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Preparation of a novel type of titanium-substrate lead dioxide anode with enhanced electrocatalytic 
activity for electrosynthesis is described. It has been demonstrated that in the presence of a suitable 
surfactant in the coating solution, an adherent and mainly tetragonal form of lead dioxide is 
deposited on a platinized titanium surface such that the solution side of the coating is porous while 
the substrate side is compact. By an analysis of anodic charging curves and steady-state Tafel plots 
with such porous electrodes in contact with sodium sulphate solution, it has been proved that the 
electrochemically active area of these anodes is higher by more than an order of magnitude when 
compared to the area of conventional titanium-substrate lead dioxide anodes. The electrocatalytic 
activity is also thereby enhanced to a significant degree. 

1. Introduction 

One of the important components for electro- 
synthetic applications is the anode material 
which should, firstly, be stable under conditions 
of anodic polarization, i.e. should function as an 
insoluble anode. Secondly, it should be a suffi- 
ciently good electrocatalyst for the desired 
reaction. Finally, it should be economical for 
production and use. 

The choice of insoluble anodes is limited to (a) 
graphite which, however, is subjected to fairly 
strong erosion under anodic conditions; (b) noble 
metals (e.g. platinum, palladium, ruthenium, 
iridium) or their oxides; and (c) oxides of certain 
non-noble metals which are partially or fully 
conducting (e.g. C0304, Mn02, PbO2). 

The base metal oxides mentioned above in (c) 
are of particularly technological importance as 
insoluble anodes due to their inherently low 
cost. Their relatively weak mechanical strength, 
however, necessitates the use of a conducting 
support such as titanium, which should have 
sufficient corrosion resistance under open cir- 
cuit and a passivation tendency under anodic 
conditions. 

The use of a conducting support leads, pri- 
marily, to a new problem, namely that of 
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adhesion between the support and the coating, 
without causing any significant ohmic drop. 
Inadequate adhesion leads to a flake-off of the 
coating and a build-up of a barrier layer of the 
valve metal oxide between the support and the 
electrocatalytic coating, rendering the anode 
eventually useless. 

The second problem which arises with the use 
of the base metal oxide anodes is that of enhanc- 
ing the surface area of the oxide without making 
it powdery, because a powdery structure is liable 
to intense shedding under conditions of anodic 
gas evolution. If fine particles of the oxide are 
rigidized with a binder, there is little chance of 
success since inorganic binders will usually be 
non-conducting and cause an ohmic drop in the 
electrode (with attendant problems), while 
organic binders will be oxidized to carbon 
dioxide etc. 

In the present work a new process has been 
developed to overcome the above problems, and 
has been applied to the preparation of insoluble 
anodes of fi-lead dioxide with a fine pore struc- 
ture on the outer surface (i.e. solution side), low 
porosity on the inner surface (i.e. substrate side), 
strong adhesion to titanium substrate and good 
cohesion within the coating. The process used to 
prepare these electrodes and methods employed 
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to characterize them by anodic charging curves 
and Tafel plot analysis are described. 

2. Previous work on lead dioxide electrodes 

Lead dioxide has found extensive applications as 
a reducible cathode in the conventional lead- 
acid storage battery. It is useful to separate the 
preparation and properties of lead dioxide as a 
reducible cathode [1-4] from the characteristics 
of lead dioxide as a non-oxidizable anode con- 
sidered here. 

Composite electrodes of lead dioxide depo- 
sited on titanium for use as insoluble anodes 
have been described and reviewed in the litera- 
ture [5-14]. Usually, the process involves the 
anodic deposition of lead dioxide on a precon- 
ditioned and, sometimes, noble metal-plated 
surface of titanium from an aqueous acidic sol- 
ution of a lead(II) salt. The product thus obtained 
may generally be described as a coating of the 
relatively non-adherent and non-porous fl-form 
of lead dioxide with considerable internal stress 
on a titanium surface. 

The fl-form of lead dioxide has a tetragonal, 
rutile-like structure and may be expected to form 
a solid solution with the TiO2 (rutile) film on 
titanium. This should obviate the need for any 
other conductive undercoat to the PbO2 coating 
and also provide a good bonding with the 
titanium substrate. 

