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Summary 

The steady state and transient polansation behavlour m 7M KOH 
solution of porous zmc mcorporatmg a number of polymenc binders (m- 
cludmg poly(styrene), poly(methy1 methacrylate), poly(viny1 chloride),, 
poly(carbonate), poly(vmy1 acetate), poly(uoprene), poly(ethylene) and 
acrylomtnle styrene) has been studied. The rotatmg disc electrode technique 
can be applied, with care, to microscopically rough porous electrodes, and 
useful data can be obtamed. The addition of polymer binder, via a soluble 
route, could suppress the rotation speed dependence of the anodic disso- 
lution reaction, but at the expense of the electrode’s current delivery. The 
polymer additions thus formed two classes. (1) those that had little effect 
on current output, and (2) those that reduced it significantly. This was 
also found to apply to the effects of the polymers on electrode cycling 
behaviour. Whilst large additions of polymer reduced the weight of zmc 
m the electrode, both steady state and transient polansation measurements 
demonstrated a better zmc utihsation. 

1. Introduction 

A malor problem with porous zmc electrodes for use m secondary 
power sources is shape change: the redistribution of electrode material 
with cycling. This occurs because the distribution of zinc replaced m charge 
never quite matches the distnbution of its loss m discharge mt.o the solution. 
There seems to be no single cause of shape change, and several contnbutmg 
factors have been proposed [l, 21. One direct approach to the shape change 
problem is to mcorporate a polymer binder, which stabihses the mobile 
active material by providing a structural framework. PTFE 11 - 41 is a com- 
mon additive, though poly(vmy1 alcohol) [ 51 and poly(ethylene) [3] have 
also been used. 

No attention seems to have been paid, however, to the mcorporation 
of polymers by the solution route. We have already reported a study of the 
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steady state polansatlon behavlour of plam (polymer-free) porous zinc, 
using a microcomputer-controlled rotatmg disc electrode (RDE) [6] and 
have now used this approach to examme a variety of electrode materials 
incorporating polymers viii the solution route. The steady state polansation 
experunents were complemented by a study of the short-term relaxation 
behavlour of some of these materials. This work has been done m conlunc- 
tlon mth a programme of cychng expenments on these matenals [ 71. 

‘2. Experimental procedure and equipment 

2 1 Materials and electrode preparation 
The preparation of polymer-free porous zinc electrodes has already 

been described m full [6]. Porous zmc electrodes were also prepared mcor- 
poratmg a range of charactensed polymers, including (1) poly(styrene) 
(PS) - supplied by RAPRA*, code PSl, fi, = 103 000; (2) poly(methy1 
methacrylate) (PMA) - RAPRA code PMMAl, a, = 52 000; (3) poly(vmy1 
chloride) (PVC) - RAPRA code PVCl, &!f, = 39 000; (4) poly(carbonate) 

(PC) - RAPRA code PCl, MN = 15 000, (5) poly(vmy1 acetate) (PVA) - 
supplied by BDH, molecular weight -45000, (6) poly(lsoprene) (PI) - 
type 1206 supplied by Petrochlm., (7) poly(ethylene) (PE) - ‘Alkathene’, 
supphed by ICI, and (8) acrylorutnle-styrene (AS) - ‘Lustran’, supplied 
by Monsanto. 

PS, PMA, PVC, PVA and AS were all mcorporated m the pastes as 
solutions m tetrahydrofuran (THF, Analar, 0.1% qumol stabllued). PC and 
PI were dissolved m chloroform and m toluene, respectively, and PE was 
admixed dry. Sufficient polymer solution was added to a dry mix of 25% 
zmc urlth 75% zmc oxide to give the required polymer fraction (5% lo%, 
20% or 50% of the dry mm weight) after evaporation of the solvent. Further 
solvent was added to mamtam an excess, together with methanol, which 
transformed the coarse granular paste to a smooth cream. The addition 
of methanol was also found to be important m the fabncatlon of large-area 
pasted electrodes [ 71. 

