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solution® and that the structure of the product is known, i.e.

its density is available as an experimental Gatum.
. A .

The thickness of the layer corresponding to peak Aj wag
calculated assuming that the product formed was ZnO. There is
extensive literature on the structure ©f Zn0O. Finch and
Quarell 134 state that Zno is pseudomorphlc » i.e. the basgi
plane of Zn0 is identical with that of Zn metal, both structures
being hexagecnal, but other workers 135 have not found evidence
for a pseudamorphic structure. It has been observed that the
ratio of the volume per Zn0 "molecule™ to volume per Zn atom-is,
in fact, 1.55. Fig. 3.4 shows the Zn5 and 2znol36,137
sﬁructures relevant to this calculation.

The area of the base of the un}t—cell of an hexagonally
close-packed structure is a? Sin 60°, where a 1is the distance
between the atoms or ions along the a—axis.- TherefO{e the charge

density in a monolayer, dn: is given by:

9 = 2e/a? sin §0° (48)
N

. THe values of a for metallic Zn and ZnO are 0:2660 nm and
»0§&2Snm, respectively. The calculated oxidation charge density
‘per cm? for a monolayer of Zn is therefore 522 UC cm™ and.350 uc
cm ~2 for formation of Zno.

Table 3.3 gives{the number of layers of ZnO formed at the
first apodic peak (A;) in various solutions and for a range of
sweep-rates. These calculations were made on the basis thaﬁ the
roughness factor of the electrode was 3, as shown in chapter 2,

sectiocn- 2.5, and the charge required per cm? for a monolaver -of

* This questien is settled by recourse to the electrode rotation
experiments.
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C-Axis ~-——e

Fig. 3.5b Wurtzite unit cell of Zn0. (Ref. 136,137 )

Note - Dimensions are given in Angstrom units.

Sizes of the ateoms in ZnQ and
Zn are not drawn to scale. N
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Zn0 formed or reduced was 350 uC cm—2, as derived above.

‘We see from Table 3.3 that the apparent thickness of the
Zn0 film generated erepas very much on pH of the electrolyte and
glso on the sweep-rate. The relationship to the former is
connected with solubility (amphoteric behaviour of 2Zn0Q) and to
£he latter'thréugh the time scale (order of AE/s) over which’the
oxide film growth and dissolution process can take plgce; It is
inferesting that at high sweep-rates and/gg with elec?rolytes

(sedium carbonate or dilute NaQE ) in whicﬁ’Zn is less soluble,

onlv 1 or 2 equivalent molecular lavers of Zn0O are formed. This

is a significant conclusion.

-

3.3.2.3 Sweep—fate Dependence of Peak Currents

.

A number of experiments were carried cut with variation of —
; _ T
sweep-rate between 300 mV s71 ang 2 mv s™! to determine the iy vs

s relationships. Peak currents i, were plotted as function both

&

of s and 51/2: alsoc plots of log i, vs log s were made {Figs. 3.5

p
and 3.6). Table 3.4 shows the slopeé of the resulting log ip vs
log s pibts obtained with solutions having a wide range of pH'é.
Some of these values were not as expected, especially the linear
depengehée of ip on s0-75 for alkaline.solutions arodﬁd pH 11.5.
This behaviour is significantly different from either of the
limiting ip Vs S o; ip vs s1/2 relations expected on the basis of_
the usual kinetic models outlined above. It should be stressed,
. ;

however, that the unusual values of the exponent that are found

are based on excellent linearity of thg log-log plots over a wide



w’

Table 3.3

The Effcct of pH and Sweean-Rate on the Thickness of Anadic
b Film at peakx Al

Charge in Peak A, calculated as
Solution PH number of layeré {or equiva-
lent layers®™) at various
sveen rates/mV s

4 20 60 100 200 300
1.0M KOH - - 14.0 2000 450 200
0.2M NaCOH+0.03M Na.COy  13.3 146 30 22 17 11 8
8. 1M NaoH 13.0 69 15 7 s 4 3
0.1M NaOH+D.96M Na2504 "13.0 43 13 S 4 3 2
0.05M NaOH+0.98M Na,$0, 12.7 1S 6 4 3 2 2
0.03M NaOH+0.99M Nazsoﬁ' 12.5 9 32 2 11
0.03M NaOH+0.99M Na,COy 12.5 14 4 3 2 2 2
0.025M NaOH 12.4 11 3 2 2 2 1
1M N2,S0, . ) 11.5 3 2 2 2 11
1M Nd,Co, ' 11.5 5 3 2 2 1 1
IM Nacl 11.5 3 2 2 2 11
0.SM Na,C04 11.4 4 32 2 11
C.1M Na,CO,+0.5M Na,S0, 11.2 4 2 2 2 11
0.1M Na,CO, 11.2 3 2 2 1 1
1M NaHCO3 g.5 11 5 S 3

Notes

1. Calculated on the hypethetical bauzs that anO/Zn(OH)

-
formed <during oxidaticon does not go into solution.

2. All measurements are for In electrodesetched in 48% HBr,

roughness factor of the electrode is taken as 3 and
g, valuegs from Table 3.2.

J. All calculations were carried out assuﬁing-znozi: formed
and charge required per monoclaver is 350 pC em ~.

4. Thickness of the f£ilm is smallest aroynd .pH 11.5. The
film :s thickgr 1n the presence of COB‘ than in presence
°f CL or 50, ioens.
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etched in HEr.
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Table 3.4

The Effect of pH on the Slopes_of 1oq'ip

versus loq s Plots

Solution

pH Slope of log i_ vs leog s
plot g
B 0.2M NaOH+0.03M Na2C03 13.3 0.54
C 0.1M Na2OH 13.0 0.46
D 0.1M NaOH+(C.96M Nazsoav 13.0 0.56
E 0.05M NaOH+0.98M Na,S0,|12.7 0.53
F 0.03M NaOH+0.99M Na,SO,|12.5 0.64
G 0.03M NaOH+0.9SM Na,CO,112.5 0.60
H C.025M NaCOH 12.4 0.61
I 1M Na2504 11.5 c.78
J 3M NacCl 11.5 0.75
K 1M Na2C03 11.5 0.72
L 0.5M Na2C03 11.4 0.76\\
M 0.1M Na2C03*O.SH Nazso4 11.2 0.75
N 0.1M Na2c03 .- 11.2 0.78
o 1M NaHCOB 8.5 0.51
Notes
1. Most of these runs vere carried out in a sequence of_inc:eé-
sing or decreasing sweep-rates over the range 2 mV s to
300 mv s~ t.

2. Most of these slopes are the average data from 2-3 runs.
Results are reproducible. ‘



range of the two variables involved as seen in Fig. 3.6:////

This unusual behaviour observed could arise for a number of
reasons:

(a) Local change in pH near the electrode;

(b} Roughening of the electrode surface; '

(c¢) IR-drop effect;

(d) Necessity for baseline correction, i.e. where the

double-layer charging current-.is significant in rela-
tion to the ip values observed at various s.
Several of these factors will now be considered:

V(a) With all reactions that involve a pH change, the
local pHE near the electrode interface will alter as the reaction
proceeds unless the solution is buffered. Fig. 3.7 shows that a
linear log ip vs log s plot'is also obtained in Na,HPO, and
Na,50, buffered sélution at pH 11.5 ( ionic strength = 3 mol
dm~3). Therefore it is unlikely that the unusual dependence of ip
on sweep-rate [the s0.75 relation (Fig. 3.6)] is due to change in
pH near the electrode during the experiment since for the result
in Fig. 3.7 the solution is effectivély buffered.

(b) Continued cycling of the potential for a long peried
in the ﬁoltammetry experiment causes an increase in current. This
is due to change in surface.area, which arises on account of the
difference in vplumes of Zn0C or Zn{OE), species and Zn metal
atoms, i.e. Zn qccupies a 20% smaller volume than 2Zn0O from which
it is redeposited, causing a disorganization of the surface. It
was found that there is more roughening of the electrode surface
in long period CV experiments thﬁn over short times, as may be

expected. Fig. 3.8 shows a series of cyclic-voltammograms
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obtained with a random order in which the sweep-rate values were
changed. Also there was no significant difference in the i vs s
plets obtained at increasing and decreasing sweep-rates (Fig.
3.9).

(¢} As discussed in section (2.2.5), the actual potential
difference measured between the working and reference. electrodes
may not be the same as the applied potential difference if there
is a significant solution resistance (;iR" drop) in the potential
measuring circuit. Also, under such conditions, the actual
sweep-rate applied at the electrode interface is not constant and
changes.with time during the sweep. In most of the experiments
where i was found to be linearly dependent on sC-7° (Table 3.4),

&

the maximum i, value was always less than 0.3 ma in the agueous

. ) - - 2 i .
solutions used (area of the electrede was 0.071 cm?® and Ronic

jo
b+

strength of the solutions was 3 mol dm~3 ), Therefore the IR-
drop effect could be neglected in sucé cases.

(d) Here i, values were calculated taking the baseline as
the zero-current line, since double-laver charcing currénts could
be neglected, as mentioned earlier. It was of 1interest tc
establish the behavicur of the zinc electrode in wéakly aikal;ne

deas

solution, pH ca. 11.5, at sweep-rates higher thar 300 mv s~ > Fic

3.10 shows the behaviour of iy ¥s s1/2 sor the A, peak at sweep-

-rates, the CV's were reccrded on an oscillescope). The behaviour
at higher sweep-rates was found ¢ be the same as at

values, i.e. i. was found to be linearly dependent or g¥-’
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the peak current around pH l1.5 is not due Lo experimental

erxors, as the sO 75 relation is based on many points and arcse

in a number of independent experiments. ¢

From,Table 3.4 it is seen that, at highér oh (ca. 14) the

-

zinc ox;éotlon reaction 15\Ea1nly dlffu51on controlled,
s1/2

- ip c.

] . : . . .
but as the pH 1a\dsoreased the reaction is no longer simply
diffusion—controlle&. A useful way of studying and quantitative-
ly contrelling the diffusion effect is to employ a rotating disc

electrode (RDE), as will bhe described below.
-~

3.3.2.4 Electrode Rotation Effect -
: : ¢

The rotating—&isc electrode (RDE) has frequently been

applied to investigations of the kinetics of electrode processes

*

having rates dependent on diffusion of the reactant substances to
t - ‘¢

the electrode interface. It is one of the few electrcde systems
for which the hvdrodynamic and the convecéive—diffuoion eguations
have been solved rigorously for steady-state conditions. The
mathematioal solution was derived by Levichl?g_ The limiting

current Ii is given by
I, = 0.620nFAD,%/3al/2 j1/6C_ , (49)

where  is the angular veloCity of -rotation and'{;is the

kinematic viscosity &f the solution.