Earlier literature, however, indicates that a 
suitable undercoat to the PbO2 layer on titanium 
is necessary [11, 15] to overcome premature 
failure caused, perhaps, by the presence of some 
orthorhombic (e-form) PbO2 (which seems 
unavoidable [16]), and which thereby permits an 
interstitial diffusion of oxygen through the PbO2 
layer [17] up to the bare titanium surface, thus 
oxidizing the latter [15]. Another failure mech- 
anism identified involves dissolution of PbO2 as 
Pb 4+ under anodic polarization in strong acid 
solutions [18]. 

It is common practice in the literature on 
PbO2 anode preparation to aim at conditions 
which produce a compact or 'pin-hole free' 
deposit. The implications are that the use of a 
non-compact PbO2 coating may lead to an oxi- 
dative degradation of the PbO2 walls inside the 
pores (in analogy with the failure mode of 

porous graphite anodes in chloralkali cells) and 
an oxidative degradation of the titanium surface 
through anodic reaction with the solution in the 
pores (in analogy with the failure mode of PbO2- 
coated titanium anodes without any conducting 
intermediate layer). 

These anticipated problems are either non- 
existent or avoidable, firstly because there is no 
higher oxidation state for PbO2 (unlike CO2 for 
carbon-based anodes) which could sustain an 
oxidative degradation of the coating, and 
secondly because the incorporation of an inter- 
mediate layer (platinum in the present work) 
between the titanium and the lead dioxide serves 
as a barrier to the diffusion of oxygen, thus 
eliminating any significant oxidation of the 
titanium surface. 

In the case of ruthenium oxide-coated titanium 
substrate anodes it is known, for example, that 
a microcracked surface is highly desirable both 
with regard to low effective current density and 
long operational life [19]. 

3. Present work 

It is reasonable to expect that a PbO2 coating 
with proper porosity and a non-porous, con- 
ducting undercoat will be not only devoid of any 
serious life-limiting problem but also provide an 
enhanced area for anodic reactions. The increase 
in area will have several advantages: lower effec- 
tive current density and hence lower anode 
potential and wear rate, as well as a lower possi- 
bility of side reactions. 

The required porosity is best obtained by con- 
trolling the crystal growth of //-lead dioxide 
during its anodic deposition, which then pro- 
vides a high degree of cohesion to the deposit 
without any binder material. These results have 
been achieved in the present work by addition to 
the PbO2 coating solution of a foaming agent, 
Teepol (a mixture of sodium sec.-alkyl sul- 
phates, CnH2~+ICH(CH3)OSOgNa, where n = 6 
to 16). 

4. Experimental details 

4.1. Chemicals 

Reagent grade chemicals were used throughout. 
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Solutions were prepared with twice-distilled 
water. Presaturation of test solutions with 
hydrogen or oxygen was carried out by passing 
the corresponding gas obtained from an all-glass 
electrolyser through suitable purifying columns 
and then through the test solution. 

4.2. Preparation of anodes 

Strips (12 x 20ram with stem length 100mm) 
were cut from titanium sheet (2.5 mm thick) of 
commercial purity (ASTM grade B-265). The 
strips were abraded with emery, degreased in 
alkali, etched in hot sulphuric acid, electroplated 
with platinum ( ~  5 #m) and anodically polar- 
ized in a solution containing 250 g 1-~ Pb (NO3) 2, 
50gl  i Cu(NO3)2" 3HzO and 0.5 _+ 0.1g1-1 
Teepol, at 60 _ 2 ~ C. The initial current density 
of 50mAcro -2 was applied for 1 rain, followed 
by a current density of 20 mA cm -2 for such a 
time as to obtain a coating of PbO2, 0.5 mm or 
1.0 mm thick, using a copper cathode and keep- 
ing the pH of the solution constant by periodical 
addition o fPbCO 3 + CuCO3 (1 : 1). The coated 
anodes were thoroughly washed and dried at 
60 ~ C. 