This effect of the methanol was mvestigated by measunng the settled 
volume of a fixed quantity of zinc powder m a senes of dry THF/methanol 
mixtures. Figure 1 shows how the settled volume of 30 g of zmc powder 
fell sharply as small additions of methanol were made, stablhsmg at about 
20% by volume. It seems likely that the methanol reduced the surface charge 
of the zmc particles, enabhng them to pack together more closely. Figure 
1 makes it clear that the proportion of methanol was not cntmal, provided 
it was greater than about lo%, which was always the case. The pastes were 
introduced mto the specially constructed electrode holder [6] (0.4 mm 
depth X 3 mm diameter), and reduced m 0.01 M KOH solution. The 
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Fig 1 The varlatlon of settled volume of zmc powder (30 g) vMh methanol concentra- 
tlon m a series of THF/methanol mixtures 

polymeric pastes generally showed the same sort of current-time profile as 
plain zmc [6], though the amount of charge passed m ZnO reduction could 
not be related to the polymer content; this is discussed later. 

2 2 Instrumentatron and control 
The experimental cell and digital instrumentation are fully described 

elsewhere [6]. Steady state polansation behaviour was determined using a 
microcomputer algorithm, already used successfully on plam porous zmc 
[6,8]. The potential E was varied and at each value a sequence of rotation 
speeds (w = 3.29, 4.9, 8.12, 15.9 and 44 rev/s) was applied. The steady 
state anodic dissolution current was determmed for each (E, w) combma- 
tion. 

The same mstrumentation was also used to record the transient re- 
sponses of zmc electrodes. The microcomputer was used to apply the u&al 
potentiostatic perturbation via a digital-to-analogue convertor (DAC, rise 
time -1 /.M), and to follow the current response either at a slow rate (7 ms 
sampling tnne using BASIC programming language), or at a fast rate (60 
~.ts samphng time using machme code programming). At the slow rate current 
measurements were made at 7 ms intervals for the first 10 s, and thereafter 
at 1 s mtervals. The procedures are described m full elsewhere [8]. Tests 
with a resistor analogue showed the equipment to be capable of making 
true current readmgs wrthin 60 ~.ts of the potential perturbation. 
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3. Results and discussion 

3 1 Steady state polarlsatlon of porous zmc electrodes 
3 1 1 Plam porous and poly(styrene)-bonded zmc 
It was found that the mcorporation of increasing amounts of poly- 

(styrene) (PS) binder progressively suppressed the rotation speed depen- 
dence of the anodic dissolution reaction Figure 2 shows 1-l us w-‘,‘~ 
plots for a Zn/PS20 (i.e. 20% PS) electrode. The plots are hnear up to 
16 rev/s, beyond which the current increases anomalously. The slope of 
each plot (S = d(l-1)/d(o-1’2) between 3.29 and 15 9 rev/s decreases with m- 
creasing overpotential, to very low values. Figure 3 shows part of the ex- 
penmental current-time plot for a Zn/PSSO electrode. The very slow eqm- 
hbratlon of this electrode at its new potential, and its low sensitivity to 
rotation speed means that the correspondmg 1-l us o-r’2 plots are curved 
(Fig. 4). Longer equilibration times at w = 0 mitigated this problem some- 
what but at the nsk of exhaustmg the electrode. At higher anodlc over- 
potentials the current was almost independent of the time and of the rota- 
tion frequency. 

The dependence of the slope S on potentral E relates to the mechanism 
of zmc dissolution, and plam porous zmc has already been found [6] to 
conform to the fmdmgs of Armstrong et al [9, lo] for sohd zinc. The 
results for the polymer-bonded electrodes have thrown further light upon 
the behavlour of these polymer-free electrodes. The porous electrodes 
prepared m both studies became filled with hydrogen produced by the 
corrosion reaction and settled at rest potentials m the range -1400 > Erest 
> -1425 (Hg/HgO). Electrode behavlour was consistent m terms of absolute 
potential rather than overpotential, and the results are presented accordmgly. 

