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The electrodeposition of  copper ,  ! gold, nickel, palladium and platinum onto Ebonex | ceramic 
cathodes has been studied. It is demonstrated that good quality deposits may be obtained and that 
the kinetics of  the deposition and dissolution of  metals are similar at Ebonex | to other common 
substrates (for example, Pt, C). In addition, the kinetics of  some simple redox couples at coated and 
bare Ebonex | ceramic electrodes are compared; it is confirmed that such electron transfer reactions 
are very slow on the bare Ebonex | ceramic but  when the surface is coated with a metal, the kinetics 
are similar to those on the bulk metal. 

1. Introduction 

Ceramic materials have a growing importance in elec- 
trochemical technology. Usually, however, they are 
used in the form of coatings on a metal substrate; the 
best known examples are the ruthenium dioxide and 
iridium dioxide based coatings on titanium, now 
widely used as anodes for chlorine and oxygen evolu- 
tion, respectively [1-3]. Other ceramic coatings would, 
however, include spinels [4-6] and tungsten bronzes 
[7]. Less commonly, ceramic materials have a con- 
ductivity high enough that they may be used as elec- 
trodes in the form of bulk materials. Thus, magnetite 
(Fe304) was, for many years, used as an anode in the 
chlor-alkali industry [8] and several papers have dis- 
cussed the application of borides, carbides, nitrides 
etc. as electrocatalysts [9] and inert substrates for 
electron transfer [10-12] as well as tungsten bronzes 
[13]. Despite this considerable body of work, under- 
standing of the electrochemical properties of conduct- 
ing ceramics remains very limited. Indeed, there is 
commonly substantial disagreement over properties 
as fundamental as their stability to corrosion and the 
overpotentials for hydrogen and oxygen evolution as 
well as evidence that such properties can depend 
strongly on the method and conditions of preparation 
[141. 

Ebonex | is a conducting ceramic material mainly 
composed of the Magn61i phase titanium oxides, Ti40 7 
and TisO 9 [15-17]. It is prepared by the high tem- 
perature hydrogen reduction of titanium dioxide and 
has several properties which warrant its consideration 
as an electrode material. For example, it has a bulk 
conductivity of 103 ~- i  cm-1, is resistant to corrosion 
in a wide range of media and shows no tendency to 
hydride in contact with hydrogen. Applications of 
Ebonex | as an electrode material have been covered 
by several patents [18, 19] and have also been dis- 
cussed in recent reviews [15-17]. On the other hand, 
few papers describe laboratory studies of its funda- 
mental electrochemistry. An early l~:hper by Pollock 
et al. [20] reported high overpotentials for both 
hydrogen and oxygen evolution at Magn~li phase 
titanium oxide electrodes. More recently, a short note 
by Miller-Folk, Noftle and Pletcher [21] demonstrated 
that the kinetics of the ferro/ferricyanide couple were 
slow at an Ebonex | electrode although, in contrast, 
lead and palladium could be electrodeposited without 
significant overpotentials. It has also been shown that 
it is possible to electrodeposit PbO 2 onto Ebonex | and 
the properties of such electrodes have been reported 
[221. 

This paper reports the extension of the study by 
Miller-Folk et al. [21] to the electrodeposition of other 

* This paper is dedicated to Professor Dr Fritz Beck on the occasion of his 60th birthday. 
t Ebonex | is a registered trademark of  Ebonex Technologies Inc. 
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metals and to the study of several redox couples at 
both bare and metal coated Ebonex | It was con- 
sidered important to base any conclusions about elec- 
tron transfer at Ebonex | surfaces on the results from 
the invr of several redox couples. Moreover, 
since the ,kinetics of electron transfer reactions could 
be strongly influenced by the formation of less con- 
ducting (more oxidized) titanium oxide layers on the 
surface, it was considered essential to study couples 
with different formal potentials. The couples selected 
were ee(IV)/Ce(III) (Ee ~ ~ + 1.21v/seE in 1 M 
H2SO4), Fe(CN)~-/Fe(CN)63- (E ~ ~ +0.24V/SCE) 
and [Fe(III)EHPG]-/[Fe(II)EHPG] 2- (EHPG is the 
ligand ethylenebis-(2-hydroxyphenylglycine), Ee ~ 
-0.58 V/SCE). The study of the electrodeposition of 
metals has been extended to five metals and the redox 
couples have also been investigated at appropriate 
electroplated Ebonex | electrodes. Such coated Ebonex | 
electrodes are, of course, also of interest for electro- 
catalytic reactions and such work will be reported in 
later papers. 