4

-

Therefore i; should vary linearly with w1/2 in a diffosion-
controlled process. Fig. 3.11 shows the effect of rotation on
the i vs E curve obfalned in 1M Na2C03 solutién ( pH ca. 11.9) at
a very low sweep~-rate (5 mv s"l). The major difference of shape

and charge of the anodic peaks compared with the cathodic cnes at
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various rotation rates in Fig. 3.11 arises because soluble
oxidized Zn species are spun off into the salution and are not

recovered in the conjugate cathodic sweep; thus Qa/Qc values are

>>1.

For the process under investigation here it is important to

know which species controls the rate of the reaction : is it the

OE™ ion for example? This question is answered in the affirmative

in the following section.

3.3.2.5 OH Ion Effect

The effect of rotation on the current Vs potential profiles
at 5 mv 5! was evaluated in a series of solutions in 1M aqueous
Na,CO0,. Appropriate amounts of NaCl and NaCE were used to keep

the ionic strength constant at 4 mol dm~2 while the pPE was varied

1/2

from 11.5 to 13.5. Table 3.5 gives the slopes of i VS

|3

plots obtained with the rotating electrode in various solutions
while Fig. 3.12 shows a plot of ip Vs wl/21 It is seen that for

pE > 12, where iD « m'l/z, diffusion of OH ions evidently

-

determines the curreft at peak Ay. In-Fig. 3.13, it can be seen
that bétween pE 12 and 11.5, however, the effect of rotation, in
terms of the values of the log of the slopes of dip/dml/z
relations that are observed, is greater than could be due to the-
mass—transfer of OK ions, corresponding té the extension of the’

linear relation in Fig. 3.13 to pH's below 12 (dotted section of

the line).

Y

The question arises whether there }é any effect fron

. s
carbonate ions under the conditions- 11.5 c’éa < 12 and this wil’

be discussed in more detail when the effect of carbonate or

gs



Table 3.5

“ Py

The Effect of pH on the Slope cf i vs w Relations
.J

Solution pH ‘Slope °§ ip E— wé
LA cm rpm <
1M Na,COy+1M NaCl+OM NaOH = |11.46 | 10.32
1M Na2C03+lH NaCl+0M N;oé 11;59 ‘ 7.78
M Na2C03~1H NaCl+0.02M NaOH | 11.92 .9.33
1M Na,CO5+1M NaC1+0.025M NaOH| 1232 16.12
1M N2a,CO,+1M NaC1+0.03M NaOH| 12.52 29.98
1M Nazco;»«m NaC1+0.07M NaOH| 12_.80 71.55% p:
IMNa,C0.+0.85M NaC1+0. 154NaOH | 13,15 ° 229.78
1MX2,00.+0. 75 M NaC1+0.25M N20H 13.38 377.68

-

Notes

T.

2.
3.
T4,

S.

PH ©f the solutions was varied keeping the ionie strength
at 4 mol #Zm -

. -1 _ )
All measured at S«5 mVv S + for Zn RDE etched in 48% HBr.
Rotation rate was varied from 100 rpm to 2500 Ipm.
Slopes of i vs m% relations given are averaqge data from
eight runs.P S

a ' ' -
i vs w* Slopes were independen: of CH™ ion concentra-
tPon in solutions PH <12. )

. iy . X .
For typical plot or 1p VS5 w", see Figure 3.12.
t

The logs of these slopes di_ /du” are what is plotted
in Fig. -3.13 as a function of pH.
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Fig.
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dissolution and passivatien of zinc is examined in section (3.5).

From the experimental results obtained using the RDE, it is
clear that the reaction at peak A] is diffusion-controlled in the
PH range 11.5-13.5 . It can be seen that, for pE > 12, the
currents appear to be controlled by diffusioﬁ of OH™ ions. This
could be because the dissolution of Zn ana the consequent
accumulation of zincate ions or insoluble ZnoO or ZnFOH)z near the
electrode surface diminishes the local OH™ ion concentration and
its mass-transfer rate if a precipitated film is present at the
glectrode surface. However, it is also pPossible that rotation
affects the transport rate of dissolved zine ions away from the
electrode. That the film thickness or concentration of
electroactive zincate is increased with pH is indicated by the

data in Table 3.3, e.g. for a given sweep-rate.

3.3.2.6 Reactions in Weakly Alkaline Solutions (pH ca. 11.5)

We see from Table 3.3 that, around PE 11.5, the extent of
oxidation of Zn is quite small in the time scale of the sweep,
probably due to passivation...This is also clear (Fig. 1.5) from
the experimental results obtained by Roetheli et al.38 which show
that the rate of dissolution of zine in acidie, neutral and
alkaline media is represented as'%(pH) bf a U-shaped curve, with
the slowest dissolution oceurring around pH 1l. Since both the
qa/qc and 9, quantities vary with the SwWweep-rate, the reaction
under these conditions appears to invelve, at least in part, a
solution process.

Unlike the behaviour expected for a pure diffusion praocess .at

!
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the rotating disc electrode, where in the i Eg‘ml/z relation, i

should pass throuéh Zero as wlfg» 0, Fig. 3.12 has the form i_ =

E
"‘ﬂ
A + Byt/2 which represents the experimental behavicur in 1M

Na,CO45 + 1M NaCl at bH 11.5. This kind of dependence
indicates the simultaneous occurrence of two types of reactions:
one of them being limitea diffusionally (ipa u}/z) and the other
chemically or hetetogeneously, i.e. thréugh a surface film
process.

Zembura et al.3? studied thg_corrosion of Zn in 0.1M NaCl
in the pH range 1.6 to 13.3, using a RDE (Fig. 1.6). They found
that in the pH range 8.5 to 11.0 the dissolution rate of Zn did
net depend on the rotation rate but above pH 11 diffusion became
important. Therefore it'could be possible that the
dissolution/passivation reacticns around pH 11.5 are controlled
both diffusionally and chemically because there should-be a pH
range where a trans;tion from surface process kinetics to
aiffusion control takeé place, as the Zn0 film becomes more
soluble.

The linear dependenge of ip on s0-75 obtained from the
cyclic-voltammograms for solutions around pH 11.5 is obviously
different from the linear or sqguare-root dependences of peak
currents jip) on sweep-rate as expected limitingly for pure
surface reaction (s!) or diffusion—controlled(sl/z)processes,
resﬁectively. However, these results are not without
experimental precedents. For instance, Harringtonl39 found that
the growth of anodic films of Bizsé formed on a bismuth electrode

in alkaline sulphide solution, through the reaction



2Bi (s) + 3HS™ (aq) — Biz83 (s) + 3m%aq) + 6e (s0)

also yields a linear i vs §0.75 rélationship (Fig. 3.14). In
this case, however,' it was found that the formation of a monola-
Yer of Bi283 was only little effected by electrode rotatlonl3 A
number of mechanisms were Suggested as explanations of the ‘beha-
viour of the Bi,S5 current peak. To explain the lp VS s exponent
of 0.75, it was Suggested that, at hlgher Sweep-~rates, surface-
diffusion is invelved and is partly rate-limiting, though this

Suggestiocn may not apply to the present results.

3.3.2.7 Processes Under "Mixed® Control

As discussed in section (3.3.9), the peak current Ip for a
surface process isg ideally linear in Sweep-rate and, for a
diffusion-controlled Process, in square-root of Sweep-~rate. If
the process is under "mixed” control, as Suggested in the
Previous section. i.e. one 6f the reactions i1s limiteg
diffusionally and the other, to which it is coupled*, is a

surface process, then the éimglest basis for treating such a

function of S,
P = 1/2
lp = le + sz / (51)

where the k's are some Proportionality constants having the

* Coupling between the "surface" and the "solution® Processes
cculd arise if there is diffusion of oy~ or zinc ions through an
anodically formed porous oxide film whose thickness depends on s.
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appropriate dimensions. Egn. (S1) implies a parallel mixture of

surface (kls) and diffusion (kzsl/z) curr;nt components. This is

a matter reguiring further discussion, as will be given later.
For the purpose .of making test plots cof ip data as a

function of s, eguation (51) can alsoc be written either as
is7H2 = xgst/2 4 Ky | (52)

or |

-1

ips kl + kzs_l/z . (33)
It is interesting then to examine how ips-l/2 varies with

P
of such plots for the A; peak for 2Zn oxidation in 1M Na,;30,..

s1/2 gr'i ™1 varies with s~1/2, Fig. 3.15 shows the behaviour

solutions at pE 1l.4 : it can be Seen that both plots consist of

two straight lines rather than a single one (this is an

unexpected result).

If the process is under mixed-control, as suggested, then
ip shouldjvary with electrode rotation rate. A series of
experiments were carried out with increasing anéd decreasing
rotation-rate to study the effect of rotation on the iDs"l/2 vs
si/2 plots. Fig. 3.16 shows the results obtained with 1M Na2§04
solution at pE 11.5 at sweep~rates between 300 mV s 1 and 20 mv
s™1, The smallest sweep—-rate, 20 mV s'l, was used to avoid
roughening of the electrode, since one electrode had to be used
for each set of experiments over a range of increasing or
decreasing rotation-rates. It was clearly shown by repeating the
experiment at the rotation-rate of 500 r.p.m. (Fig- 3.16), that

the observed dependence of peak current on rotation does not
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g

arise because of a trivial effect of surface roughening during
the experiment but was rather due to a contribution to the
current from a process involving mass—transport through the
solution to the electrode interface.
Now two questions arise:
(a) Why is log iy linear in log s with a slope of 0.75
(e.g. as in Fig. 3.6)?
and
(b) Why do the ips'l/2 vs s1/2 plots consist of two
straight lines instead of a single one?

{a) If ip was: determined by parallel surface and solution

processes according to egn. (51), then log i_, cannot for

p
algebraic reasons, vary in an explicitly linear manner with log
S. Fig. 3.17 shows howevgr, that a plot of log ip vs log s does
give a linear relatiog with a slope of (.78, where in this
figure ip calc. are ip values back calculated from the k; and- k,
values obtained from the experimental data of Fig. 3.15 for
various sweep-rates, plétted according to egns. (52) or (53).
From these results, it is clear that log ip vs log s plots‘cannot
actually be truly linear, so that their apparently linear form is
due to the large degree of "compression" of the range of ip ané s
values that arises in a "log" vs "log" plot.