Rotation speed (rev/s) 

liiizzi 
0 05 1 15 2 !5 

w-“’ (radlansh-I’* 

Fig 2 Dependence of current I on rotation speed w for Zn/PS20 at various 
tentmls, extrapolated to give the notlonal current I=+, at mhmte rotation speed 

anodlc po- 
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Fig 3 Current versus time for Zn/PSSO, at t < 0 the new potential ls set m 10 X 1 mV 
steps, the electrode equdlbrates at zero rev/s and the steady state currents are measured 
at 3 29 rev/s through to 44 rev/s m succession 
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Fig 4 Dependence of current I on rotatlon w for the Zn/PSSO electrode used for Fig 3 

The theory of the rotating disc electrode (RDE) [ 111 assumes a planar 
solid electrode surface wth the real area equal to the proJected area, so 
that the electrode reaction proceeds through a planar dlffuslon layer. The 
behavlour of the solid zmc RDE [6] conforms to this picture and 1-l US 



250 

o-*‘~ plots were lmear up to rotation speeds of 44 rev/s, beyond which gross 
turbulence was induced m the cell. The plots for porous electrodes, however, 
deviated from hnearity at high rotation speeds. The slopes of the linear low 
speed (<16 rev/s) portions of the 1-l us w-l’2 plots for low overpotentials 
showed a -30 mV/decade dependence on potential, the same as for sohd 
zinc. The same dependence also holds, however, for the currents passed at 
the two highest rotation speeds, 15 9 and 44 rev/s. In Fig. 5 the data m 
m Fig. 10 of ref. 6 are replotted: both for rotation speeds 3.29 - 15.9 rev/s 
and 15.9 - 44 rev/s. Except for the latter plot lying above the former, they 
are identical. It seems hkely, therefore, that at the highest speed (44 rev/s) 
the thickness of the diffusion layer 1s comparable to the scale of the surface 
roughness, and the layer is begmnmg to conform to the uneven surface. 
Hence, one can no longer assume a proJected electrode area, but must 
introduce some roughness factor. Thus, at the highest rotation speeds, the 
anodic dissolution current is more sensitive to speed, but this behaviour 
still conforms to the normal, low speed, dissolution kmetics. 

At high anodic overpotentials the slope of the steady state polarisation 
curve (m mV/decade) becomes very large, due to ohmic losses m the elec- 
trolyte and to oxide films [ 61. Consequently the slope S does not decrease 
with increasing overpotential as it should, but tends to a limiting low value 
(Fig. 5). 

Figure 6 shows the slope dependences of a range of P&bonded elec- 
trodes. The low polymer electrodes (<lo%) behaved like polymer-free 
electrodes; the 1-l us w- 1’2 plots were hnear at low rotation speeds (<16 
rev/s), and the correspondmg values of S showed a 30 mV/decade potential 
dependence. With increasing polymer content a large disparity between the 
low speed and high speed (>16 rev/s) behavrour appears; the high and low 
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Fzg 6 Plots, for plam porous zmc, of log S (where S = d(z-1)/d(W-1/2)) us potential, 
wzth S determmed from currents at 3 29.4 9, 8 1 and 15 9 rev/s (+), or from 16 9 and 44 
rev/s ( n ) The reference lzne has a slope of -30 mV/decade 
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Fig 6 Slope dependences (log S us E) for a range of Zn/PS electrodes comprwng 
+, PS5 (low speeds), n , PS20 (low speeds), A, PS20 (high speeds), 0, PS50 (high speeds) 
The reference line has a slope of -30 mV/decade 

speed plots for PS20 are quite separate. The very low speed dependence 
of the PS50 electrode means that S is negative for low speeds at all poten- 
tials, and while S could be positive at high speeds it showed no definite 
relationship with potential. 

The effect of addmg PS was to reduce the rotation speed dependence 
of the anodic reaction but, as we shall see, at the expense of current genera- 
tion. Withm the mtenor the zmc would become passivated, m the manner 
observed by Katan et al [12] for a pore analogue electrode, by clogging 
with reaction products. At high rotation speeds, however, local turbulence 
could introduce fresh electrolyte into the surface pores and re-activate the 
zmc, as was also seen by Katan et al lhs would suddenly increase the 
anodic current, m the manner shown for the PS electrodes (Figs 2 and 4). 
Thus the RDE technique can be used wrth porous electrodes, but the results 
must be treated with care, bearing m mind the local perturbations of the 
hydrodynamic flow pattern caused by the rough electrode surface. 