While this paper only considers the behaviour of 
bulk, monolithic Magn61i phase titanium oxides, it is 
of interest to note that other workers [23, 25], includ- 
ing Fritz Beck [23], have reported electrochemical 
reactions at titanium oxide coatings made conducting 
by in situ cathodic reduction. For example, the ceramic 
Ti/TiO2 electrode appears to be an active surface for 
therapid reduction of nitrobenzene [23]. The relation- 
ship between these two types of titanium oxide elec- 
trodes remains to be defined. 

2. Experimental details 

Ebonex | ceramic electrodes were constructed from 
2 mm thick sheets supplied by Ebonex Technologies 
Inc. Discs of 5 mm diameter were cut from the sheets 
using a diamond tool and electrical contact was made 
to a copper wire using silver loaded epoxy cement 
(RS Components 552-652). The electrodes were then 
encapsulated into glass tubes using an epoxy resin 
(A24-100, Philip Harris Scientific). For the fabrica- 
tion of rotating disc electrodes, the ceramic disc was 
mounted onto a stainless steel unit, designed to con- 
nect to an EG + G Pare (Model 616) Rotating Motor, 
and then sealed into a Teflon sheath. One face of the 
electrode, area 0.2 cm 2, was exposed by grinding away 
the epoxy resin on silicon carbide paper. 

Between experiments the surface of the Ebonex | 
electrodes were abraded with three grades of silicon 
carbide paper (p400A, p600A and pl200A) and/or 
polished with 0.3 and 0.05#m alumina powder 
(Banner Scientific Co.) on a polishing cloth. The elec- 
trodes were then thoroughly washed with distilled 
water. For the other electrode materials polishing with 
alumina powder was found to be satisfactory. 

Voltammograms were recorded using a Hi-Tek 
Instruments potentiostat (model DT 2101) and a 
function generator (model PPR 1) with a Gould (model 
60000) X-Y recorder. During constant current plat- 
ing, a Fluke Digital Multimeter (model 8050A) was 

used to monitor the voltage of the working electrode: 
charges were measured with a workshop built coulo- 
meter. Measurements of pH were made with a B.D.H. 
pH electrode (309/1010). 

All experiments were carried out in a three elec- 
trode, two compartment cell. The counter electrode 
was a platinum ring or spiral and the saturated calomel 
electrode was mounted ir~,~a separate compartment 
connected to the working~ electrode via a Luggin 
capillary. 

All solutions were prepared from triply distilled 
water and high quafity chemicals. The complex 
iron(III) ethyle~ebis-(2-hydroxyphenylglycine) was 
prepared as described in [26]. All solutions were 
degassed with a fast stream of nitrogen before any 
experiment was commenced. 

The scanning electron micrographs were recorded 
using either (i) a Cambridge Stereoscan 150 SEM with 
an accelerating voltage of 20 kV and a beam current of 
0.4mA or (ii) a Jeol 35C SEM equipped with a Link 
model 860-500 energy dispersive X-ray analyser 
(EDAX) with an accelerating voltage of 27 kV and a 
beam current of 1 mA. For the plated cross section, 
the sample was mounted in epoxy resin and metallo- 
graphically polished to leave a surface roughness of 
less than 0.1 #m. 

The X-ray diffraction data was obtained on station 
7.4 at the Synchrotron Radiation Source (SRS), 
SERe Daresbury Laboratory. The sample was a 
static, flat plate. A beam energy of 2 GeV and a beam 
current of  190 mAwere employed. A Si (2 2 0) channel 
cut monochromator gave a beam wavelength of 
0.142 nm at an incident angle of 4 ~ Data acquisition 
time was ~ 600 s using an Inel 120 ~ curved, position 
sensitive detector (3300 channels). Calibration was via 
silicon powder. 

3. Results 

3.1. Characterization of the Ebonex | samples 

Ebonex | is available in several forms and porosities 
(determined by density measurements) but the elec- 
trodes in this study were manufactured from "non- 
porous" 2 mm thick sheet. The material is extremely 
robust and can be handled quite roughly without 
damage; it may, however, be cut and machined using 
ceramic workshop techniques and its surface may be 
abraided with silicon carbide paper and/or polished 
using polishing cloth methods. The conductivity of all 
samples employed were greater than 103 f~-i cm 1. 