(b} It can be seen from Fig. 3.16 that the ips"l/2 vs si/2
plots also consist of two straight lines even up to the highest
rotation-rate (500 rpm), but this is not the case for the results
in 1M Na,CO3 solution at pH 11.5. At higher rotation-rates (500
rpm) the ips_l/2 vs s1/2 plot consists of only one straight line

(Fig. 3.18). The interesting question arises: what can be the
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Fig. 3.17 Log i vs log s relationship for peak AY
calc. . - i .
Log i values were calculated from tlie k)
cale. s
and kz values obtained from the experimental “\‘;\H\
data of Fig. 3.15 for 2n in 1M N2,S0, at pH 11.5 :
for various sWeep-rates.
. k,=-0 74x-10-2mA — mv-lg
1 v . {at lower swveep-rate)
- L -
- k2= 5.0 xlO—zmA cm 2 mv '_ss1
= _ -2 -2 =1
: kl—‘O.SSXIO mA Cm mV s
. ) - - (at higher swecep-rate)
k,= 6x10 2 mA cm” 2 mv'%s%

~
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reason for such behaviour?
Fig. 3.19 shows the'cyclic-voltammograms obtained for-Zn in

1M NajCO3 and 1M Na,S0y4 solutions at pH 11.5 for the

corresponding :Lps'l/2 vs sl/2 plots. It is seen that shapes of

the cyclic-voltammograms are quite different from each other even
though the Zn electrodes were prepared in a similiar way, i.e.
both were etched in concentrated EBr for 8.5. Table 3.6
summarizes the g, Gp and q,/q, va}ues, and ﬁhe peak potentials
for the Ay and C; peaks for cyclic—voltammogfams obtained with 2Zn
in 1M Na,CO, and 1M Na,50, solutions at pH 11.5 at various sweep-
rates at a rotation-rate of 500 rpm .

It can be seen from the 9a/9c Vvalues that the reaction
'agsociated with the A, peak for the 1M Na,C0,  solution invelves,
to a greater extent, a solution transport process than does that
for 1M Na,SO4 solution. Also it is clear from the difference of
cathodié (Cl) and anodic (Al) peak patentials, and the shift of
‘peak potentiéls with sweep~rate, that the reaction at the A; peak
."1ls more irreversible in 8042‘-sqlution than in CO32' solutien.

3.3.2.8 Behaviour of Zn Electrodes Having Various Types of
’ Surface Preparaticon

3.3.2.8.1 Annealed Surfaces

It is interesting to compare the values of ki and k2
obtained for different electrode surfaces when two lines arise in
the plot according to egn. (52) or (53). Fig. 3.20 shows the
ins_l/2 vs s1/2 plots obtained with 1M Na,SC, solution at pH

11.75 for Zn electrodes treated in different ways. It is seen

that all the :i.ps-l/2 vs sl/2 plots consist of two straight limes:
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Comparison of Charge per cm2

Table 3.6

and Peak Potentials for Anodic

1_1) and Cathodic (Cll_Peaks at Various Sweep - rates in
Larbonate and Su;phate solutions

1) Solution: 1M NaZCOB,‘pH =11.5
s/1 ‘ 2 2 '
mvV s~ /4C em” g _/vC em “k_/ql E /V £ /V AE_/V
%a . < a c(A Beax) (e, Beak P
~
300 787 . 627 1.3 |-0.359 |-0.481 $0.122
220 848 678 1.3 |-0.366 |-0.468 0.105
100 1069 $37 2.0 |-0.368 |-0.448 0.080
20 2426 838 2.9 |-0.376 |-0.4232 0.057
!
2) Solution: IM NaZSO4 pE=11.5
mV s~ q,/¥C em” /uC cm G,/9d E/V “/V| AT_/v
(A Beax) (c, pgak]
300 513 612 0.8 |-0.322 (-0.507 0.185
220 546 476 1.2 |-0.327 |20.492 0.165
100 | 697 659 1.1 |-0.337 |-0.484 0.147
20 904 1078 0.8 (0.357 |-0.472 0.115
/ .
Notes ¥

All data obtained with a 2n electrode etched in 48% HBr with
roughness factor assumedto be 3 ‘o* charge density calcu-
lations.

All charges are calculated relative to the zero current
base-line. .

€. Close to unity for 1M Na.3C, solution and qreater
Sa/CG¢ A 2°%
~."1a'~ one for M ha7C03.
.4 . 2=
En 3 - i for SC
4 Eqis greater for CO32 solution than for SC
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the increase in current which arises after etching of the gp
surface is due to an increase of real surface area.

Table 3.7 summarizes the k; and kp values obtained; it is
interesting that all etched surfaces (seg following section
3.3.2.8.2) give the same k; value, ca. 0.98x1072 ma cm~2 mv~ls
except the annealed surface, where the real surface area i; less
than that of the electrode that had not been annealed, because of
a smaller numbér of grain boundaries. Table 3.8 shows that
similar results are obtained for etched surfaces in 1M Na,S0,
solution at pE 11.5 where kl is around 0. 75x10 2 A cm2 vl s,
For a surface process lp is proportional to sweep-rate and is
given by ip = Cs, where C is the Faradaic reaction capacitance129
associated wiéh the surface electrochemical reactiocn -and for an

irreversible surface process

J’P = (nQcF/eRT) s {(43)

where Qn is the charge required to form a monolafer,c-is the
transfer coefficient which, as shown in section (5.4), has a
value of 3/2 for the zinc dissolution reaction in alkaline media
(Tafel slope ca. 40 mV decade™l), and the number of monclavers
formed (n) can be calculated assumihg that q, = 350 uc cm™2
(page 74). The thickness of the layer due to the surface film
Process was found to be close to.a monolé;ér at sweep-rates < ca.
20 mv s~1 . The k; value decreases discontinuously with
increasing sweep-rate, i.e. when two lines in the plot are
cbserved.

From these results, it seems that the observed behavicur

involves the formaticn of a very thii film, the groewth of which
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Table 3

-
-

Yariops Zn

Comparison of ¥ Valyes Obhepineg €o- urfaces in 1w N2 ,50,
at PE 11.75 Spiusion B
2 2
Preparation of Electrode }':1;,.;10;Z }cleO k'lxloz '2;:10
» - - - T -2 -1 - i i - P . - ik k
Cus po-}e;ed -mn:fled "“f‘:ec A eV s fn e Ev R A o Vs o 2m
in H4PO, 1423K for j48% mBr
oo 1fl 2 n
solution :
) | | b |
v oo s 0.7 . 2.68 0:27 5.94
] e m————— o —_—— - - ———— - e — e ———— e — ——— - ——— o — — — _
R < v oot Talse ¢.29 6.02
Al v T L 0.84 2.60 0.40 4.73
pJ SERAN W SR ———————- AN e L
, y o VA N Y, 2.43 0.48 5.3
L ‘ !
! P L 0.97 2.1 0.43 5.57
2 j | 0.5¢ ©3.04 | o.25 | s.e:
1 e e ——————— ————m———— - —————— ———— e e
5 AR L 0.7 | 2.23 0.43 6.48
2 | ' £.53 I 1.96 0231 - | 3.87
L [_ | | lc.s0” | 3.z20 .32 | 4.40
o I S S S B S EO e T T
f‘/ | | T S fror s 0.54  {6.96

Netes

i- All measurements were carried out in 1M Na,SO, sclution
at pH 11.75 using Polvervstalline electrofes of area
1.13 em” (Automergic Chemical Corp.) trezted as shown
in above table. . _AI

. -1 ‘ -1 =57

2. Sweep-rate was varied from 2 mV s to 300 av 5™ . P !

2. ANl i sTF plots consist of 4wo regions. -k;L-—
K, anf€ k., are the constants at lower sweep- _
rates ané k', aneg K', at higher sweep-rates. 2 k;

. : - ) -4 )

- All e:ighed.eleciroces gave the same k, (98x10 ) -
A em "mV "s) vaige €Xxcept the annealéd electrode which X
has 2 smaller number 0 grains, therefore smaller regzl

surface zrea.
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Table 3.8

Solution at pH I11.5

Comparison of k Values Obtained in Na gaq

2
Description of X’O kft 10 X 102 k'z x0-
- - 22 - - :
"t"iogx; elec %cn% s @mAca nV s%Ar_-n 2V 1s mA 2 mv ‘s%
Etched
Polycrystal4in 48% | g 97 1.17 0.28 3.36
Alline, a..ga = e
1.13 cm Unetched| O-81 1.45 0.45 3.63
0.78 4.45 0.54 5.59
Etched )

Polycrystal4  in 0.75 6.79 0.48 8.85

line area =KEX K3r
310.072cm 0.75 4.67 0.57 5.98
* ] 0.74 6.36 0.74 6.32
0.86 3.99 0.58 6.01

Ztched .
Cleaved in 48% 0.76 - 1.68 0.65 2.89
surface igts)g

o Atea = 0.75 2.55 0.35 .7
~ - Used 7
1.13 em? 0.95 3.26 0.35 -7
New 2.57 —_ —_ 13.27

Nozes .

1. ALl neasu"e"ten.s were carried out in 1M Na,SO, solution
a* PE 11.5 usi ng po’vc"VS:all:?'ue electrodes 05 geometrical
area of 1.13 cm™ and 0.07! cm”, treated. as shown above.

- Sveep-rate is varied from 2 mV s - to 300 mV s 1. o
. All i s * plote consist of twvo regions ; g7 %
except for the cleaved (0001) face {new)
electrode; k, and k., are the constants
at lower sweCp-ratef and ki and k) at higher
sweep-rates. Behaviour of“the (0001) face is
Given under section (3.3.10.1. C).

4. ALl e.cheq electrgdes gave the same k, ki
{0.77x10 " mA.em © mV “s) valug, excee (00Q1l! face (new)
-he-e the K, value is 2.57x!0 mA cm mV Ts.
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may depend very much on the surface crystalleographic orientation
and conditions of preparation of the electrode. In the nexst

Section are presented the results obtained at various etched

surfaces.