The behaviour of the electrodes themselves could also be complex, 
depending on how they were treated. Figure 6 shows the behaviour of 
freshly reduced electrodes. PS electrodes, however, could show quite dlf- 
ferent polansation behaviour when tested a second tune after resting m 
the electrolyte solution at open-circuit potential. Figure 7 shows the polan- 
sation behavlour of a PS5 electrode when freshly reduced and when retested 
after resting disconnected m the solution overnight. In the retest the elec- 
trode showed almost no speed dependence, and was much more readily 
polansed. This behavlour was only seen when the electrodes underwent 
anodic dissolution before resting in the electrolyte It seems hkely that 
the zmcate formed m the electrode m the first experiment was retained 
and slowly decomposed to ZnO m the manner proposed by Elsdale et al 
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Fig 7 The polarlsatlon behavlour of a Zn/PSS electrode (+) m the freshly reduced state, 
and later (a) after resting at openclrcult m the solution overmght 

[13]. The same reaction has been invoked [7] to explain the cycling be- 
havlour of large-format porous polymerrc electrodes. The plam zmc elec- 
trodes did not show this behavrour, presumably because the zmcate, wrth 
easier access to the solution, was able to diffuse away. 

Frgure 8 shows the steady state polarlsatlon curves for the Zn/PS 
electrodes, denved from measurements of hmltmg current at low rotation 
speeds (<16 rev/s), and then extrapolatmg out diffusion effects. All the 
plots have the same curved form, wrth mstantaneous Tafel slopes at mter- 
mediate potentials of about 80 mV/decade, m agreement with the behavlour 

-l-?--- -1270 

E (mV) 

Fig 8 Steady state polarlsation curves for ZnlPS electrodes +, plain porous zinc, n , 
Zn/PSlO, A, Zn/PS20, l , Zn/PSSO The broken lines show the “normahsed” current 
curves , Zn/PSlO, - - -, Zn/PS20, - - -, Zn/PSSO 
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of polymer-free zmc [6]. The levellmg of the plot at the anodlc end of the 
potential range was due to ohmic losses m both the solution and m oxide 
films unthm the electrodes. At this point, towards the end of the exper- 
imental run, the electrodes were probably undergoing slow passivatlon, as 
was seen by Elsdale et al [ 131. 

The drastic reduction m anodlc current brought about by the addition 
of PS can be understood m terms of the electrode structure. The morphol- 
ogy of polymer-free porous zmc (Fig. 9) comprises a complex network of 
zmc granules interconnected by a thread-like form, derived from the reduced 
ZnO. The large fraction of mtervemng void space allows easy access to the 
solution, and would not readily be clogged by oxide. The PS creates a tight 
three-dunenaonal net of polymer wlthm which the zinc IS dispersed as 
coarse aggregates (Fig. 10). The zmc area 1s reduced and the constricted 
polymer mesh is prone to blockage by oxide, reducmg current output and 
discharge capacity [ 141. Moreover, the polymer tends to form a skm over 
the electrode’s free surface (Fig. ll), which further isolates the electrode 
mtenor from the solution. 

Fig 9 The internal structure of the polymer-free zmc electrode (m thus and subsequent 
mlcrographs the bar = 10 pm) 

Fig 10 The Internal structure of the Zn/PSBO electrode 

Fig 11 The free surface of the Zn/PS50 electrode 
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The addition of polymer has another important effect, that of “dilut- 
mg” the active zmc m the electrode. While this was clearly shown by micros- 
copy, it was not easy to determme the precise zinc content of the polymeric 
electrodes. Sunple coulometnc measurements could not be used because 
the ZnO reduction charge was obscured by the accompanying hydrogen 
evolution reaction (HER). Measurements of the charge passed m reducing 
the pastes bore no relation to the polymer content. The zmc contents were 
therefore calculated from the weights of dned pastes Typical figures for 
the weights of the Zn/ZnO mix m the PS electrode senes were: (1) polymer- 
free, 4.8 mg (in good agreement with ref. 6); (2) Zn/PSlO, 5 7 mg; (3) 
Zn/PS20, 3.0 mg; and (4) Zn/PS50, 2.0 mg. From simple considerations 
of density the proportion of zmc m the polymeric pastes should have been 
much lower. In practice, however, the rapid evaporation of the THF/ 
methanol hquid fraction meant that the fixed cavity volume could accom- 
modate more of the polymeric pastes than of the plam aqueous paste. Thus, 
the PSlO electrode contained more zmc than the plam electrode, but 
thereafter the zmc content fell with increasing PS content 

