti,, can be obtained from 
a modified version of eqn. (3), i.e. 

E,ti,I =E’&+ (RTIF) ln{k#Ze’v], 

- r(t))l(r(r) + kl ]Ce”‘ld] (6) 

provided k,, the first-order rate constant for reaction 
(l), when it is wholly diffusion-controlled, is known; 
all other parameters in eqn. (6) can be calculated 
from the particular absorbance-time profile asso- 
ciated with the kinetic run, given that in every kinetic 
run the initial concentrations of both Cerv and Ce”’ 
are known. If the electrochemical model described 
above is applicable to reaction (1) it follows from 
eqn. (2) that for any specific kinetic run the sub- 
sequent plot of E,i,, versus log@(t)) will be a straight 
line of gradient b and intercept -b x log@,), where 
r, = [iw exp( - 2.303 X&/b)]/F, given EL is the equi- 
librium redox potential of the 02/HZ0 couple. 

The electrochemical model of Oz catalysis de- 
scribed above has been used to describe successfully 
the kinetics of reaction (1) mediated by RuOz-yHzO* 
[8]. From the results of this work a Tafel slope of 
30 mV per decade was reported which was the same 
value found in electrochemical studies of water ox- 
idation carried out using macro-anodes of films of 
highly defective ruthenium(W) oxide [II, 131. In 
contrast, similar electrochemical studies carried out 
on low defect RuOz film anodes, to which anhydrous 
RuOz is most akin, often reveal a Tafel slope of 40 
mV per decade [ll, 131. Thus, assuming the same 
electrochemical model applies, the kinetics of re- 
action (1) mediated by anhydrous RuOz are likely 
to be noticeably different to those observed for 
RuOz.yHzO*. 

Results and discussion 

Determination of kI (in a medium of fired [HClO, / 
and [H2S04J; low [Cky/) 

As noted above before the electrochemical model 
can be fully applied kI, the first order rate constant 

when reaction (1) is wholly diffusion controlled, must 
first be determined. Equation (6) may be rewritten 
as follows: 

lrnh = 
kIF{[Cerv]r- [Ce”‘], exp[FAfURTI] 

1+ exp[FAEIRTJ} (7) 

where AE=Emix,,-EL. From eqn. (7) it appears 
that the mixture current and, therefore, the rate, 
r(t), will tend to that value expected for a diffusion 
controlled reaction, i.e. 

i,,,=k,F[Ce’“], 63) 

the more negative the value of AE. According to 
the electrochemical model, diffusion controlled ki- 
netics will also be favoured if the initial concentration 
of [Cerv] is low and that of [Ce’“] significantly lower 
again (preferably zero). The value of A,?? can be 
made more negative by increasing the value of 
E& and this can be done by changing the acid 
medium from one in which the Ce” and Ce”’ ions 
are highly complexed, such as HzS04, to one in 
which they are not, such as HC104. Thus, in 0.5 
mol dm- 3 HzS04 the formal redox potential of the 
Cerv/Cem couple is 1.44 V versus NHE whereas in 
1 mol drne3 HC104 it is 1.70 versus NHE [14]. 

In the work associated with this section the stock 
dispersion (300 mg dmm3) was made up in 1 mol 
drnb3 HC104 and in a kinetic run, after mixing with 
the injected Cerv solution at t =0, the overall acid 
medium was predominantly HC104 (0.965 mol dmm3) 
with a relatively small but fixed concentration of 
HZSO,, (0.017 mol dmT3) due to the 0.5 mol drnT3 
HZSO., present in the injected Cen’ solution. The 
redox potential of the Cerv/Ce’” couple in the 0.965 
mol dmW3 HCl0,+0.017 mol drnm3 HzS04 acid 
medium is 127 mV more positive than that in 0.5 
mol drnv3 HzS04 and this, combined with the use 
of a low [Cc?‘] and with [Ce”‘l,,,-,=O mol dmb3, 
appears sufficient to cause Lix,, to lie in a region 
in which reaction (1) is diffusion controlled. Thus, 
with the injection of 90 mm3 of a 0.01 mol drnm3 
CeN solution in 0.5 mol drne3 H2S04 into the stock 
dispersion at 30 “C the resulting absorbance-time 
profile, illustrated in Fig. l(a), when analysed for 
first-order kinetics (Fig. l(b)) gives a good straight 
line over 21 half-lives of gradient -0.0400f0.0001 
s-l which is equal to -kl (at 30 “C). 