For  comparison, PbO2 coating on a platinum- 
plated titanium substrate was also made by elec- 
trodepositing from a solution of the composi- 
tion stated above but not containing any surfac- 
tant additive. The product in this case was a 
compact or non-porous coating of PbO2. 

For clarity, the two types of electrodes 
obtained above are designated as 'porous 
fl-PbO2(Ti) electrode' and 'compact fl-PbO2(Ti) 
electrode' for the PbO2 coating from solution 
with and without Teepol, respectively. 

4.3. Physical studies on the oxide anodes 

X-ray studies and SEM examinations were 
carried out with Standard commercial units. 
BET surface area measurements were also 
attempted, but these were unsuccessful with the 
as-prepared electrodes due to their relatively low 
specific surface. On the other hand, powdered 
samples with their high specific surface were not 
considered relevant as they do not correspond to 
the actual situation involved in the use of oxide 
anodes. 

4.4. Electrochemical studies on the oxide anodes 

Open-circuit potentials, galvanostatic charging 
curves and steady-state anodic Tafel plot 
measurements were made with several samples 
of porous/~-PbO2(Ti) and compact/%PbO2(Ti) 
anodes of thickness 0.5 and 1.0mm. 

The cell used for the electrochemical charac- 
terization of the oxide anodes was of all-glass 
construction, as shown in Fig. 1. The tempera- 
ture of the cell was maintained at 40 + 1 ~ C by 
immersing the cell in a water thermostat. A regu- 
lated power supply with adjustable high resist- 
ance elements in series with the cell was used to 
obtain galvanostatic charging curves, as well as 
steady-state polarization curves. In the latter 
studies the working electrode was assumed to 
have attained a steady state when any drift of  its 
electrode potential was 0.05 mV min-  ~ or less. A 
silicon diode with low reverse current charac- 
teristic was inserted in series with the cell in 
order to prevent any inadvertent cathodic polar- 
ization of the PbO2 electrode. 

Anodic galvanostatic charging curves were 
always taken after presaturing the solution with 
oxygen and attaining a steady state under open- 
circuit condition. Tafel polarization curves were 
also recorded point by point after presaturating 
the solution with oxygen and ensuring, in addi- 
tion, that a steady state was reached for each 
current. Open-circuit potentials were measured 
in the steady state as a function of pH of the 
solution in both oxygen-saturated and hydrogen- 
saturated solutions. The pH of the solution was 
adjusted in each case by adding dilute H z S O  4 or  

dilute NaOH as required. 
The derivatives of the charging curves, which 

are required for the determination of the dif- 
ferential capacity of the double layer at the 
working electrode-solution interface, were 
obtained by graphical differentiation of the 
charging curves. Thus, the experimental charg- 
ing curves were first plotted on a large-scale 
graph and a smooth best-fit curve was obtained. 
A plane metal mirror was aligned at the chosen 
point on the curve to locate the normal to the 
tangent at that point. By reading off the coor- 
dinates at the intersection of the axes by the 
edges of the mirror, the derivatives were cal- 
culated with an accuracy of about 1%. 
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i Fig. 1. Schematic view of the cell used for 
electrochemical studies with fl-PbO~(Ti) anodes. 
1, 2, 3, 1 I, electrode leads and screw connec- 
tors of titanium; 4, reference electrode; 5, salt 
bridge; 6, cell; 7, thermometer; 8, gas (H 2 or 
02) inlet; 9, stirrer; 10, water seal; 12, Teflon 
joint; 14, working electrode (PbO2); 13, 15, 
counter electrodes (titanium). 