Figure 1 shows a scanning electron micrograph of 
the surface of a sample of Ebonex | sheet. It can be 
seen that it is microrough and, despite the sample 
being termed "non-porous", that there are many, 
small pores. The Ebonex | was also examined by 
X-ray diffraction. A large number (> 30) of well 
resolved peaks were observed in the range 15 ~ < 
20 < 70 ~ A complete analysis was not attempted 
but the peaks characteristic of Ti407 and Ti509, as 
reported by Goldschmidt and Watanabe [27], were 
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Fig. 1. Scanning electron micrograph of a "non-porous" Ebonex | 
sheet. 

major features and it appeared that other titanium 
oxides were present as minor components. 

When a sample of  Ebonex | was subjected to anodic 
oxidation at very positive potentials in 1 M sulphuric 
acid (in fact, using a current density of0.11 A cm -~ for 
900s), it gave an X-ray diffractogram which was 
markedly different; the amount of Ti407  had decreased 
substantially and higher oxides, including TiO2, 
predominated. Variation of the angle of  incidence 
showed that the composition was a function of depth 
from the surface. At even higher current density, a 
white film appears on the surface. These are, however, 
extreme treatments of  the surface. Ebonex | anodes 
intended for oxygen evolution are normally prepared 

from high surface area materials (typically with 25% 
porosity) and the manufacturers recommend a lower 
current density ( ~  20mA cm -z) so that the potential 
will remain much lower. Indeed polarization curves 
for Ebonex | show a limiting current for oxygen 
evolution whose magnitude depends strongly on the 
porosity of the sample; at the non porous material, the 
plateau current density is about 4 mA cm -2. 

The Ebonex | was also examined by cyclic voltam- 
metry in acid, base and neutral aqueous solutions. 
These experiments are illustrated in Fig. 2 by two 
voltammograms recorded in 1 M H2SO 4 with a poten- 
tial scan rate of 50 mV s -~. Figure 2a shows a 1 st scan 
cyclic voltammogram initiated from 0.0 V and scanned 
first to negative potentials; a well formed but drawn 
out reduction wave is observed at Ej/2 = - 0 . 4 5  V/ 
SCE and the equivalent oxidation charge is seen 
as a poorly formed and broad anodic peak around 
- 0 . 5 3  V. This response seems to indicate reduction of 
the Ebonex | surface and reoxidation during the 
reverse scan but the processes certainly never gave 
sharp peaks such as those reported for the ceramic 
TiO2 electrode by Beck and Gabriel [23]. Hydrogen 
evolution commences at - 0.75 V/SCE. As the scan is 
continued to positive potentials it can be seen that, on 
this first sweep, there is an anodic current at all poten- 
tials. On the other hand, there are no peaks or waves 
prior to oxygen evolution which commences at + 2.2 V. 
On the scan back to 0.0 V, no significant current is 
observed. Figure 2b shows the 2nd scan at this 
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Fig. 2. Cyclic voltammograms recorded at 50mVs - t  for Ebonex | in I M sulphuric acid (a) 1st scan commencing at 0.0V to negative 
potentials (b) 2nd scan commencing at 0.0V to positive potentials. T = 298 K. 
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Ebonex | surface; in this experiment the scan is initi- 
ally to positive potentials. The current density is much 
reduced compared to the first scan but is similarly 
featureless. At negative potentials, the response 
remains similar to the first scan. It would appear 
that the as-prepared Ebonex | surface has undergone 
irreversible oxidation during the first excursion to 
positive potentials although this change has surpris- 
ingly little effect to the processes at negative potentials. 
If  the voltammetry is restricted to a lower positive 
potential limit, the difference between 1st and subse- 
quent scans is less marked although the trend remains 
the same. Such voltammograms are not capable of 
detailed interpretation, particularly since the contri- 
bution of charging current to the response is likely to 
be substantial for this high area surface. Even so, it is 
clear that the surface layer(s) of the Ebonex | undergo 
slow and continuous changes in oxidation state over 
most of the potential range between hydrogen and 
oxygen evolution, at least until it is passivated. 