Thus, the polarisation curves for the PS electrodes he closer together, 
when “normahsed” for zmc content, taking the polymer-free electrode as 
the standard (see Fig. 8). This mdicates that the decrease m the zmc content 
of the polymeric electrodes 1s counteracted by better zmc utihsation. This 
effect reveals itself more clearly m the transient expenments, described 
below. 

3 1 2 Comparison of polymer addltlons 
The steady state polansation behaviour of the full range of polymeric 

materials tested is shown m Figs. 12 - 15. Current-potential curves (not 
corrected for zmc content) were determmed from the low rotation speed 
behavlour. The polymeric materials fall mto two classes: class 1 (PC, PE 
and PI), which have little or no effect on current; and class 2 (PS, PMA, PVC 
and AS), which reduce it significantly. PVA falls somewhere between these 
two classes. The curves all have the same overall shape as that for plain zinc 

i.61. 
This classification also apphes to the slope dependence on potential 

(Figs. 14 and 15). While most additions slightly reduced the slope S at 
low anodic overpotentials, only the class 2 polymers continued this trend 
to high overpotentials. All the polymeric materials showed slope depen- 
dences at low anodrc overpotentials close to the figure of -30 mV/decade 
found for sohd and plam porous zmc [6]. The class 2 polymers mamtam 
this dependence to high anodic overpotentials, producmg very low values 
of S (as low as 0 Ol), but, inevitably, with a fan amount of scatter. The 
slope dependence of the class 1 polymers changes at moderate overpoten- 
tials, probably because of the higher currents passed, with greater ohmic 
losses in solution. 

The polansation behavlour of sohd zinc, as determined by the steady 
state RDE technique, matches the recent measurements made by Hendnkx 
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Fig 12 The polansatlon behawour of a range of polymenc electrode matenals, mcor- 
poratmg 6, PS, 0, PMA, A, PC, and 0, PE, all at the 10% level, ---, represents the 
plam zmc electrode (plotted m full m Fig 8) 

Fig 13 The polansatlon behavlour of a range of polymeric electrode matenals, mcor- 
poratmg +, PVC, q , PVA, A, PI, 0, AS, all at the 10% level,---, represents the plam 
zmc electrode 
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Fig 14 Slope dependence plots for the range of polymenc materials given m Fig 12, 
the reference hne has a slope of -30 mV/decade 

Fig 15 Slope dependence plots for the range of polymenc materials given m Fig 13 

et al [ 151 using a transient galvanostatlc technique. The steady state polan- 
satlon measurements can also be related to the long-term cycling behaviour 
of these electrode matenals, which was mvestlg;ated m a parallel study 171. 
The class 2 polymers, which here reduced the anodlc current, m all but one 
case reduced the electrode cycle life. The class 1 polymers, together mth 
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PVA, were all able to increase the cycle life, though this benefit was lost as 
their concentration increased. These effects can be related to the structures 
of the polymenc zmc electrodes, illustrated here (Figs. 9 - 11) for the PS 
electrodes, and discussed elsewhere [7] for the full range of polymer addl- 
tions. 

3 2 Transrent polarlsatlon behawour 
The transient responses of the porous electrodes, rotating at a speed 

of 10 Hz, to a standard 100 mV anodlc step were recorded dlgltally, as 
described m 5 2.2. The fast machme code data loggmg routine could Just 
detect the double layer charging transient on the sohd zmc electrode (Fig. 
16), after which the current was very steady, as would be expected. This 
event was much slower on the porous electrode, owmg to the slow penetra- 
tion of the potential step mto the electrode mtenor. The double layer 
charging transient was more or less complete by about 1 ms for porous zinc 
electrodes contammg up to 20% PS The transient was rather shorter for 
the PS50 electrode, m agreement with dlfferentlal capacitance measurements 
[ 161, which indicated a smaller zmc surface area. The current measurements 
show the PS addltlons reduce the current agmflcantly, but this picture 
changes when the measurements are normahsed according to actual zmc 
content, as was done m 8 3.1.1 In the short term the zmc 1s much better 
utlhsed m the high polymer electrodes; the PS20 and PS50 electrodes are 
now comparable ullth the plain zinc. 