In another set of experiments in the predominantly 
perchloric acid medium the concentration of RuOz 
was varied over the range 30 to 300 mg drnm3 with 
all other conditions the same, i.e. [Cerv],_s= 
3.5 x 10m4 mol dmm3; [Ce”‘],_c=O mol dms3; T- 
30 “C. From a first order analysis of each of the 
subsequent absorbance-time profiles generated a 
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Fig. 1. Results of a kinetic study of reaction (1) mediated 
by anhydrous RuOz in which 90 mm3 of a CeIv solution 
(0.01 mol dm-’ in 0.5 mol drne3 H,SO,) were injected 
into a dispersion of RuOz (2.5 cm3; 300 mg dme3) in 1 
mol dm-’ HClO, at 30 “C. (a) Absorbance-time profile 
(A=320 nm), with arrow denoting point of injection. (b) 
First order analysis of the data contained in (a). A least- 
squares analysis of this data gives the following information: 
number of points (n) =439, gradient (m) = - 0.0400* 
0.0001 s-‘, intercept (c) = -0.106 f 0.001, correlation coef- 
ficient (r) = 0.9998. 

series of kl values were obtained which when plotted 
in the form kl versus [RuO,] gives a good straight 
line as illustrated in Fig. 2. This finding appears to 
support the electrochemical model since the latter 
predicts that the mixture current, which is directly 
related to kl, see eqn. (8), will depend directly upon 
the available surface area which, in our case, will 
depend upon [RuOz]. 

Further confirmation that reaction (1) is diffusion 
controlled in the largely HC104 medium was obtained 
from a study of the variation of kl as a function of 
temperature over the range 20-70 “C using the same 
reaction conditions as above, with [RuOJ=300 mg 
dmm3. The Arrhenius plot of ln(kl) versus T-l is 
illustrated in Fig. 3 and from a least-squares analysis 
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Fig. 2. Plot of k, vs. [RuO,] where the different values 
fork, were determined using a variety of different [RuO,] 
values but otherwise the same reaction conditions as in 
Fig. 1. A least-squares analysis of this datagives the following 
information: n=9, m=(1.29f0.04)~ lo-’ dm3 mg-’ s-‘, 
~=(1.87~0.68)xlO-~ s-‘, r=0.9962. 
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Fig. 3. Arrhenius plot where the different values for k, 
were determined in the predominantly HClO, medium for 
different temperatures but otherwise the same reaction 
conditions as in Fig. 1. A least-squares analysis of this 
data gives the following information: n=6, m = 
(-2.26&0.05)X1@ K, c=4.2f0.17, r=0.9989. 

of the data an activation energy of 19f 1 kJ mol-’ 
was calculated, which is in good agreement with that 
expected for a diffusion controlled reaction, i.e. 15-19 
kJ mol-’ [15, 161. 

Kinetics in a fixed [HzSO,] medium 
From the electrochemical model, partly diffusion 

controlled kinetics as described by eqn. (7), will be 
favoured if AE is small, [CeW],_O is high and [Ce”‘],_,, 
is made higher still [17], and a good test of this 
prediction is the determination of the kinetics of 
reaction (1) under such conditions. Figure 4 illustrates 
the relative absorbance-time plots which resulted 
from a series of repeat injections of 90 mm3 of a 
0.1 mol dme3 Ce” solution, in 0.5 mol dmW3 HzS04, 
into 2.5 cm3 of a stock dispersion of RuOz (300 mg 
dmm3 made up in 0.5 mol dme3 H,S03 at 70 “C, 
the kinetics are very slow at 30 “C. The results 
illustrated in Fig. 4 are in qualitative agreement with 
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Fig. 4. Absorbance vs. time profiles (h-430 nm) arising Fig. 5. Tafel plot of the data illustrated in Fig. 4. Values 
from a kinetic study of reaction (1) mediated by anhydrous 
RuOz in which a series of repeat injections of 90 mm3 of 

for Em&, were calculated using eqn. (6) and a k, value of 

a Cerv solution (0.01 mol drne3 in 0.5 mol dmm3 H,SO,) 
0.0682 s-l. A least-squares analysis of this data gives the 
following information: (i) n = 30, m =0.041~0.008 V 

were made into a dispersion of RuOz (2.5 cm3; 300 mg 
dm-‘) in 0.5 mol drne3 HZS04 at 70 “C. From left to right 

(decade)‘, c= 1.65rtO.005 V, r=0.9945; (ii) n = 10, m- 
0.058fO.OC06 V (decade)-‘, c=1.75f0.003 V, r= 

the decay curves are for the 1st to the 4th injection. 0.9995. 

eqn. (7) of the electrochemical model which predicts 
that the rate of reaction (1) should decrease with 
increasing [Ce”‘]. 