3.2. The electrodeposition of copper 

Figure 3 shows cyclic voltammograms recorded at 
Ebonex | and vitreous carbon disc electrodes in a 
commercial copper electroplating bath (composition 
shown in Table 1) using a potential scan rate of 
100mVs -~. It can be seen that the curves have the 
same general shape and that the deposition and dis- 
solution peaks occur at similar potentials; indeed, in 
both cases the reduction peak is observed at - 0.42 V/ 
SCE. Hence, there is clearly no evidence that the 
reduction of copper(II) is inhibited at the Ebonex | 
electrode. The major difference between the curves is 
the magnitude of the dissolution peak and at Ebonex | 
the stripping efficiency is only 20%. Moreover, oxida- 
tion current continues to be observed at potentials 
positive to the peak. Such "tailing", as well as the low 

stripping efficiency implies that much of the copper is 
deposited within the pores of the Ebonex | and is not 
readily accessible for rapid dissolution. This inter- 
pretation is confirmed by experiments at much slower 
scan rates when the stripping efficiency becomes larger 
as the quantity of copper deposited is increased. 

The simplicity of the copper deposition reaction at 
Ebonex | is confirmed by RDE experiments with a 
solution containing 10mM Cu 2+ in 0.5M NazSO4, 
pH 2. The I-E curves at four rotation rates are 
reported in Fig. 4; well formed reduction waves are 
observed and the plateau currents are proportional to 
the square root of the rotation rate. The value of the 
diffusion coefficient for copper(II) estimated from the 
linear Ie against co~/2 plot is 6.5 x 10 - 6  cm 2 s -1, identi- 
cal to that obtained with a vitreous carbon disc. 

Figure 5 shows scanning electron micrographs for 
copper deposits. Figure 5a shows a thin deposit, 
average thickness 1 #m when the copper can be seen as 
crystallites within the pores and surface unevenness. 
Figure 5b shows the surface of a much thicker deposit, 
thickness 50 #m, when the layer is complete and has an 
appearance typical of copper on other substrates. The 
final micrograph, Fig. 5c, shows a cross section of a 
thick deposit; this confirms the uniformity of the 
deposit. Energy dispersive X-ray analysis of the cross 
section clearly shows the presence of copper within the 
Ebonex | and it appears that the deposition occurs well 
down the pores within the material. The thick deposits 
appear to be mechanically stable and it requires 
vigorous abrasion to remove them. The microrough 
and microporous surface of the Ebonex | provides an 
excellent substrate for good adhesion. 

3.3. The electrodeposition of other metals 

Cyclic voltammograms were recorded at both Ebonex | 
and vitreous carbon electrodes for the gold, nickel, 

Table 1. Conditions used for  plating the metals on to Ebonex ~. All depositions were carried out at 298 K. 

Metal Plating solution Plating control Average thickness 

Cu 7 5 g d m  3 copper sulphate I = 10mAcro 2 1-100#m 

2.2 M HzSO 4 
50 mg dm 3 C1- 

1 gdm  -3 polyethylene-glycol 

6 mg dm-3 DS4 

Au 8 .2gdm -3 Au as I = l m A c m  -2 0 .1-20#m 

KAu(CN)2 

25 gdm  -3 citric acid, NH 3, 

pH 4. 

Ni 300gdm 3 nickel sulphate I = 20mAcro 2 100#m 

3 5 g d m  3 nickel chloride 
4 0 g d m  3 boric acid 

H2SO4, pH 3.5 

Pd 10 mM palladium chloride E = -- 50 mV/SCE 1-5 #m 
I M potassium chloride 

HCI, pH 3 

Pt 10 mM chloroplatinic acid E = - 200 mV/SCE 1-3 #m 
1 M hydrochloric acid 
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Fig. 3. Cyclic vol tammograms recorded at (a) 
Ebonex | and, (b) vitreous carbon electrodes in a 
commercial copper plating bath. Potential scan 
rate 100mVs-L  T = 298K. 

E ( V l s c E )  
.0.0 

2.0 

400rpm 

900rpm 

1500rpm 

-4.0 

. - 6 0  

E u 
-8 .0  

E 

-10.0 

2500rpm 

- 1 2 . 0  

-14 .0  

Fig. 4. I - E  characteristics as a func- 
tion of  rotation rate for Ebonex | 
in a solution of  copper(II) sulphate 
(10mM), sodium sulphate (0.5M), 
pH 2. Potential sweep rate 5 mV s-  ~. 
T = 298 K. 