5. Results and discussion 

5.1. Action of Teepol 

The primary mode of action of  the Teepol addi- 
tive is to partially stabilize the oxygen bubbles as 
they are formed on the growing surface of the 
PbO2 until the bubbles grow large enough to 
escape. (The current efficiency for PbO2 depo- 
sition is 65-95% depending on the concentra- 
tion of the additive, the higher value applying 
when there is no additive in the solution.) As a 
result the external surface develops a large num- 
ber of pores, approximately 100-500#m in 
range. As will be proved below, this results in a 
15 to 40-fold increase in the true area available 
for anodic reactions on the electrode. If the 
thickness of the PbO2 coating is about 1 mm (or 
more), it is found that the porosity of the coating 
is nearly absent at the interior edge of the coat- 
ing, which is also a desirable result. This takes 
place, apparently, because the growth of  the 
deposit by overlap progressively reduces the 
porosity. The second important mode of action 
of the additive is to cause good wetting of  the 
substrate by the solution so that the adhesion of  
the PbO2 coating to the substrate is improved to 
a remarkable degree. Lastly, the mean size of 
PbO2 crystallites is reduced in the presence of the 
surfactant due to adsorption of the latter on the 

crystal nuclei. The smaller mean particle size 
enhances the true surface area available for 
electrochemical reaction and thereby decreases 
the overpotential at a given apparent current 
density. 

5.2. Phase composition of the anode coating 

The X-ray diagrams of the coating samples 
removed from unused anodes showed that the 
//-form of PbO2 was the major component,  with 
the e-form as a minor component. This agrees 
with the earlier findings of Mindt [16]. No 
attempt was made to eliminate the e-form com- 
pletely by electrodepositing PbO2 at lower pH 
values of the coating solution since this is 
unlikely to be successful [16] even from solutions 
at zero pH. 

5.3. Porosity of the anode 

The pore volume of  the anode coating was deter- 
mined by weighing the amount  of water imbibed 
in the pores under controlled conditions and 
relating it to the gross volume of  PbOz alone. 
The void volume in the anodes was thus found 
to be 12 _+ 2% (different samples) for the 
porous //-PbOz(Ti) anodes, and 1.5 _+ 0.5% 
(different samples) for the compact//-PbO2(Ti) 
anodes. 
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Fig. 2. SEM photograph showing grain structure of a 
porous/~-PbO2(Ti ) electrode (with coating 1 mm thick). 

Fig. 4. SEM photograph showing wide but shallow pores on 
the exterior surface (i.e. solution side) of a porous/LPbOz(Ti ) 
electrode (with coating I mm thick). 

5.4. S E M  studies 

These revealed that the grain structure was signi- 
ficantly finer in the case of porous/LPbO2(Ti)  
coatings than in the case of  compact/~-PbO2 (Ti) 
coatings (Figs 2, 3). Further, the pores in the 
porous /~-PbO2(Ti) anode coatings were more 
like hemispherical cavities with a shallow depth 
than through-pores extending across the whole 
thickness of  the coating. The larger cavities 
usually terminated in smaller cavities located at 
the bot tom or sides of  the cavity. Presumably, 
the small cavities terminate in similar, even 
smaller, cavities or closed ends (Figs 4-6) .  

5.5. Adhesion, hardness and internal stress 

These were evaluated only qualitatively. The 
adhesion of the coating in the case of  porous 
fl-PbO2 (Ti) anodes was such that it was virtually 

impossible to separate it f rom the substrate with- 
out detaching the intermediate platinum layer, 
at least partially, unlike the case of  compact 
/~-PbO2(Ti) anodes where the detachment was 
relatively easy. Scratch tests showed that the 
porous /~-PbO2(Ti) anodes were as hard or 
harder than compact /~-PbO2(Ti) anodes. The 
absence of  longitudinal cracks in the coating or 
an absence of a tendency of the coating to flake- 
off in fairly long-term electrosynthesis studies 
(perchlorate from chlorate) indicated the absence 
of internal stress in the case of porous/~-PbO2 (Ti) 
anodes. (The anode coatings were damaged 
when subjected to strong mechanical or thermal 
shock. This failure-mode is not, however, related 
to internal stress only.) This is to be expected 
since the presence of numerous minute cavities 

Fig. 3. SEM photograph showing grain structure of a com- 
pact ~-PbO:(Ti) electrode (with coating 1 mm thick). 