None of the absorbance-time profiles illustrated 
in Fig. 4 give a good fit to first order kinetics, but 
each can be successfully analysed using the electro- 
chemical model. Thus, for each decay trace r(t) and 
a corresponding value for E,,,*,, can be determined 
at any time t during the reaction using eqn. (6). In 
the calculation of E,h,r a common value for kl is 
required and this was obtained from a first order 
analysis of the absorbance-time plot recorded at 70 
“C and under the same acid conditions as used in 
the previous section since they favour wholly diffusion 
controlled kinetics for reaction (1); kl was taken as 
= 0.0682 s-l. Analysis of the data contained in each 
decay trace illustrated in Fig. 4 using eqn. (6) of 
the electrochemical model gave rise to a series of 
different Tafel plots of log(+)) versus Emix,, and 
these are collected together and illustrated in Fig. 
5, from which it is apparent that the overall Tafel 
plot has two distinct slopes, namely 41 mV per 
decade at E,h,, < 1.42 V versus NHE and 58 mV 
per decade at E,ix,, values > 1.42 V versus NHE. 

As noted previously, from electrochemical studies 
on the oxidation of water carried out by others using 
low defect RuOz film anodes, a Tafel slope of 40 
mV per division was reported and subsequently 
interpreted in terms of the ‘electrochemical oxide’ 
pathway for water oxidation [ll, 131, i.e. 

S+H,O- S-OH+H++e- 

S-OH- S-O+H++e- 

2%o- 2s+o2 

(9) 

(10) 

(11) 

where S is the surface active site. It can be shown 
[lo] that if either reaction (9), (10) or (11) is the 
rate determining step then, at low overpotentials, 
the resulting Tafel slope will be 120, 40 or 15 mV, 
respectively. Thus, from the results illustrated in Fig. 
S it would appear that at low potentials the oxidation 
of water mediated by anhydrous RuOZ occurs via 
an ‘electrochemical oxide’ pathway with reaction (11) 
as the rate determining step. Interestingly, the ‘elec- 
trochemical oxide’ pathway predicts that at higher 
potentials the Tafel slope will tend to a value of 
120 mV per decade as the number of surface active 
sites available tends to zero [ll]. Thus, it is possible 
to explain the observed apparent Tafel slope of 58 
mV per decade illustrated in Fig. 5 for poten- 
tials> 1.41 V versus NHE as simply indicative of the 
process of changing Tafel slope from 40-120 mV 
per decade as the total surface coverage by inter- 
mediates becomes significant. 

The applicability of the electrochemical model and 
in particular eqn. (6) to our system was tested further 
through a series of experiments in which the reaction 
medium was once again 0.5 mol dmm3 Hfi04 with 
the [CeWJ,_, =3.5X lo-’ mol dmd3, [Ce’v],,O/ 

P”‘l,-0 ratio = 1:3 and the reaction temperature 
=70 “C. 

Using the reaction conditions described above, in 
one set of experiments the absorbance-time profiles 
arising from the decay of CeN ions via reaction (1) 
were recorded as a function of [RuO*] over the 
range 60-300 mg dms3 and the data subjected to 
analysis using eqn. (6) of the electrochemical model; 
the resulting Tafel type plots are illustrated in Fig. 
6(a). For each run the value of kl used in eqn. (6) 
to determine the different values of E,+ was taken 
as that determined using the same value of [RuOJ 



154 

142 

-G 

5. 1.41 
.E 

5 

140 

139 ’ / J/ 1 

(a) -7’2 -6.6 -6.4 -6.0 -5.6 
bghtelmd tin’ I’) 

4 

Fig. 6. (a) Tafel plots of the absorbance-time profiles 
generated in a study of the kinetics of reaction (1) mediated 
by anhydrous RuOz in which the concentration of [RuO,] 
was varied, all other reaction conditions as for Fig. 4, 
except [Cem],_o: [Cerv],_O = 1:3. From left to right the Tafel 
plots correspond to [RuO,] values of 60,90, 180, 240 and 
300 mg dmm3, respectively. (b) Plot of r(t) vs. [RuOJ, 
using r(l) values read from (a) for Em*,= 1.40 V vs. NHE. 
A least-squares analysis of this data gives the following 
information: n = 6, m - (1.41+0.09) X 10m9 mol mg-’ s-l, 
~-(-2.84f1.68)XlO-~ mol dm-3 s-l, rz0.9912. 

in a parallel set of identical experiments carried out 
in the largely HC104 medium described in the pre- 
vious section. From the electrochemical model it is 
predicted that the collection of Tafel slopes illustrated 
in Fig. 6(a) can be used to determine the vaiue of 
r(f) at any arbitrarily chosen fixed potential for each 
kinetic run and that a subsequent plot of r(t) versus 
[RuOz] will be a straight line, since under these 
conditions r(f) will reflect simply the direct depen- 
dence of imk, upon catalyst surface area and, there- 
fore, [RuO,]. Using the data illustrated in Fig. 6(a) 
the plot of r(t) versus [RuOz] for Eti,= 1.40 V 
versus NHE does indeed give a good straight line 
as illustrated in Fig. 6(b). 