MAGNI~LI PHASE TITANIUM OXIDE CERAMIC ELECTRODES - I 853 

Fig. 5. Scanning electron micrographs for copper deposits: (a) thin 
deposit, average thickness 1 #m; (b) thicker deposit, average thick- 
ness 50/~m; and (c) cross section of a thick deposit. 

palladium and platinum electroplating solutions listed 
in Table 1. The voltammograms for each metal ion 
are again very similar at both vitreous carbon and 
Ebonex | and there certainly does not appear to be 
any special barrier to electron transfer at the Ebonex | 
surface. On the other hand, the voltammograms for 
the four metals ions are, of course, quite different; for 
example (a) the deposition of the metals occurs at 
markedly different potentials ( +  0.2 V for Pt, - 1.0 V 
for Ni) where the Ebonex | surface might be expected 
to have different properties, (b) the overpotentials 
associated with both deposition and dissolution depend 
strongly on the metal and (c) Pd shows facile dissolu- 
tion while Pt does not show an anodic stripping peak. 

Electroplated Ebonex | electrodes were prepared in 
the conditions listed in Table 1. The thicker electro- 
deposits (Ni and Cu) were reflective and all appeared 
to adhere well. Certainly the deposits could be used as 

electrodes in laboratory conditions for an extended 
period of time. The precious metals were deposited 
only as thin layers and electron microscopy showed 
that these were not continuous. Rather, individual 
crystals of  the metals could be seen distributed over 
the microrough surface of  the Ebonex | The high area 
of the deposits could be confirmed by cyclic voltam- 
metry in 1 M sulphuric acid. For  example, a Pt deposit 
averaging 2.4 #m in thickness gives a voltammogram 
with the characteristic two adsorption and two desorp- 
tion peaks for hydrogen but the charge associated 
with the processes is 75 mCcm -2. 

3.4. The kinetics o f  redox processes at bare and 

coated Ebonex | 

Figure 6 shows a series of cyclic voltammograms for 
5 mM [Fe(III)EHPG]- in 1 M aqueous sodium acetate 
at copper, Ebonex | and Ebonex | electroplated with 
10 ktm copper. At copper, Fig. 6a, the [Fe(III)EHPG]-/ 
[Fe(II)EHPG] 2- couple has the characteristics of a 
quasi-reversible electron transfer process; well formed 
reduction and coupled oxidation peaks are observed 
around - 0.62 V but the peak separations are greater 
than 60mV (90-130mV with the scan rates shown). 
The value of the diffusion coefficient estimated from 
the slope of the linear I c against v ~/2 plot is 4 x 10 -6 

cm 2 s -1~. On Ebonex | Fig. 6b, the response is quite 
different. The current function for the reducti~on pro- 
cess is the same as at copper but the reduction peak is 
shifted to much more negative potentials, around 
- 0 . 9  V and the process becomes irreversible. Only a 
small and drawn out oxidation peak is observed at 
about - 0 . 4 0 V / S C E  on the reverse scan. Once the 
Ebonex | has been plated with copper, however, the 
response returns to that at the bulk copper, Fig. 6c. 

The story of the ferricyanidefferrocyanide couple in 
1 M potassium chloride at platinum, Ebonex | and 
Ebonex | plated with 2.4 #m platinum is similar and 
single voltammograms for ferricyanide at each surface 
is shown Fig. 7. The couple is reversible at both plati- 
num and the platinum coated ceramic. In contrast at 
Ebonex | both the reduction and oxidation processes 
require an overpotential which is a function of the 
history of the Ebonex | surface; oxidation of the sur- 
face increases the overpotentials for electron transfer; 
see Fig. 7d and [21]. The influence of  the surface oxi- 
dation on the kinetics of  the oxidation reaction is also 
clearly seen on a RDE. While the rotation rate depen- 
dence of the reduction wave for ferricyanide is quite 
normal (although the waves are displaced to around 
- 0 . 6  V/SCE), the curves for the oxidation of ferro- 
cyanide do not show well formed plateaux and the 
current densities are never stable, decreasing slowly 
for long periods of time. 