Fig. 5. SEM photograph showing minute pores on the 
interior surface (i.e. substrate side) of a porous/~-PbO2(Ti ) 
electrode (with coating 1 mm thick). For this test the porous 
fl-PbO2 coating was detached from the substrate by tamp- 
ing and wedging out with a knife edge, exposing the reverse 
side. 
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Fig. 6. SEM photograph of a fl-PbO 2 layer (removed from a 
fi-PbO2(Ti) electrode) parallel to the growth direction. The 
substrate (titanium) is towards the right side of the figure. 

facilitates the spontaneous relief of any internal 
stress to a large extent. 

5.6. Electrochemical studies on the anodes 

In order to characterize interracial properties 
such as double-layer capacitance and electro- 
chemically active area, it is necessary to mini- 
mize the flow of any faradaic current over as 
wide a range of polarization as possible (only 
anodic polarization is permissible in the present 
case) by a proper choice of the electrolyte sol- 
ution. Preliminary studies with several solutions 
showed that, depending on the solution, the 
anode coating may be attacked (chloride sol- 
utions, alkaline solutions), or the solution may 
be contaminated with undesirable cathodic 
reduction products (chlorate solutions) etc., in 
many cases. 

It was thus found that a solution of sodium 
sulphate permitted a wide range of anodic polar- 
ization with a high polarizability (i.e. low fara- 
daic current densities) and permitting reproduc- 
ible measurements with a given sample. 

The electrochemical characterization of porous 
fi-PbO2 (Yi) as well as compact fl-PbO2 (Yi) elec- 
trodes was therefore carried out in a N a z S O  4 

(0.2M) solution with regard to open-circuit 
behaviour, anodic charging transients and 
steady-state anodic polarization in the Tafel 
region. 
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Fig. 7. The dependence of open-circuit potential of porous 
fl-PbO2(Ti) electrode on the pH of Na2SO 4 solution. 1: 
fi-PbOz/PbSO 4, SO]- (1.0M), 25~ (experimental) [20]. 2: 
fi-PbO2/PbSO 4, SO~- (1.0 M), 25 ~ C (theory). 3: fi-PbO2(Ti)/ 
Na2 SO 4 (0.2 M), 02-saturated solution, 40 ~ C (this work). 4: 
fl-PbOz(Ti)/NazSO 4 (0.2M), H2-saturated solution, 40~ 
(this work). 5 :O2/H20 half-cell reaction, 25~ (theory). 6: 
H+/H2 half-cell reaction, 25 ~ C (theory). 

5.6.1. Open-circuit potential versus pH. The 
dependence of the steady-state value of the rest 
potential (open-circuit potential) of porous and 
compact fi-PbO2 (Ti) electrodes on the pH of the 
Na2SO4 solution (0.2M) is shown in curves 3 
and 4 of Fig. 7. It follows from Fig. 7 that the 
open-circuit potential of the fi-PbOz(Ti)/Na2SO4 
interface is a mixed potential governed by the 
kinetics of the Equations 1 and 2: 

PbO 2 + HSO2 + 3H + 

+ 2 e .  " PbSO4 + 2H20 (1) 

02 + 2H20 + 4e ~ 4OH- (2) 

with Equation 2 being apparently more impor- 
tant (faster) as a potential-determining process 
than Equation 1. 

5.6.2. Galvanostatic anodic charging curves. The 
galvanostatic anodic charging curves in Na2 SO4 
solution for porous and compact fl-PbO2(Ti) 
electrodes are shown in Figs 8-11. For com- 
parison, similar charging curves for a smooth, 
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Fig. 8. Galvanostatic anodic charging curves for porous 
#-PbO2(Ti ) electrode with PbO 2 coating, 0.5 mm thick, and 
apparent area 7.8 cm 2, in contact with Na2SO 4 (0.2 M) sol- 
ution at 40 ~ C. Charging currents (#A): t,  40; 2, 60; 3, 80; 4, 
100; 5, 140; 6, 180. Overpotential is defined as E - E~= 0 
where E is the electrode potential for a given current, i, at the 
instant considered, and Ei= 0 is the steady-state open-circuit 
potential of  the electrode in the same solution. 
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Fig. 10. Galvanostatic anodic charging curves for porous 
#-PbO 2 (Ti) electrode with PbO 2 coating, 1.0 mm thick, and 
apparent a r e a  8 . 0 c m  2, in contact with Na2SO 4 (0.2M) sol- 
ution at 40 ~ C. Charging currents (#A): 1,100; 2, 140; 3, 180; 
4, 220; 5, 260; 6, 300. Overpotential is defined as in Fig. 8. 
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Fig. 9. Galvanostatic anodic charging curves for compact 
#-PbO2(Ti ) electrode with PbO 2 coating, 0.5 mm thick, and 
apparent area ?.6cm z, in contact with Na2SO4 (0.2M) sol- 
ution at 40 ~ C. Charging currents (/~A): 1, 15; 2, 20; 3, 25; 4, 
30; 5, 40. Overpotential is defined as in Fig. 8. 