Exammatlon of the transient response at longer times (Fig. 17) reveals 
that the benefit of porosity 1s quickly lost, and that the mcorporatlon of 
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Fig 16 The short-term anodlc transtent behawour of the plam and P&bonded electrodes 
curve a, plam porous zmc, b, curve (measured), b’ (normahsed), Zn/PSlO, curve c (mea- 
sured), c’ (normahsed), Zn/PSSO, curve d (measured), d’ (normahsed), Zn/PSSO,curve e, 
sohd zmc 

Fig 17 The long-term anodlc transient behavlour of the plam and P&bonded electrodes 
(legend as for Fig 16) 
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any amount of PS further retards the anodlc reactlon rate. Because the 
anodlc currents for the polymeric electrodes approach zero at long tunes 
these electrodes do not appear to be losing zinc mto solution, but to be 
being passlvated slowly, m the manner observed by Elsdale et al [13] 
for galvanostatlc transients on porous electrodes. This 1s probably due to 
the anodlc reaction at the high overpotentlal bemg locahsed at the front 
face of the electrode, cloggmg the structure there and so lsolatmg the 
mtenor from the solution [17,18]. Under these condltlons even the plain 
porous electrode can choke itself, and appear mfenor to a sohd electrode. 

The condltlon of the actively oxldlsmg electrodes was investigated by 
applying an anodlc potential step, lettmg the electrode approach a steady 
state, and then applymg the reverse step For sohd zmc this produced the 
beef and fmlte transient shown m Fig 18. The measured charge passed, 
3.6 mC over an area of 0.0707 cm*, 1s equivalent to the reduction of about 
seven monolayers of ZnO [19]. This figure 1s comparable mth the measure- 
ments of Armstrong and Bulman [ 91, made under similar condltlons. This 
is obviously not the compact passlvatmg (type II) oxide film of Powers 
and Brelter [ 201, but probably corresponds to the pre-passlvatlon hydroxide 
film (type I) described by McKubre and Macdonald [21] This thm film 
seems to cover the electrode contmuously, suggested by the hnearlty of the 
z us t “* plot, though contmulty 1s broken by about 0.2 s. Plots of z us t “* 
for porous electrodes (Fig. 19) are also hnear, but for much longer times, 
owing to the slow unblockmg of the oxide-filled pores. The cathodic current 
eventually falls to zero when all the zmc IS reduced to the metalhc state, and 
the charge passed mcreases vvlth PS content- 200 mC for plain zinc, 360 mC 
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Fig 18 The cathodic transient behavlour of solid zmc The area under the curve 1s 
36mC 

Fig 19 The cathodic transient behavlour of plain porous and P&bonded electrodes 
curve a, plain porous zmc, total area under curve = 200 mC, b, Zn/PSlO, 360 mC, c, 
Zn/PS20,400 mC, d, Zn/PS50,480 mC 
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for Zn/PSlO, 400 mC for Zn/PSBO, and 480 mC for Zn/PS50. The retention 
of oxide has already been seen in the very low rotation speed dependence of 
the anodlc reaction for the PS-bonded electrodes. This behavlour is due 
to the cellular mternal structure and surface skm of the PS electrode. 

The performance of the porous electrodes under repetitive cycling 
conditions was also exammed. Both plain and porous zmc showed the 
same form of response to repetitive anodlc potential steps (Fig. 20). In 
these experiments the electrodes were cycled m a sequence of anodlc 
potential steps, mterspersed by equal cathodic potential steps m which 
the electrode was fully reduced. The plain zmc electrode m each anodlc 
potential step appeared to be approaching a steady long-term current. 
As the electrode was cycled and the structure became more open and less 
able to retain ZnO, the z us t-“2 plot started to level out m less time. 
The PS50 electrode passes much less current and gets blocked m the course 
of time so that the current always approaches zero at long times. 