The Ce(IV)/Ce(III) couple in sulphuric acid was 
also studied at both bare and Pt plated Ebonex | At 
a RDE prepared from bare Ebonex | Ce(IV) gave 
simple, well formed reduction waves at each rotation 
rate but not until E~/2 ~ -- 50 mV, an overpotential:of 
> 1.25 V, see Fig. 8a. On the other hand, it was not: 
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Fig. 6. Cyclic voltammograms for [Fe(III)EHPG]- (5mM) in 
sodium acetate (1 M) at (a) copper (b) Ebonex | and (c) Ebonex| 
copper (10#rn) electrodes for the sweep rates indicated. T = 298 K. 
Potential scan rates (i) 30 mV s 1, (ii) 90 mV s-1 and (iii) 270 mV s-t. 

possible to observe oxidation of Ce(III) before oxygen 
evolution although even on Pt, the anodic oxidation 
of Ce(II1) occurs only just prior to 02 evolution; 
figure 8b shows the 1-E curve for the Ce(III) solution 
and it is identical to that for H2SO 4 alone. Once Pt 
plated, however, the Ebonex | electrode gave an I -E  
curve for a solution containing both Ce(III) and 
Ce(IV) with a single wave crossing the zero current 
axis at + 1.20 V and with good oxidation and reduc- 
tion limiting current plateaux which were mass trans- 
port controlled, i.e. the couple has rapid kinetics. 

4. Discussion 

The results show clearly that  metats may be electro- 
plated onto Ebonex | to give good quality, adhesive 
deposits. Indeed, Ebonex | may have a surface mor- 
phology (microrough and porous) which give it par- 
ticularly good properties as a substrate for metal 

layers. With low loadings of  metal, high surface area 
deposits are obtained but as the layer thickness its 
surface morphlogy probably depends on the metal 
being plated as well as the bath being used. Certainly, 
in the case of  copper from the commercial acid plating 
bath, the surface becomes very uniform. 

The cyclic voltammograms of  the Ebonex | in sul- 
phuric acid (and, indeed, other aqueous electrolytes) 
show no well defined peaks which may be attributed to 
particular changes in the oxidation state of the titanium 
in the surface. On the other hand, particularly during 
the first scan in potential sweep experiments, there are 
substantial "background" currents at all potentials 
and while there will be some contribution from charg- 
ing current at the high a reaEbonex  | it is probable 
that most of the charge passed leads to oxidation/ 
reduction of the surface. It seems likely that the 
titanium in the surface layer(s) undergo continuous 
changes in oxidation state as the potential is made 
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Fig. 7. Cyclic voltammograms recorded at 100 mV s-t for potassium ferricyanide (10raM) in potassium chloride (1 M) at (a) platinum 
(b) Ebonex | (c) Ebonex| (2.4/zm) and (d) oxidized Ebonex | electrodes. T = 298 K. 

more positive. Certainly, in very forcing conditions at 
high potentials, the X-ray diffraction data show con- 
clusively that oxidation has occurred and TiO2 has 
been formed on the surface of the Ebonex | Such 
oxidation of  of the Ebonex | appears to be inhibited 
when the surface is coated with PbO 2 [28]. 

The kinetics of three couples were studied at bare 
Ebonex | and the results are summarized in Table 2. 
We would stress the following features of the results: 
(a) with the Fe(CN)~-/Fe(CN) 4- and [Fe(III)EHPG]-/ 
[Fe(II)EHPG] 2- couples both oxidation of the reduced 
species and reduction of the oxidized species in solu- 

tion occurs although all reactions require a substantial 
overpotential. In contrast, the kinetics of the couples 
are rapid when the Ebonex | is electroplated with a 
suitable metal. 
(b) oxidizing the Ebonex | surface further, reduces the 
rate of oxidation of ferrocyanide. 
(c) the data for the Ce(IV)/Ce(III) couple at Ebonex | 
is difficult to assess because oxygen evolution prevents 
any reasonable chance of observing the oxidation of  
Ce(]II). It is, however, clear that the reduction of  
Ce(IV) requires a very large overpotential. 
(d) the data for all three couples should be interpreted 
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Fig. 8. I - E  characterist ics as a function of  ro ta t ion  rate 
for Ebonex  | in a so lu t ion  of  cer ium(IV) /cer ium(I I I )  
su lpha te  (25mM each) in su lphur ic  acid (0.5M). 
Potent ia l  sweep rate 2 rnV s ~. T = 298 K. 