TIME (rain] 

Fig. 1 l. Galvanostatic anodic charging curves for compact 
fi-PbO2(Ti ) electrode with PbO 2 coating, 1.0 mm thick, and 
apparent area 8.0 cm 2, in contact with Na2SO4 (0.2 M) sol- 
ution at 40 ~ C. Charging currents (/~A): 1, 20; 2, 30; 3, 40; 4, 
50; 5, 60. Overpotential is defined as in Fig. 8. 
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Fig. 12. Galvanostatic anodic charging curves for platinized 
titanium electrode (area = 6.5 cm 2) in contact with Na 2 SO4 
(0.2 M) solution at 40 ~ C. Charging currents (#A): 1, 1.0; 2, 
1.5; 3, 2.0; 4, 2.5; 5, 3.0; 6, 3.5. Overpotential is defined as in 
Fig. 8. 

platinized titanium electrode obtained under 
otherwise identical conditions are presented in 
Fig. 12. 

The primary objective of the analysis was to 
obtain the values of the double-layer capa- 
citance at the test electrode as a function of the 
electrode potential. Since the charging curves are 
generally distorted due to the occurrence of  fara- 
daic reactions, such as that of anodic oxygen 
evolution, a correction for the faradaic currents 
is required to obtain reliable results. This may be 
carried out as follows. 

In general, the current density, i, at an elec- 
trode is given by 

i = ich 4- ifar 

where ich is the current density for charging the 
double layer (non-faradaic current density) and 
if~ is the current density corresponding to any 
charge transfer reaction at the interface. 

With due regard to signs t, 

dE  
i = - -  Cd --d~ -~ ira r 

where Ca is the differential capacitance of  the 
electrical double layer at the electrode potential, 
E. 

Allowing for the possibility that C~ may vary 
with electrode potential, it may be evaluated 
from experimental charging curves at different 
currents and at any chosen value of  E* from 
Equation 4 as follows: 

i2 - ii 

where (dE/dt)l,e, and (dE/dt)2,e, are the deriv- 
atives of the galvanostatic charging curves at 
current densities il and /2, respectively, each 
being obtained at E* (Fig. 13). 

Such a procedure has several advantages: it 
eliminates uncertainties caused by the usually- 
adopted measurement at t - - ,  0; it permits a 
multi-point analysis; it provides information on 
the dependence of double-layer capacity on 
potential, and allows a proper correction to be 
made for faradaic currents without any specific 
model for the same. (A similar procedure has 
been adopted earlier [21] using galvanostatic 
charging curves and subsequent open-circuit 
polarization decay curve.) However, any adsorp- 
tion pseudocapacity, if present, is included in the 
value of Cd.e obtained as above. 

Accordingly, the charging curves in Figs 8-12 
were plotted on a large-scale graph, smooth 

t Cathodic currents are positive. Electrode potentials are 
according to the International Convention. 

t [TIME) 

Fig. 13. Schematic diagram ofgalvanostatic charging curves 
at two currents (1, 2) and the location of the derivatives at 
a chosen electrode potential, E*. 