The response of the plain zmc porous electrodes to repetitive cathodic 
potential steps is shown m Fig. 21 Here each mtervenmg anodlc potential 
step removed 1 C of charge from the electrode, setthng at a steady anodlc 
current before the next cathodic potential step was applied. The amount 
of oxldlsed zmc retamed within the electrode falls with cycling. The form 
of the transients remams constant, however, the current only briefly being 
linear wrth t “2, and thereafter decreasmg faster to be lmear with t. It is 
possible that the early progress of the reaction front mto the electrode 
was assisted by the forced convection due to rotation, and that this rate of 
progress could not be sustained deeper unthm the electrode. The behavlour 
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Fig 20 Repetitive anodlc current transients on plain porous zmc curve a, lst, b, 2nd, 
c, 4th, d, 7th, and on Zn/PS50 curve e, lst, f, 2nd, g, 4th 

Fig 21 Repetltlve cathodic current translenta on plain porous zmc curve a, lst, total 
cathodwcharge passed = 290 mC, b, 3rd, 230 mC, c, 4th, 190 mC, d, 6th, 130 mC 
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of the PS50 electrode with repetitive cathodic potential steps was different 
(Fig. 22). There was a longer mltlal period over which the current was pro- 
portional to t 1’2 followed by a nenod during which the relatlonshlp 
between I and t was complex. It seems hkely that we see here the effects 
of depletion of zinc wrthm the polymer matrix, especially near the electrode 
surface. With each successive cathodic reduction the untial current is lower 
and the full reduction takes longer to complete, though there is no marked 
change m the total charge passed. Furthermore, the forms of the curves are 
mterestmg. The fresh PS50 electrode (Fig. 22, curve a) behaves like the plam 
zinc electrode (Fig. 21), and like the fresh PS-bonded electrodes m Fig. 19. 
After cycling (Fig. 22, curve d), with loss of surface zmc the current untially 
decreases rapidly, but then the slope dz/d( t 1’2) decreases, and the current 
falls more slowly as a greater concentration of zmc 1s encountered within 
the electrode. 

0 3 6 9 12 15 
p 12 ts’ II) 

Fig 22 Repetitive cathodic transients on the PS50 electrode curve a, lst, total cathodic 
charge passed = 430 mC, b, 2nd, 470 mC, c, 3rd, 450 mC, d, 4th, 400 mC 

4. Resume and Conclusions 

The RDE technique can be used to determme the steady state polansa- 
tlon behaviour of porous electrodes, though the results must be interpreted 
with care. Polarlsation measurements on a number of polymers, mcorporated 
by a soluble route, suggest that the bmders form two classes: (1) those which 
leave the current and slope dependence more or less unchanged, and (2) 
those which slgnlficantly reduce current and also mamtam, or even increase, 
the slope dependence. These latter polymers appear to suppress the rotation 
speed dependence of the anodlc reaction by isolating the zmc wlthm the 
electrode from the solution. This clasnfication, based on short-term polarisa- 
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tlon measurements can also be related to the performance of polymer 
binders m a cychng regrme. The suppression of speed dependence is asso- 
ciated wrth severe reduction m cycle life. 

While increasing additions of PS markedly reduce the steady state 
anodlc current dehvered by the electrode as a whole, there 1s better utlllsa- 
tlon of the smaller zmc content, albeit m the short term. In the longer term 
the porous electrodes perform badly because the reaction IS confined to 
a thm sub-surface layer which becomes clogged, so that the current tends 
to zero at long times. Cathodic transients reveal how much the mcorpora- 
tlon of PS improves the retention of oxldlsed zmc. The behavlour of plam 
zmc under a repetitive perturbation regime changed only little, wrth steady 
loss of matenal and degradation of the porous structure. The polymenc 
electrodes changed markedly, and this was ascribed to the depletion of zmc 
wrthm the polymer matrrx, especially near the surface. 
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