3.3.2.8.2 Etched Surfaces

The number of anodic and cathedic peaks, and alsc the shape
of the peaks A; and C; depend very much on the surface
preparation. The 2Zn electrodes were etched in various acids

besides concentrated HBr (48%). Table 3.9 gives <the

concentration of these acid solutions used and alsc the etching

times. :

Concentration cf Acids Zmploved for Etching and the Ztching Time

acid Concentration aof 2c:id Etching Tinme/s
/M

=5C1 12.4 5

EBr 2.9 3

ENO5 7.7 S

EClo, 1.6 5

TEMSA 11.3 300

35035} or %C;O4 It the sams
way as 1t deoes with concentrated H3r, HNC., c¢cr HC: This 1g zlazr
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sweep-rates in the range 300 mV s~ 1 to 20 mv s™! in 1M Na,CO3

solution at pE 11.5. The écratches seen on the Zn surface arise
from the initial cutting of the Zn rod by the diamond saw; it can
be seen that some chanées of surface morpholc;gy have taken place
during the cycling. The cyclic-voltammograms cobtained with a 2n

surface that had been etched in HClO, are shown in Fig. 3.22
It isa clear that CV's obtained at very low sweep-rates exhibit
two well defined anodic peaks A1z and A;p (Fig. 3.22) and a broad
reduction region which is probably compounded from 'two
overlapping cathodic peaks.

Similar results were obtained with a Zn surface etched in
TFMSA . The j_ps"l/2 vs s1/2 plots for in etched in this acid are
shown in Fig. 3.23a. It is clear from Fig. 3.23b which shows the
j_p_‘:,‘l Vs s~L/2 Plot for the two anodic peaks '(at lower sweep-
rates), that the behaviour of these two peaks fits very well to
eqn. (51). At higher sweep-rates it is difficult to separate the
two anodic peaks.

It is of interest to see l';ow the current for the cathodic
peak (C;) varies with sweep-rate. Fig. 3.24 shows the ipé"l/_f_;is_
sl/2 plots cbtained for the cathodic peak current, from the
cyclic-voltammograms recorded in 1M Na,CO; solution at pHE 11.5
(Fig 3.22). It is seen from Figs. 3.23a and 3.24 that the
discontinuity in these plots arises at the same sweep-—rates;
This means that the broad cathodic peak may be composed of two
peaks as is the case in the anodic Ay peak relgion. It is
interesting to see next how rotation of the electrqde atfects the

cathodic C; ané the anodic Ay peaks.

Fig. 3.25 shows the effect of rotation on the currents

113 .'
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. , . ,
associated with the cathodic peak Cj. It is clear from Fig. 3.25

that ZnO/Zn(OH)2 formaticen at the beginning of Zn dissolution is

comoletelv cdetermined by a solution transport process, because

the dissolution current does not change at a%} with cycling or
rotétion, while tﬁe reduction current decreases with.rotatiEn
becayuse e.g. some anodically formed, soluble zinc species is spun
away. As the enodic cverpotential is increased, it is seen that

the cathodic peak C; censists, in fact, ¢f two resolved peaks.

One peak depends on rotation-rate (C;5) while the other (€13)

coes not (Fig. 3.25a-b). Presumably, therefore, the latte:

involves material bound t0 the surface to an extent of the crder
it

of a2 monolaver: this ig cenfirmeé by ehe obse*vat on of i_ for

C.p being linear in s (see section 3.3.3).

-~

.Table 3.10'gives the k, and k, values cbtained for the twe

anodic peaks in the CV of 2Zn electrodes ‘at lower sweeo—*ates, the

In having Deen etched in TFMSA anc'"C104 solutions. It is clear

that the currents .of the‘second anccdic peak (A;y) are more
surface-centrolled than those in the firse anocic peak; alsc the
A3y reactio On process behaves more i:reversiﬁlf than that of the
first peak (Al
Now it is interesting to compare the peak potentials of +the
Two ancdic ( A, and Ajy ) ané the two cathodice peaks (C;5 and
Cip J- Table 3.1; summarizes some cf the results obtained frcm
cvclic-voltammetry experiments in 1M Na,C03 solution at pE 11.5
for various condition; of surface preparation. . Celumns 2,3,1

and 15 give the peak potentials for these feour peaks at a sweep-

rate of 20 mv 571 ; alse the precominant catheodic and anodic peak
A

oA
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for each CV at 20 mV s™1 is marked with a "*". 1¢ is also clear
from these data that the second cathodic peak, C;p corresponds to
thg second anodic peak (A1p) and the first cathodic peak (Cy5)
corresponds to the first anodic peak (A;,). The difference
betweén peak potentials of Ay, and Cia is about 70 mV while

between the peaks Ajp and Cip it is about 130 mvV, i.e. the
oxidation/reduction process involved at the A15/Cy, peaks is more
reversible than that at the A1,/Cp Peaks. .

- It can be seen from Table 3.11 and Fics. 3.23a and 3.24 that
various pairs of Fl and k5 are requi:ed ;p represent the ip as
£(s) results over-several ranges of sweep;rate; in some cases
there are éour ranges, depending on the pHE (Table 3.11). This
complex behaviour arises prcbably because there are usually twe
component peaks in the CV and there is also a dependence on the
state of the ZIn surface determlned by the etchlng conditions.
Further, the behaviour observed depends on the thickness of the
Zn0 £ilm that is develcped and this depends itself on the PE and
- Sweep-rate.

It 1s therefore rather very difficult to derive quantitative
informaéion frem these results, especiélly in the case of
.carbonate solutions (séction 3.5). Table 3.12 summarizes the

sweep-rates at which a discontinuty in the ibs'l/2 vs si/2 plots

(X8

arises for the cathodic and anodic peaks.. It is ¢lear that the

-

ciscontinuity is cbservable almost at the same sweep-rate for the

. - . B . .
cathodic as for the ancdic peaks iwe’the lower sweepr-rate regime.

This means that two reactions take place within the potenulal

range of the ancdic peaks (A;5 and Ajp) and the conjugate
cathodic peaks (Cy5 and Cip ) must correspond teo two parallel

)
o
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processes that occur independently from one another, e.g. an
differeﬁt crystal faces.

Table 3.13 summarizes similar results obtained with other
solutions but the electrodes used were'prepared by etching the Zn
electrode in concentrated HBr for 8 s. It can be seen that at

higher pE's, i.ps"lf 2 is independent of s for soluticns at pE 12.5

and 11.5 i.e.- the process is mainly diffusion-controlled. These
plots consist of enly two straight lines. An interesting questibn
is whether thlS behaviour of 2Zn surfaces etched ‘in concéntrated
EBr is s‘omething to do with the c¢rystalleographic surface
structure that is left after etching in acid?

Figs. 3.19(a), (b) and 3.3 show the cyclic~voltammograms -
obtained with a 2n electrode etched in concentrated EBr and
concentrated HCi. Such surfaces g;';wer only one anodic peak ( A; )
and g_rig‘cathodic peak tCl) which are, however, compounded of at
least two peaks. Thus it could be that these etched electrodes
exhibit randomly oriented crystal surfaces giving rise to an
‘average behaviour characteristic of many surface orientations.

‘The difference in ki arnd kz' values, and also the charges
under the A; and C; peaks for Na,CO; and Na,S0, sclutions in Fig.

3.19 and Table 3.6, is mainly due to the effect of CO32"', a

+

feature that will be discussed further in section (3.5). It is
well known that crystallographic features of the metal lé.tt_ice.
which determine the geometry of crystal surface planes, control
the mod;a of dissoluticn of the meﬁal. gtched surfaces ccnsgist of

facets that are relatively closely-packed planes together with

grain boundaries. ZEffects on dissolution rate arise because the
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—— .

ends of incomplete rows, i.e. kink sites, héve a much lower free
enefgy of activation for dissolution and thus provide the
actively dissolving sites at any instané. These kink positiéns
are intermediate between a solution solvated ion and a lattice
atemidl.

From the peak potentials listed in Table 3.11 it is clear-{
that the first anodic peak ( Ayy ) corresponds‘to an oxidation
reaction. at a site wherermétal cations are more readily._
diSsglved, e.g. at grain bouhdéries and irregqularities, while the
second anodic peak '{ Arp f could correspond to less facile
oxidation. It seems likely that the behaviour obsérved at Zn
surfaces which have been etchédIEE_EE§SA and HClO0, is due to
small amount of active sites on the surface for dissolution or
oxidation (see e.g. SEM photos in chapter 2, section 2.4)
compared to the situation at Zn surfaces etched in concentrated_

HBr.

3.3-2.8.3. “Surface” and "Solution Transport” Currents

It is interesting to examine how the surface and solution
processes contribute to the total anodic and cathodic currents
and to enguire if there is any relation of these contributions to
the shapes‘of the cathodic and anodic peaks.

Figs. 3.26a and 3.26b show ;hg contributions of surface and
solutipﬂ currents to the total (surface and mass transfer
components) anodic and cathodic currents, respecéively, of peaks
Ay and C;. These currents were back calculated using the k1 and
kp vdlues obtained from the i_s™%/2 vs s1/2'piots for #he zinc
surfaces etched in HClO, (Fig. 3.232). It is surprising to find

that the contribution from the process contreolleé By solution
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transport is higher than £from the surface process, the two

«ontributions being evaluated from the respective k,; ang Ko

, e
values. Oqg might have expecteaﬂthis result to be the other way
around because, as seen in Fig. 3.22, the second anodic peak
(B1p) is predominant and qa/qc is alﬁost unity (littlé‘transport
of material int; solution). Table 3.;4 summarizes the g_,, g, and
qa/qc values from cyclic-dﬁltammoéréms ob;ained for wvarious
preparations of the zipc-surface. &
. Fig. 3.27a shows thé contributions of surfacéfa;d solution
transport currents (derived from the kq and-kzrv;lues evaluated
for peak Al) to the totaé\anodiq curreﬁt for cast Zn electrodes
etched in concentrated HBr. 1In this case, Igyrface > Isolution *
even though the g,/q. vaiues are greatér than one (Table 3.14).
The k values obtained from the ips"l/2 vs s1/2 plot in this case
do not depend very much on the sweep-rate range even though there
is some discontinuty in this graph (Fig 3.27b}.
In order to understand this unusual behaviour better it is
desirable ﬁo use well-defined crystallographic planes. In the
preseht work a Zn (0001) cleaved surface was studied. The results

obtained in these experiments will be discussed in the next

section. .