as showing that the overpotential for any electron 
transfer process increases as its formal potential 
becomes more positive, i.e. as the surface becomes, 
more oxidized, electron transfer becomes more dif- 
ficult. Indeed, we have found no evidence for oxida- 
tion/reduction of redox species positive to + 1 V. 
(e) On the other hand, both oxidation and reduction 
can be observed at bare Ebonex | e.g. the Fe(CN)~- / 
Fe(CN)~- and [Fe(III)EHPG] /[Fe(II)EHPG] 2- 
couples. Moreover, in comparison to the behaviour of 
redox couples at TiO2 coated Ti electrodes [29], the 
magnitudes of the overpotentials for oxidation and 
reduction are of a similar magnitude. The,TiO2 coated 
Ti surface shows classical semi-conductor behaviour 
and this is not the case for Ebonex | It is interesting 
to note, however, that the paper by Schultze et al. [29] 
did report that plating the TiO2 with gold led to a 

surface again able to support rapid kinetics for the 
Fe(CN)~ /Fe(CN)45 couple. 
(f) even if electron transfer is inhibited by surface 
oxidation at positive potentials, the contrast between 
the redox couples and metal deposition reactions 
in the potential range +0.3V to -1 .2V remains. 
The redox couples require a substantial overpotential 
while metal deposition reactions do not. It is also true 
that PbO2 may be deposited anodically without an 
unusually high overpotential [28]. 
The properties of the surface leading to inhibition of 
the kinetics of redox couples is not clear. For example, 
if(a) the surface layer were to act as a semi-conductor, 
either oxidation or reduction of species in solution 
would be inhibited to a much greater extent than the 
other or (b) the surface layer had a high resistance, 
the whole I - E  response would be expected to be 

Table 2, Summary of the voltammetric data for the redox couples at bare and electroplated Ebonex | electrodes 

Couple E~ ( V/SCE) Ebonex | 

Ep c (V/SCE) E A (V/SCE) 

Plated Ebonex | 

AEp (mV) Metal AEp (mV) 

[ F e ( I I I ) E H P G ] -  / - 0 .58  -- 0.90 -- 0.38 520 Cu 90 

[Fe( I I )EHPG]  z- 
Fe(CN)  3 /Fe (CN)  4- + 0.24 - 0.40 + 0.56 960 Pt 60 

Ce(IV)/Ce(II ] )  + 1.21 - 0,15 - - P t  75 
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distorted. It should also be noted that  slow kinetics for 
solut ion-free redox couples is not  a general proper ty  
o f  all conduct ing ceramics; rapid kinetics have been 
reported for the Fe(CN) 3- /Fe(CN)  4- and other couples 
have been reported for several ceramic electrodes 
[11, 13]. 

Perhaps, not  surprisingly, the coated Ebonex | elec- 
trodes have properties which are dominated  by those 
o f  the plated metal. In  particular,  it has been shown 
that  redox couples can have very rapid kinetics at the 
coated electrodes and this is in complete contrast  to 
the bare Ebonex | where the oxidat ion and reduct ion 
o f  redox species in solution is inhibited. This observa- 
tion does, however,  confirm that  the surface layers o f  
the Ebonex | do not  simply behave as a resistance 
since such a barrier would then influence the proper-  
ties o f  the coated electrodes. 

It  is also interesting to consider the early stages o f  
metal deposit ion onto  the Ebonex | surface. It should 
be recognised that  much of  the thickening of  the 
metal layer as well as the dissolution process occurs 
under  condit ions where the interface is between the 
metal and the solution. It is, therefore, only the initial 
stage o f  metal deposit ion which is the puzzle - H o w  
can ions in solution be reduced at low overpotential  
when the reaction leads to metal but  not if the process 
leads to another  species in solution? It is only possible 
to speculate but  perhaps the metal a toms become 
incorporated into the t i tanium oxide surface leading 
to changes in its properties. A similar mechanism 
may pertain during the electrodeposition of  PbO 2 
a l though this reaction occurs at quite positive poten- 
tials. The difference between phase format ion and 
redox reactions is certainly striking and deserves 
further study. 

F rom a technological viewpoint, uncoated Ebonex | 
electrodes are likely only to find application when it is 
advantageous  to avoid conversion of  redox species in 
solution [19]. On the other hand, Ebonex | could be an 
excellent substrate for metals and other catalysts (for 
example, PbO2) and it would be interesting to carry 
out some long term testing of. electroplated Ebonex | 
materials as electrodes for regerier~tihg solutions o f  
redox reagents. 
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