SLOPE= 

(4) 
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Fig. 14. The dependence of  the differential capacitance of  the 
double layer on electrode overpotential in Na2SO 4 (0.2M) 
solution of pH 6 at 40 ~ C. 1: Smooth, platinized titanium 
electrode (no PbO2 coating). 2: Compact/~-PbO2(Ti) elec- 
trode with PbO 2 coating, 0.5ram thick. 3: Compact 
/~-PbO2(Ti ) electrode with PbO 2 coating, 1.0mm thick. 4: 
Porous /~-PbO2(Ti ) electrode with PbO2 coating, 0.5ram 
thick. 5: Porous /~-PbOz(Ti ) electrode with PbO 2 coating, 
1.0 mm thick. Overpotential is defined as in Fig. 8. Differen- 
tial capacitance density is based on apparent area of each 
electrode. 

curves were drawn through the points, and the 
derivatives required in Equation 5 were obtained 
by graphical differentiation. The above procedure 
permitted the determination of Cd at each 
chosen potential, and then for each of the ten 
electrode samples studied. The results of  such an 
analysis are summarized and presented in Fig. 14. 

Several important  conclusions emerge from 
an inspection of Fig. 14. It  follows from curve 1 
of  Fig. 14 that the double-layer capacitance of a 
platinized titanium electrode increases only mar- 
ginally with an increase in potential in the anodic 
direction. The capacitance value of about  4 m F  
cm -2 near the open-circuit potential increases to 
about  8 m F  cm -2 at 120 mV anodic to the open- 
circuit potential. These values are far higher 
than the normal double-layer capacitance values 
in the range of tens of  microfarad per cm 2. Since 
the area of the smooth, platinized titanium elec- 
trode may be assumed to be equal to its geo- 
metric area as a good approximation,  and con- 
tributions from faradaic pseudocapacitance 
have been eliminated in the above analysis, it 
follows that the large double-layer capacitance 
arises due to a strong adsorption of  sulphate 
ions on the Pt(Ti) surface. 

Considering now the curves 2 to 5 of  Fig. 14, 
the enhanced capacities of  fl-PbO2 (Ti) electrodes 
in comparison with Pt(Ti) electrodes may be 
attributed to a proport ionate increase in the 
effective area of  the electrodes, since a strong 
adsorption of sulphate ions is known to be 
present in all the above cases. 

The area-enhancement factor, as calculated 
from the capacitance data near the open-circuit 
potentials (due to the relative constancy of capa- 
citance with potential in this region), is about 40 
for a porous fl-PbO2(Ti) electrode with a 1 m m  
coating, about 15 for a porous fl-PbO2(Ti) elec- 
trode with a 0.5 m m  coating and only about 2 for 
a compact  fi-PbO2 (Ti) electrode with a 1 m m  or 
0.5 m m  coating, assuming that the capacitance 
value of 4 m F c m  -2 for the smooth platinized 
titanium electrode corresponds to a surface of 
zero roughness. In other words, when compared 
with compact/~-PbO2(Ti) electrodes with coat- 
ings 1 mm or 0.5 m m  thick, the area-enhancement 
factor is about  20 for a porous/~-PbO2(Ti) elec- 
trode with a 1 m m  coating and about 7 for a porous 
fl-PbO~(Ti) electrode with a 0.5 m m  coating. 

These data indicate that the electrochemically 
active area of  a porous fl-PbO2(Ti) electrode is 
much larger than that of  a compact  fl-PbO2(Ti) 
electrode, and that the effective area increases 
with thickness in the case of  porous/~-PbO2 (Ti) 
electrodes but is nearly independent of  thickness 
in the case of  compact  fl-PbO2(Ti) electrodes. 

5.6.3. Tafel plots for anodic oxygen evolution. A 
comparison of the porous fi-PbO2(Ti) and the 
compact fi-PbOz(Ti ) electrodes has been made 
under anodic polarization in Na  2 SO 4 solution in 
the Tafel region. Under these conditions the 
only possible anodic reaction is that of oxygen 
evolution reaction. 

The steady-state Tafel plots for oxygen evol- 
ution reaction obtained point-by-point under 
galvanostatic polarization for the two types of  
electrodes are shown in Fig. 15. It  may be seen 
that good Tafel plots of  slope about  150 mV and 
extending over two decades of  current (0.05 mA 
cm -2 to 5 .0mAcro 2) are obtained in all the 
four cases. 