(C) Behaviouf of the Zn(0001) Single-Crystal Face

- ) s
The Zn (000l) single-crystal electrode was preparec as

described in section (2.4.3.2). Fig 3.28 shows the éeﬁg'obtained

-

in 1M Na2504 solutions at pH 11.5. It is clear from these CV's

that there are gquite substantial differences between the

-~

-
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™

N Tadle 3.14 L
. } 'b —_—— . -

’

- Charges par om? for Peaé;:g, and C./for Varipus

-

2Zn_flectrodes in M Na.Co.
= -
>

SC&Q:)én 2T R 1.8

LY

-1
Sweep-rate (s) / mv s™°

Electrode preparation| -

6 20 100 300
G /uC em” 2 [187e - 1112 768 646
Unetched STE cg’zi 839 746 589 509
| . ;
' S,/% i 2.0 1.5 1.3 1.3
- . -2 '
q,/8C em™ %2357 1636 1028 863
o -2
- < -~ - -
Exche¢ in TRMSA Go/uC em~%[1372 3282 834 702
s S,/q, 1.7 1.3 1.2 5.3
/uC em~ %3610 592 1513 1127
a, [
Ztched {n HCl0, G./uC en”? 1782~ 1687 1602 ‘g5z

b ’ M
\ c;a/qt, 2.0 1.5 C.94 1.
g, /uc em™ %2370 1414 938 853

. " a . .
Etched® in HBr; -2 TR -
Caot Eromenoii G./¥C em” 2| 556 817 599 603
4 T
5 1 3
qa/qc 3 2.3 1.6 ' 1.4
. q,/uC en”?| 2100 1130 626 ~ 504
Etched in HBr §o/uC e=2| 725 457 - 532 556,
b
qa/qc. | 2.9 2.5 ..? 0.9
. e
< .

Lo
(
f

.Notes-

1. All measurements were carried ous in iM Na,CO0, solution
at pH 11.5 under identical comcitions. - -
alues are higher for zinc electrodes etched in
in other acids.
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behaviour of the polycrystalline (gee Fig. 3.3) and this single-
crystal In electrodg. The CV does not consist of th@‘usually
Y : .

cbservecd (see e.g. Fig. 3.22) first anodic peak {A;,), except as

a minor shoulder. The peak potenE;als for the anodic A, peak and
the cathodic €3= peak for a sweep-rate of 20 jV s™! arise at ca.
-0.354 V ané -0.4é5 V, respectively. This clear}y shows that the
second anodic peak, Aypr obsef}ed at etched polycrys;élline
electrodes (Fig. 3.22) corresponds to the oxidation of .less
active sites.

Table 3.15 gives the Gy qb‘and 49,/qy, values for various

sweep-rates. It would appear that these data correspond

completely to a surface process because qa/éc values are close tQ

1, but (see below) contrary donclusions follow frem the

depencence cf i, on s. Fig. 3.29 shows a CV obtained with a 2n

' -

{00C1) surface etched in concentrated HBr. It can be seen from
this figure that etching in acid must have exposec other crystal
planes. The anodic and cathecdic péaks obtained with a Zn (0001)
surface are substantially narrower fhan for either a.reversible
or an irreversible 2-d surface process, but evidently the

process is not simply a 2-¢ cne. Thus Figs. 3.30a and 3.30b show

the

[ =]

surface anc they indicate that only at very low sweep-rates does

the log ip vs log s plot have a slope of 1 with lps_l/z being

1 . . . .
linear s-/2 (surface process behaviour) with the line passing
through the origin (Fig. 3.30a); however, as the sweep-rate is

4

increased, the siopes are chanced in both plots and, at higher

. g . 1 .. . , .
sweep-rate, L, Decomes linear in s1/2 (¢i1ffusion behaviour).
It seems likely that this is the reascn for the unusucal
%:

-

oG i, vs log s and i_s"1/2 vs s1/2 plots for the zn (0001).

»



Table 3.15

Charges per cm? for Peaks 4 _and C, for Zn (0001) Face

Electrode in 1M Na,S0, Solution at pE 11.5

¥

-1 -2 . -2 ¢ /o No. of
s/ oV s q,/ uC c= *qe/ UC cm 2/ Be ;
. layers
300 - 532 57— 1.2 2
200 569 520 <.t 2 )
100 695 553 1.3 2
60 632 - 632 | 1.0 2
20 867 790 ©o1.1 3
é 987 $87 1.0 3
" Notes

1. Roughness factor assumed to be 1 for charge density
- caleculations.
. ' . Mg
2. All charges are calculated relative <o “he zero Lurrent
base-lmé . 7 . :

3. qé/qc close to unity for Zn (C001) face in =he sweep=-
rate range studied. (s =.§aV s™- - 300 av s™°),

-
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behavicur of pelycrystalline electrodes etched in ECl04 and
TFMSA, where the current contribution from the sclution process
is greater than that for the surface one, even though 95/9p =
at the higher sweep— rates. '

This behaviour can be explained further -since. surfaces
etched in TFMSAa or‘HClo4 appear to have less active sites (SEM
Fig. 3.21) compared to a surface etched in concentrated =Br or
ECI. Thefefore, & significant fraction of the total peak current
could be due to a surface process, so that the k2 value increases
with sweep-rate in several Tanges as for the case of the (0001) .
face. 1In the case of zine etched in concentrated HBr or EC1, as
mentioned earlier, the ;urface consists of many active sites, .
€.§G. grain boundaries, and then the current arising in the second
ccodic peak ( Ay J:nay.be quite small. Therefore the ips—l/2
Vs s1/2 plots do not exhibit much discontinuity, as found with
other etched surfaces.

in ﬁPM NayCo3 at pH 11.5 for polycrystalllne electrodes
etched in HBr, for suff1c1ently high rotation rates { >500 rpm ),
the ips'l/2 vs sl/z'p;ots show ‘one straight line, rather than two
distinct lines and it can be seen from qa/q; valueg that reaction
agsociated Wlfk the A1 peak involves to a greater extent, a
solution process than does that for 1M Na,50, solution.

The charge measurements from ky values obtained from ips'l/2
vs si/2 plots from 1M Nap;S0, at pH 11.5 for polycrystalline
electrode etched in HBr showed that the thickness of the filﬁ

rresponds closeiy Lo a monolayer at lower Sweep-rate, ca. 20 mv

s=1 Comparing this behaviour with the results.obtained from zn

1375



{0001) face in 1M Na,;50, solutions at pH 11.5 it can be concluded
that polycrystallineelectrode in 1M Na,50, solution at pH 1l1.5 is
completaly covered by a monolayer of compact £ilm even at higher
sweep-rates and the unusual sweep-rate dependence on“iD of the
Ay, Process gives rise to the two regions in the ios_l/2 vs s1/2
plots for polycrystailine Zn electrode etched in HBr and the
several regiocns for electrodes etched in other acids.

3.3.3 Purther Studies on the Processes Associated with Peak Cy

From Fig. 3.25 it is clear that-the cathodic region
designated as C; consists of two resolvable peaks. We have seen
that one peak dces not depend oﬁh:otation—:ate while the other
does. If the peak which is independent of rotaticn-rate ié due o
arsurfacé process, as indicated, then this peak current should be
li;ear in sweep-rate. However, it is not very easy to evaluate
the effect of sweep-rate én pgak—current for a small peak. This
difficulty was cobviated by extending the potential range of the
sweep.to more positive values so that the cathodic peak became
larger, as in Fig. 3.31. ?igs. 3.31a and 3.31b show the CV's
obtained over the potential range -0.727 V to +0.148 V at sweep-—
rates of 20 mV s~1 and 100 mv s~% at various rotation rates.

It—Is seen from these CV's that the current of the cathodic

peak C; depends on rotation rate, more at higher sweep-rates than

at lower, but it becomes independent of rotation rate above 2500

rpm. If the peaﬁ current in C; (>2500 rzpm) is completely due to
the surface process then it should vary linearly with sweep-rate.

Fig. 3.32a shows the CV cobtained in'an experiment designed to
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study the effect of sweep-rate on the C; peak current keeping the

anocdic sweep-rate constant at 40 mV s~ ana changing the reverse

sweep-rate from 40-mv s~1 to 4 mV s~1. In this experiment, the

LA

eieé;rode was rotated at a constant rate of 2500 rpm, the rate
béiénd which ip, for Cy ceases to decrease any more with
rotation. As can be seen from Fig. 3.32b, the dependencde of i

P
. for C,  on s now clearly linear, i.e. the reduction peak Cy

appears to correspond completely to a surface process. The slope

of the ip vs s relation for C; is 2.4x1072 mA s mv™ 1 cm~2. The
thickness of the bound zinc oxide/hydroxiée film thus corresponds
to 2-3 laYers - This means that only 2-3 layers of ZnO/Zn(OH)2
(constant amount), are detectable on reduction of the electrode
surface £ilm, so that most of tﬁe charge that was passed in the
anodic sweep (equivalent to 8 or 9 monolayers of 250) is ﬁot
recovered in the cathodic sweep in peak Cj because most of the
products of the oxidation in the anodic sweep (2Zn0 or dissolved
Znozz') are idently dissolved and/of transported awa§ into the
soluﬁioﬁ due to rotation of the electrode before reduction can
occur, leaving a residual oxide species bound to the surface. At
small cathodic sweep-rates it is seen from Figs. 3.32a and 3.33
tﬁgt an anodic current region designated as Aél arises on the
cathedic sweep. This may be due to re—established oxidatipn of
Zn after dissolution-of some of the previously deposited oxide
has taken place during the time of the cathodic sweep up to the
AC) potential region (hence the effect increases with decreasing

s).

In contrast to the rotation effect in Fig. 3.31la, it is seen

2
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-

from Fig. 3.31b that at higher éweep-rates (100 mVv s™1 ) the
\lcurrent of peak Cy deeendS'much more on-notation-rate. Fig. 3.33
shows nhe series of CV"s~obtained when the cathodic sweep-rate is
varied from 100 mV s—1 ﬁg 10 mv 571, keeping the anedic sweep-
rete at 100 mV.s_l and maintaining the rdEation rate‘at the
_llmlt beyond wh;ch there is little further dependence of lp (Cy)
on (i.e. similar condltlons to those for Flg.3 32a discussed
above). Figs. 3.34a and 3.34b show the dependence of the

currents of peak C; from Fig. 3.33 on s, s1/2 and also the

variation of ips'l(2 with 51/2: it is seen that ips_l/z is linegx_‘

in si/2 (mixed process indicated). From the ki value, the

thickness) of the oxidized/2n film that is reduced is found to be
only onesmonclayer. In 1s case there is no discontinuity in the

ips‘l/2 vs s1/2 plot (Pig--§.34b) for peak Cj.