In a second series of experiments the kinetics of 
reaction (1) were studied as a function of temperature 
over the range 30-70 “C using the same reaction 
conditions as before, with [RuO,] =300 mg dmm3. 
For each kinetic run the value of k1 used to determine 
the different values of Emk, using eqn. (6) was taken 

as that determined for the same temperature in an 
identical experiment, but carried out in the largely 
HCIOq medium. The resulting Tafel plots of the 
data and subsequent Arrhenius plot of In@(t)) versus 
T-’ (Emi+= 1.4 versus NHE) are illustrated in Fig. 
7(a) and (b), respectively. From the gradient of the 
Arrhenius plot illustrated in Fig. 7(b) a value for 
the activation energy (for the oxidation of water to 
O2 on particles of anhydrous RuOz) of 46k5 kJ 
mol-’ was calculated, which compares well with the 
value of 50.4 kJ mol-’ reported in a previous elec- 
trochemical study in which RuOz was used as the 
anode [18]. 

Kinetics in an acid medium with different JH$O,]/ 
[HClO,] ratios 

As noted earlier it is not only the presence of 
Ce’” ions which appears to inhibit the rate of reaction 
(l), but also that of sulfate ions which complex with 
the Ce’” ions thereby reducing the formal redox 
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Fig. 7. (a) Tafel plots of the absorbance-time profiles 
generated in a study of the kinetics of reaction (1) mediated 
by anhydrous RuOz in which the reaction temperature was 
varied; all other reaction conditions as for Fig. 6. From 
left to right the Tafel plots correspond to temperature 
values of 30, 50, 60 and 70 “C, respectively. (b) Plot of 
ln(r@))vs. T-‘,usingr(t)valuesreadfrom(a) for&,,= 1.40 
V vs. NHE. A least-squares analysis of this data gives the 
following information: n = 4, m = ( - 5.48 f 0.60) X ld I=& 
c= 1.4Ok 0.18, r=0.9883. 



potential of the Cerv/Cen’ couple [14]. As an illus- 
tration of this latter effect a series of absorbance-time 
profiles, illustrated in Fig. 8(a), were recorded for 
a variety of different [HzS0J[HC104] ratios ranging 
from 0.063:1 to 0.5:O using a fixed initial [Ce’“]/ 
[Ce”‘] ratio of 1:3 with [Ce’v),,0=3.5 x low3 mol 
dmU3, [RuOz] = 300 mg dmY3 and T=70 “C. In all 
cases the parameter (2[H,SO,] + [HClO,]) = 1 mol 
dmm3. In each different acid medium used the formal 
redox potential of the Ce’“/Ce”’ couple was deter- 
mined and each was used in the calculation of the 
Emkr values for the appropriate kinetic run. The 
resulting Tafel plots are illustrated in Fig. 8(b) and 
the overall image is similar to that illustrated in Fig. 
6(b) with two slopes 40 and 52 mV per decade, 
respectively. These findings are as expected from 
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Fig. 8. (a) Absorbance vs. time profiles (A=430 nm) in 
which 90 mm3 of the same Ceiv solution (0.1 mol dmb3 
in 0.5 mol dm-” H2S0,) was injected into a catalyst 
dispersion of RuO, (2.5 cm3; 300 mg dmm3) made up in 
an acid selutioncentainingdifferent [H$O,]/[HClO,] ratios 
(with 2X[H,SOJ+ [HClO,]= 1 mol dme3). The curves 
correspond, from left to right, to [H,SO,] oE 0.063, 0.1, 
0.2, 0.3 and 0.5 mol dmb3, respectively. (b) Tafel plot of 
the data illustrated in (a). Values for E,, were calculated 
using eqn. (6) and a k, value of 0.0682 s-i. A least-squares 
analysis of this data gives the following information: (i) 
n=16, m=0.040f0.001 V (decade)‘, c-164~0.006 V, 
r=0.9957; (ii) n=34, m=0.052~0.001 V (decade)-‘, 
c = 1.71 f 0.005 v, r = 0.9932. 
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the electrochemical model given its applicability to 
this system. 

Conclusions 

Reaction (1) is catalysed by anhydrous RuOa in 
a variety of different acid media. The observed 
kinetics of catalysis are readily interpreted using an 
electrochemical model in which a Nemstian reduction 
reaction (Ce’” + Ce”‘) is coupled to a highly irre- 
versible oxidation reaction (Ha0 + 2H+ + m2) via 
microelectrode particles of anhydrous RuOz. The 
observed kinetics of reaction (1) in 0.5 mol dmm3 
HzS04, when analysed using this electrochemical 
model, indicate that the oxidation of water occurs 
via an ‘electrochemical oxide’ pathway with an overall 
activation energy of 46f5 kJ mol-‘. This electro- 
chemical model may find further application in in- 
terpreting the kinetics arising from studies of other 
redox catalyst systems and, possibly, systems in which 
the ‘catalyst’ undergoes corrosion. 
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