The exchange current density for the oxygen 
evolution reaction is readily obtained by extra- 
polating the well-defined Tafel lines in the low 
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Fig. 15. Steady-state Tafel plots for 
oxygen evolution reaction on: (1) com- 
pact/?-PbO2(Ti ) electrode with a 0.5 mm 
coating; (2) compact fl-PbO2(Ti ) elec- 
trode with a 1.0 mm coating; (3) porous 
fl-PbO2(Ti ) electrode with a 0.5mm 
coating; and (4) porous r 
electrode with a 1.0 mm coating in con- 
tact with Na2SO 4 (0.2M) solution at 
40 ~ C. Each curve is obtained with four 
electrodes, the range of data being 
shown by the vertical lines. Current 
density is based on the apparent area of 
each electrode. 

current density region (below 1.0mAcm -2) to 
the reversible potential, namely 0.178V versus 
Hg/Hg2SO4, 0.2M Na2SO4. The values of the 
exchange current density thus derived from 
Fig. 15 are about 0.03 #Acm -2 for the porous 
/%PbO;(Ti) electrode (0.5ram or 1 mm thick), 
and about 0.002#Acre -2 for the compact 
/~-PbO2(Yi) electrode (0.5 mm or I mm thick). In 
other words, the porous/~-PbO2(Ti ) electrode is 
about 15 times more active electrocatalytically 
than the compact/?-PbO2(Ti) electrode for oxy- 
gen evolution reaction under the same conditions. 

Though there is some deviation from the Tafel 
line at higher current densities, which is prob- 
ably caused by the shielding of gas bubbles 
(since there is no mass transfer control in this 
region as was established by an additional stir- 
ring of the electrolyte), the electrocatalytic effect 
of the porous /?-PbOz(Ti) electrodes (0.5ram 
and 1.0 mm thick) is clearly seen under practical 
conditions of higher current densities. Thus, at 
1.2V (versus Hg/Hg2SO4, 0.2M Na2SO4), the 
anodic current for a porous fl-PbO2(Ti) elec- 
trode with a 0.5 mm coating (curve 3 of  Fig. 15) 
is five times that for a compact/~-PbO2 (Ti) elec- 
trode with a 0.5 mm coating (curve 1 of Fig. 15). 
Similarly, the anodic current for a porous 
/%PbO2(Ti) electrode with a 1.0mm coating 
(curve 4 of Fig. 15) is eight times that for a 
compact /~-PbOz(Ti) electrode with a 1.0 mm 
coating (curve 2 of Fig. 15). Although this 
enhancement in electrocatalytic activity is not in 
direct proportion to the area enhancement fac- 
tors deduced above from capacitance data, the 
improvement is significant. 

Considering that the area ratio of the two 
electrodes as deduced from the double-layer 
capacitance data is of  the same order of mag- 
nitude as the ratio of  exchange current densities 
on these electrodes, the enhanced electrocatalytic 
activity of  porous /~-PbO2(Ti) anodes may be 
expected to prevail also for other reactions of 
electrosynthesis. Moreover, it is likely that the 
advantage is realized without any loss of dura- 
bility of  the anode, since the substrate-side of the 
porous/~-PbO2(Ti) electrodes could be obtained 
practically non-porous while the other side 
exposed to solution remains porous. 

6. Conclusions 

It is possible to deposit adherent coatings of lead 
dioxide with controlled porosity on a titanium 
substrate covered by a conducting interphase, 
such that the porosity in the lead dioxide coating 
is manifest mainly on the side of  the solution. An 
important consequence is that there is a substan- 
tial enhancement of  the effective area of t h e  
anode without loss of  mechanical strength. The 
low effective current density on such anodes 
leads to a substantial decrease of  the anode over- 
potential and therefore of  cell voltage. The 
exterior porosity of  the anodes may be expected 
to relieve any internal stress and thereby increase 
their durability in electrosynthetic applications. 
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