.

- _ :
3.3.4 Behaviour of the Process Associated with Peak A,
: == i ”)

3 ) _

It can be seen from Fi%XGLBS that the effects of rotation

on the current of peak A; and the broad region A, are the same,

The slopes ef c_iip/.dwl/2 =12.46 ua cm'zrpﬁr% ( Fig. 3.31alp

- This means ;nat diffusion of the same specieé controls the rate
of the reaction at the peak A; and over the region AZ'

The broad peaked region A, (Fig. 3.31a) was observed only in

“the CO32_ solution.‘This situatian,together with the widefrange

- -

of poﬁentlal over which' the.A2 currents are rotation- dependent
& -

{(beyond the A; peak)? suggests that a g@sidual current, dependent
on mass-transfer of C032" ion, is passing'throngh the film

formed in Ay- Thus, in the carbonate solution, it-seems that the

144

-]



e e e e —— et e b

et U Liale [,

-
P X s
91—“«:—-; L e ] - 4
- beatn 14 i
pRP s R I T
et e e I S ST |
b ™ 4 i ks VT
b =
LA R s ) L YL A PR
' . S ST A O N A Sy SR
. v T . . IR
: it i _ [N N S DO S A NN S
P A e e - ST T et ey e Ty ey e i —— . <
v L I R Y U
PR T AR S ey
' et L m b Pl Tt L g
. LT
TR Tk G PO F et P o
ea T T R T
- - - p—— " - - iy
s e e
-

ot ek

biope Gt ey ]
1T el

-;=‘~‘7Iﬂ‘!-_

pd

L
1]

-01

-03

B
CV profiles

{for

o

[

sweep—1!

various

lcC

f cathod

eries o

5

3.33

-
=
L]

of

ariat ton

ing v

show

.

~rate of 100 mV s_])!

sweep

constant anodic

»

3600

{

N

from 1M

rpm

rate

~ation

rot

Cy .peak current at

pH 11.5,

solution at

P
— -
-— -—

e
o - .
- —
— —

— —_-
| or—

Ny

to 10 mv

-1

5

100 mv

from

1
sweep-rate decrease,

variloc

f

100 mv s_l.

10 mV s

1cC

lectrode - RDE, of apparent area of 0,07 em? and etched

Scathodic - SwWeep-rat

_,
)

Sanod

I



1zl

v\
en-S «:>E\. s :
00° 0! 00" 8 009 ‘00 ¥ 00" 2,
a
m
10 '
o
| ©
, .
r~
,
ne
IS
o
o
Iﬂu
P
9 e
N
o

d
‘€c'e *bra Wy seod 'y uo:_n. uo _,-a 1 (a) puv

d

._n pue 8 wa § {e) jo oaduopuddag ve'C *DByd 5
' =S M s P

* y 3

1
05 21 00° 0l 05"t 00°'s 05°2 00° 0

[-S AW/ S
0'szl 007001  00°S, 00005 00°S2 00",
’ T
1\\ e
L
: N
(=]
oD
) T 0
. \ Q
Q
RNr o
w7 ‘ ®
\ g 6A nﬁ
2 ) ’ B
\ \ S
o

| a4 i
ﬁ\ a\ 5
o
o\\ -
\ 3
_ elo

o

-

WD vw/dg

46



N :: a 1
< : —
e ™1 )
2. -
. /
.: / -
- . A
=3 .
/,
/‘ *
~ ' \ /’ /fD.—-'"‘:D
N ”~
Ve
_
: -DI ” N 3 e
o < 7 / 2
< 2|7 '
< / _—
™~ /,//CE
—- oF
- ///p
[ap]
. A
o Jo
- 1
" ~
”
- ,
rd
”
p
o - -~
— -, ¢
._ ”
o i
’/
P
o A ,
=
. K i [ .
.00 12.00 24.00. 35.00 £3.00 50.00

91’2/ r-p -m"2

Fig.- 3.35 Dgpendence of iD on :n% for peaks Al and Az in

Fig. 3.31 a. - C

147



4

\

/ .
aﬁodi’c film is lees coherent and more porous than the films
formed in the 8042' or Cl_‘ solutions at same pE's. In fact CO32'
seems to h% To ZnO/Zn(OH)z to remain in a dissolved or colloidal
state, uniNke the behaviour in 5042- or 17 sqlutions. f.‘.:ﬁ\w:.ll
be shown in tie next section. -

3.3.5 The Effect of Carbonate and Bicarbonate Ions

In this section are presented the results obta*nec in
. \-—::carbonate and carbonate solutions, and the behaviour observed

is compared with that in ‘sulphate and chloride solutions at the

same pE.
It was clear already from Fig. 3.1 ( Page 62 ) that the
behaviour of 2Zn in Na,C03 is different from that in 3M NacCl

solutions at the same pE, viz. arocund 11.5 . On the other hand,

the CV's obtained' in 1M Na,S50, at the same pE were similar to

Py
-

those for Zn in 3 M NaCl; thus Cl™ or 8042' have no specific

effects.

’

: 3
3.3.5 Current Peaks C,, C3 and C,

In 8042- and C1~ soluticns, a rapid rise in current occurs

after peak A; and a correspondlng cathodic peak ( Cy ) is seen

\

just after reversing the direction of potential change after the
sudden rise in current, whereas in 1M Na,CO5 the idden rise in “
current occurs when the d:.scharge voltage of oxvg is reached,

i.e. for tr:.v:.al reasons.

S
.

I

It was cansidered important to establish whether solution-

soluble species are involved in the process occurring ‘t'n/peakl Cs:

Fig. 3.36a shows the behaviour 'of the eurrents at peak _C3 with

- | .. 148 g
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and without rotation. It is seen that there is a significant
effect of rotation on the peak C3 and also that this peak gets
larger_with cycling (Fig. 3.36b) while peak Ay remains unchangec
with-éycling. )

The potential for film breakdown (indicated by the sudden
increase of current on the anodic sweep and continuing
substantial current on the reverse sweep) mainly depends on the
mode of preparatién of the electrode énd it is almost constant
for a particular electééde. Similar breakdown of the passive
film occurs even at highez’pH‘s,Fig.3.3§a shows such behaviour
of the Zn electrode in 1M NaCl at pH 12.7. Dendrites or loosgly
acdherent products Qere seen on the Zn electrode surface and alsoc,
simultaneously, darkening of colour of the_coating can be’

observed after breakdown (see condition defined above) of the

passive film. Fig. 3.37b shows a SEM picture of such a state.

The behaviour is clarified by the work of Huber et al. 2.

"where X-ray and electron-diffraction investigatf%ns showed that

Y-Zn(oﬁ}z and a small amount of a colourless oxide is formed on

>

the surface of an active anode but 2Zn0 is responsible for the

passivation of the Zn electrode: the oxide formed on 2n in‘Na2CO3

solution is light 'in colour and scarcely conducts a current,

v

whereas, in NaOH, the oxide formed is dark due to the presence of

an excese—ef Zn. These workers attempted to measure the coating -

resistance; such measurements are, however, difficult to carry

Out since slight traces of moisture increase the conductance Ofr

3 - .

the coiz?ng.‘ In spite of this uncertainty, it was. found that the
resistance of the’ lighter coloured Zn0 is severa¥ powers of ten

greater than that of the dark one.’ This means that the behaviour

i

-
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©f Zn in various solutions, e.g. 8042', CO32' and oy appears to
be a question of structure of the Zno and does not, therefore,

depend necedsarily upon formation of £ilms of clfeerent

- -~

ccmpeunds.
It seems likely ghat breakdo&n cf the film occurs from
" sites of 2n0 containing excess Zn. The'rauid idé%sese in current
is due to dissclution of 2n into the solution and a very hlgh
concentration of Zn ions near the electrode gives rlse to
dendritic growth (Fig. 3.37b) or loose deposits on the electrode
surface when the current is reversed to.a'cathodic directiocn.
The Fotatlcn effect shown in Fig. 3.36b is due to removal of 2n
ions in solutlon near the electrode surface.

It is\reasonable to assume that the lower reduction
overvoltage associated with peak C; compared with peak C, arises.
because of good electrical contact between ehe‘cathodically
deposited crystalline depesit of dendrites and the undeleing
film of oxide, which is reduced only at more cathodid®

potentials in peak Cl'

In 1M Na2CO3 solutlon at pE 11.5, as shown in Fig. 3.1,
rapid rise in current occurs at high overvoltage. It seems likely
that this is due to oxygen evolutlon, see Fig. 3.la. The film is
seen to be remarkably protectlve out to c¢a. -3.5 V. Another_
cathodic peak (C,) can be dlstlngulshed in Fig. 3.la. 2a more.
detalled study of the cathodic peaks was carried out by examinieg
the behaviour of the 2Zn electrode in mixed solutions of CQ32‘ and
Cl~, and also holding the electrode potential constant for

*

contrclled pericds of time, followegd by recording the succeeding
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“
CV upon applying a cathodic potential sweep at some controlled

rate.

3.3.5.2 Potential Bolding Bffect

In 1M Naz'.CO3 + 2ZM NaCl solutions at pE 11.5 holding the
potential for various periods of time at -0.192 V results in a
slight increase ' in the reduction peak (Cl). A small cathodic peak
(C4) is also observed at a more positive potential than that of ‘
the C, peak after- hol?'iing at 0.255 V. The charge under this peak
depends, as may expected, very much on the anodic current passed
during holding at tﬁe_more positive end of the potential sweep.
The currents in this peak are indepe.nde.nt of rotation-rate, so Cq.
probably corresponds to a film reduction process.

Increase of the range of -potential in the CV to the :.:ange
- 0.98V te + 1;0 V with holding at + 1 V gave rise to ancther
cathodic peak between Cl and C4. The charge ander this peak (C5)
depen_c}_s] very much on the holding time and is equivalent to the
Teduction of ca. six hundred layers of .oxide/hydroxide of zn, when
the holding time was 80 s (Fié.‘3.38). These “extra" cathodic,
peaks will be discussed_, furthet in chapter 4 wi‘xere related

results, ob_tained under galvanostatic conditions, are examined.

3.3.5.2 The Effect of Carbcnate lons on the Current Peak Al

It was of interest to see whether there is any carbonate ion
effect on dlssolutlon cof Zn. The data in Table 3.1 show that the.
potentlals of oeaks Ay and C; in various electrolytes are
independent of the electrolyte composition. Also it was - éssumed

that these peaks are due to..the formation and reduction of

4
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¥

-amounts of Na2504 and pE was maintained constant around 8.

ZnO/Zn(OH)z on the basis of coﬁparison with the reversible
S &

potentials for these species. However, as was discussed on page

92 it is unclear why, in the pH range 12 to ll 5 (Flg. 3.13y),

there is an effect of rotatlon that is greater than can be

-

attributed to the dlffu51on of OE™ jons. Therefore, a series of
solutions were prepared contalnlng varylng concentratlons of CO32_
ions but at a constant pE of ll 5 The ionic strength was kept
constant by add;ng appropriate quantities of NaCl and Na,S04.
Tabie 3.16 gives the slopes of:iP vsu}/z blots obtained with

the rotating zn disc electrode ln the varlous solutlons. Figs;

3. 39a and 3.39b show the effect of carbonate concentratlon at

constant ionic strength on the slopes of the ip ¥s ml/z'lines :_“

the order. with respect to carbonate seems to be near one from both

- Py

graphaa?s also deternined from the-ioa-log plot of Fig. 3.40.

"Mass-transport™ of CO32' ions evidently determines the current at

peak Aq.

It seems. likely therefore that 6032' ions are involved-

indirectly in the anodic behaviour of the 2Zn electrcde in

carbonate solutions. This conclusion led to further work on the

comparative effect of bicarbonate ion in order to understand the

C032' effect better. -

3.3.5.3 The_gﬁfect of Bicarbonate Ions

%

A series of experiments were carried out with solutions-

containing varying concentrations of HCO3' iens. ‘The ionic
7
strength was kept constant { 1 mol dm 3y by adding approprlate

-

- .
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Table 3.16
0. e ————

Carbonate Ion Pffect on the Sloves of { wv=x m% Plots
-—P

N -
a) Solution: xM Na,CO4+ wNM NaC, pH=l1.6

Ionic Strength: 4 mol dm—°

7

Solution Slope. of ip s oW
) A hy
. UA em “(zpm) ¥

1.0M Na,CO,+1.0M NaCl ' 5.16
0-8M Na,CO +1.6M NaCl ‘ 4.00
0.6M Na,CO,+2.2 Nac: 2.97
0.4 Na,C0,+2.8M Naci : o am
C.2M Na,C0,+3.2M NaCl - o

b) Solution: aM Na,C0,+ bM Na_50,, pHall.5

Ionic trength: 3 mol am™°

Solution\\\i\ ) Slopé"o: ip s uﬁ

. ut\ cm-ztr'bm)-‘s
1.0M Na2c03¢ oM Nazso4 3.86
0.8M N32C03+9.2H Na2804 3.45
0.6M N32C03¢0.4H Nazso4 2.52
0.4N¥ Na,C0,+0.6M Na, 50, ’ 1.98
0.2M Na2c03+0.8H Nazso4 n.52
‘Notes:

.

l. Carbonate ion concentration varied keeping ionic strength
conatant in both cases (C17 or 804 ion solution).

2. All measurements made at 3™ 5 mV 3~°% with Zn RDE etched
in 43% HBr.

3. Rotation-rate (w) vas vacried from 100 rpm to 2500 rpm.

4. Slopes of ! vs u' values given are average of 5-10 runs.
Results a:ep:ep:oducible.

5. The rotation cffect on Peak A, in 0.2M Na,CO.+ 3.2M NaCl
1 2773
is negligible.
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Fig. 3.41 shows a CV obtained for the Zn electrode in 0.33M

Na,S04 s%%ution. It can be seen that 2n dissolves completely into

solution and no passivation occurs at all. This is also clear
from a RDE experiment in 1M Na,S0,; around pH 8, where the
reduction peak Cg (Fig.: 3..4la) completely disappears with
rotation. This behaviour is consistent with the Pourbaix- dlagram
plotted for the C032“/H20/Zn system as shown in Fig. l.4; also
Fig. 3.41b shows a SEM p;cture taken of a ZIn electrode surface
after electrochemlcal cycling under the conditions above (1M
Na,S0, ,_pH'aroum_i 8).

From CV's ob'taineq with solutions containing‘vary:‘i.ng
concentrations of HCO3"' ions it was found that HCO;~ ions help to-
plassivate the 2Zn eleqtroae.' This is censistent with the Pourbaix

diagram, Fig. 1.4 and. the extent of passivation evidently

depends mainly on the concentration of bicarbonate ion.
. I

It is interesting to see which species of the series: Zno,
n(OH)z, ZnCO5 or hydrexyearbonate (Zn(OH)y 5(CO3}4.4) is likely
to be reeponsible for the passivation. From the potentials of the
Ay and C; peaks in relatien to Nernst potential (page 68 ) it
seems likely that.oxide/hydrox‘ide shquld be responsible for the
passivation even in the HCO3 sclutions. Bowever, the thickness
of the film increases with HCO3' ion concentration at constant pff
and ionic strength. Table 3.17 gives the 9y e and qa/qc values.
In 1M NaHCO3., oxidation of the Zn anode becomes c‘:omp‘letely a
diffusion-controlled process (ip = square root in s; see Table
3.4). In 1M NaHCO; a sudden rise in current takes place at lower .

sweep-rates (Fig. 3.42). This is not the case for the (.2M NaHCO,

+ 0.27¥ Na,S0, solution. The behaviour in 0.4M NaHCOy + 0.2M
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Table 3.17

Comparison of Charge Densities for A. and C, Peaks in the
Presence of Hcoa‘Ioné *

Solution- 1M NaHCO..

3

Sveep-rates / mV s-;
20 60 100 200 .
q,/uC em™? 3629 . 1914 1508 1004
q./m< em™2 1169 877 693 542
9,/ %0 3.1 2.2 2.2 1.9

Solution - 0.2M NaHC03+ 0.27M NaZSO4
- Sweep-rates / mV s~ *
20 60 100 200
q,/uC em™%’ 1282 806 669 523
qo/uC em™? 434 438 467 504
q,/9,. 3.0 1.8 1.4 1.0

Notes

1. Both solutions have the same ionic strength (i mol dm—3)
and the same pH (8.1).

2. All measured with 2n electrode etched in 48% HBr and
roughness factor was assumed as 3 for charge density
calculations.

3. All charges were calculated relative to-the zero current
baseline. : <

4. 9, §. and ¢_/g_ values are higher for 1M NaHCO

a c than
£or 052M NaHEOBv 0.27M Na,S0, scluticn.
- “t

3



Nazso4 solution was intermediate betweén that in 1M and 0.2M
NaHCO5 golutions.

Fig. 3.43 shows the SEM pictures of a Zn electrode after
electrochemical cycling at sweep-rates of 300-20 mV s~! and 300-2
mV s1 in 1M NaHCOy solution. It is seen that the surface has
changed substantially. Similar surfgces were obtained after
cycling in 0.4M NaHCO3 + 0.2M Na,S0,; solution but not from 0.2M
NaHCO; + 0.27M Na2804;-The latter observatipn could be due to
formation of insoluble.compoun_ds on the zn electrode, e.g. either
ZnCO3’ or the basic salt Zn(OH); 5(CO4)q 4. )

It can be seen from Fig. 3.14 that the Zn electrodes which
started to dissolve at lower sweep-rates in 1M NaHCO; were
repassivated after many cyvcles due to formation cf thick films;
Fig. 3.45 shows SEM pictures taken of a repassivated electrode
surface. It is difficult to identif? thercompounds that are

ceposited owing to the Gariety of compounds of zinc that may have

been formed: oxide, hydroxide, carbonate and hydroxycarbonate.

3.3.5.4 Comparison of the Behaviocur of Zn dnd Cd Electrodes in

the HCO';-/CO';Z—/H7O system

The behaviour of 2Zn and Cd electrodes in hydroxide and
carbonate media is compared in this section. Table 3.18 gives the
solubility products of cadmium and zinc oxides, hydroxides and
carbonates, and also the}possible chemical fofm_of the coatings
that can be produced in NaOH and Nazco3 solutions. Fig 3.46
shows the solubility curves for Zn/H,0, Zn/HZO/CO32-, Cd/H,0 and

140
Cd/HEO/CO32' systems.

4



€/ V

Cyclic~voltammetry 1 vs E profiles in 1M NaHCO3 solutions at pE

8.5 for polyerystalline zn electrode with variable Sweep-rate.

S = 300 mV s ——_ 20 mv s 1,

Electrode - polycrvstalline, of agparent area of 0.07 em? and
etched in HEBr.

SEM pictures of the state ©f Zn electrocde SFrface afte
electrochemical cycling over (A and}C) 300 mv s74 - 2p nv s:_
and (B anf D) 300 mv s~1 - 5 mV g7+ SweeD-rate ranges in 1»
Na#CO3 solution at pH ca. 8.5°.

4y

(see following page)
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10,
5 &
0
-0-5 -0
Ey/ V
Fig. 2.44 Cyclic-voltammetry ¢ vs T profiles showing the
repagsivation of Zn electrode which starcied o
dizsolve at lower sweep-rates in 1M NaHCO, solu-
tion at pH ca. 8..
-1 ) .
8 - 50 ¥ 5 °, elecrirode - polyerystalline, of
o 2
apparent arca 0.07 <z, etched in MCL.
Fig. 3.45 The state of the repassivated Zn electrode sur-

face in 1M NAHCO, at pH ¢x. 8,

" {sec following shee:s)
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The mechanism of the carbonate effect on oxidation of cadmium

metal surfaces has been studied in the literature at a fundamental
level 141-145

. In NaOH solutions, CdO i; formed as the initial
product but the sclubility product of the Cd0 is about ten times
higher thén that of Cé(OH)z. Therefore any oxide that forms on
the Cd appears to be in an unstable condition and becomes
converted to hydroxide or, ;hen carbonate ions are preéent, to
cagbonate: This is not the éase for Zn, since the solubility
product of ZnCC4 is much higher than that of the hydroxide or of
thg‘oxides which are approximately equally insoluble, Therefore
the situation is quite 'different from that for Cd4. |

Huber %,  however , made an X-ray diffraction study of
.products of oxidation of C4 in Na,CO4 solution and found lines
characteristic of CdCO5 but no carbonate precipitation was
observed for some time. Fig. 3.47 shows thethCO3>obtained in

anodic dissolution of Cd in NaECQ3 soluticn by Grauerl46- It has
a‘étructure similar to that of the products of Zn disscolution in

NaHCO3- It seems likely that thé reaction product formed in 1M
. NaHCO ‘and 0.4M NaBCO; + 0.2M Na,S0, at lower sweep-rates is ZnCOy’
or;more probably Zn(OH)l_Z(CO3)0_4-

The Cd electrodes used in carbonate eléctrolyte can "age" or
develop a permanent décrease in reactivityl45. This was explained
in terms of carbonate being locked in the pores because of the
difficulty in éeductién or bontinuing'oxidation of a non-
conducting mass. .Similar behaviour was cbserved in the course of

the present work at Zn. Most results obtained with carbconate

solutions were rather irreproducible, unlike the more'satisfactory
) |-
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results in 5042' and Cl7 solutions. For example, a series of
experiments were carried out with increasing and decreasing
rotation-rate to stu@y the effect of rotation on the ips‘l/z‘gg

s1/2 plots for 2n in 1M Na,SO4 solution (pH 11.5). Fig. 3.17
shows the results obtained with 1M Na;S0, at pH 11.5 between 300
mv s™1 and 20 mV 57! which may be compared with those of Fig. 3.48
1M NayCO4 solution at pE 11,5. In these experiments, as megtiéneé
earlier, the same electrode was used for a given set of

-

measurements, i.e. for both incréasing and decreasing rotation
rates. | ' ‘ﬂ

It is seen from Fig. 3.48 that, contrary to the behaviour in
3042‘ solutions, the current decreases with ageing of the

electrode, whether the rotation rate was being increased or

-
i

decreased. It was also found difficult to“compare the k; and k,
values in Table 3.11 for Na,CO; solution, unlike the situation for
the data in Table 3.7 for Na,S0, solution where the k; values of
Table 3.7 for the lower sweep-rates are well reproducible.

Table 3.19 shows results obtained in several RDE experiments
using a newly cut 2n electrode for each experiment. It is seen
- that the slopes of ip 23 wl/z Plots are significantly different
‘ from one another. ‘Thgrefore most of the RDE experiments in
carbonate solutions in the present work had to be c;;ried out with
a'freshly etched surface of the same Zn RDE in each experiment so
that grain boundaries, the roughness factor and dislocations,
tc, would be kept almost the same.

It is clear from these results that both carbonate and

bicarbonate have an effect on 2n dissolution, passivation and the

breakdown of films that is not determined directly by the pE.
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Table 3.19

e . e
Reproducibility of Slove of i vs " Plots

in the Presence

of Carbofate Ion

S
P

Seolution - 1.0M Nacl + 1.0M Na2c03
PH Slope of i ws
. LA cm-zrpm-‘ ..
11.44 7.78
11.48 6.36
11.46 10.23
11.5¢9 5.23

Notes

l. All measurements were carried out in
sclution using a single Zn (RDE) etched. in~48%
reproducible conditions, but on differens davs.

2. All measurements were made at same sweep-rate (5 aVv s

b
-

Na,COo,+

and the slopes given are the average value of 2-11

3. There
trode to another. |

1=

~J

[V}

is poor reproducibility of results



4

However, Zn forms ZnCO5 or hydroxy-carbonate indirectly in the
presence of Co32'_and‘ﬂco3‘ ions, depending on the PE of the
electrolyte and also on the nature of other ions present in

soluticn.

3.4 Model

The results derived from the combination of studies on Zn

oxidation by means of sweep-rate experiment; in cyclic-voltammetry

and rotation-rate experfments with the rotating disc electrode

enable a model of the behaviour of the zn electrode upon oxidation:

in alkaline solution, where film formation and passivation arise,
to be proposed. '

At the beginning of a Cv peak’profile, diséolution of Zn to-
form transiently soluble Zn{II) species in solution arises.
Diminution of the initial rate of oxidation at the Al peak takes
Place because of film formation involving Zn{OH)5, ZnO or hydroxy-
carbonate species (in the presenee of CO32', HCO4™, 8042- or Cl1~ |
ions). Formation of the film is dependent on pH .due to the pH-
dependent solubilities of zine oxide or hydréxide, and the
hydroxy-carbonate. _At PHE's above about 13, it was found that the
oxidation process was purely diffusion-controlled for all
soihtions but at lower PH's (ca. 11.5) mixed-control was observed,
invelving a direct surface oxidation reaction. |

By_correlating the shapes of the peaks and fheir peak
potentials for different 2Zn surface Preparations, the passivation
of Zn in the initial stages of its oxidation leads to the
possibility of suggesting the following model fér the oxidaticn

process:
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Two processes take place at lower PH's (ca. 11.5). Initially
diffusion~controlled dissolution of the 2n occurs, most probably
to give Zn(OH)z. This is the nature of the process associated
with the Aj5 component of the A, peak. At this pH, Zn(0H), is
sparingly soluble, and some Zn(OH), probably becomes precipitated
to give a loosely adherent porous film on some parts of the
_electrode surf&gg: such a film , if present, would not appreciably
inhibit furthgr electrode reaction at the 2zn metal surface

. ) R
underneath. This dissolution, it is believed, takes place at

active sites, e.g; at steps and Fink sites, and/or grain
"boundaries.

The second component of the oxidation process (peak Alb) is
proposed to be formation of a passive film of 2ZnO or Zn(0OH),,
occurring by the surface process mechanism; growth continues until
almost all the s;rface is covered and the oxidation reaction
becomes passivated. - If the concentration of active sites is
constant, the dissolution processes will occur independently of
the A,, oxidation process, i.e. the currents of the two components

are simply additive ( i_ = kis + kzsl/2 ). This conditign oenly .

p
ari;es, of course, if the deposited oxide species are porous or
gelatinous and thus:do not physically block the Zn surface for its
oxidation, as indicated in the previbus.paragraph;
Experimgntally, the sweep-rate range can be divided into two
regions, each obeying this relationship, but with different k; and
ko values. The chargg measurements from ki values obtained from
ips_l/2 vs s1/2 piets for 1M Na,;S0, at pH 11.5 show that the

thickness of the surface film corresponds closely to a menelaver

at lower sweep-rate, ca. 20 mV s™1, 1t nas been seen from the

-
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cyclic-voltammograms tbat passivation at a 2Zn (000l) single-
crystal face arises becaﬁse of direct film formation (peak Ayy)
and no parallel direct dissolution—takes place at all. 9a/qc
valies are almost 1 for the Zn (0001) face in the sweep-rate range
2 mv s”l - 300 mv s™1, even though the sweep-rate dependence on ip
is unusual, i.é. at lower sweep-rates ip is iihea; in s while
ip becomes linear in s;/z at higher sweep-rates. It seems likely
that this unusual sweep-rate dependence on ip of the A, process
gives rise to the two regions in the ips'l/2 vs si/2 plots for
polycrystalline electrodes etchedlin HBr and the seﬁera; regions
for %;ectrodes etched in TFMSA .

The diffusion process associated with the Ay, peak may be
suggested to be the following:

(a) migratioh of zn2* species from the Zn metal surface:

(b) diffusion of OH™ ions from the bulk of the solution

towards and into the porous film.

In CO32' containing solutions, the oxidation of Zn was found
to be diffusion-controlled, i.e. first-order w.r.t CO32_ at pH's
around 11.5 and was first-order w.r.t OH™ in tﬁe DE range 12 -

13.5.
| In 5042— solutions, unliké in CO32_ solutions, a plateau
current region was seen-just.after the peak A; but in CO32'
SOiutionSr the A, peak is observed before the plateau region
begins. It is more likely that in 5042' solutions a compact
monolayer of ZnO forms at the A1n peak and is responsible f;r the

subsequent complete passivation while, and in the presence of
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C032~ ions, this film is not stable . Therefore, residual current
is passing through the film formed at thé‘peak A, which gives rise
to A,. _

Studying the béhévior of the C, peak obtained by reversing
the potential after the hé peak and in experiments at high
rotation-rates, it was found that the Cl‘peak current is linear in
sweep~-rate; the corresponding thickness of the surface film is 2-3
~ layers of ZnO /or Zn(OH),, i.e. the amount of passive film of Zn0O
/or Zn(QH), required fo: complete passivation of zinc.in the
presence of CO32', is.generated only at higher potentials than in
5042' solutions. .

Liu et al.72, using the galvanéétatic technique, showed that
at higher pB's {>14) passivation of the Zn electrode takes place
through an initial dissolution of 2Zn with formation of zincate
ions which accumulate ﬂear the Zn electrode surface; then, when a
critical concentration of zincate is reached, the formation of a.
primary passivation film of Zn0O is initiated ("dissolution and
precipitation® mechanism). The mass-transfer of hydroxide ions at
the electrode is diminished due to the presence of this (porous)
Zn0 layer. Finaliy, when the electrode potential reaches a value
;lose to the Zn/In0 standard potential, a compact layer of Zn0 is
formed which is respeonsible for the passivation of the electrode.
Restricted rate of transfer of OE~ ions through a porous oxide
film or formation of a compact film of Zn0O has been proposed as
the basis of passivation mechanisms for low and high current-
densities, respectively . Results with the galvanostatic method
show {Chapter 4) similar behaviour in passivation of the Zn

electrode in pE ca. 11.5 where, at higher current-densities, a
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pure "surface process" takes place while at lower current-
densi_ties, the oxidation reaction is under mixed-control with
‘simultan'ﬁs" diffusion and surface reactions taking place.

The processes discussed above, in relatien to a possible
model for Zn oxidation in alkaiine solution, are illustrated in a

schematic way in the figure below:

Bchaviouvr av lower pH (ca. 11.5)

(a) S04<7, ¢:~ or OH™ solution.
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3.5 Sumary

Cyclic-Volcammograms were performed in aq. Na2c03 (1M, pH
11.5-13), Na,S04 (1M, pH 8-13) and NaCl (3M, PE 8-13). Variously,
ore, two or three anodic (Al, A2 and Aj3) and cathodic (Cl, C» and
C,) peaks, depending on surface preparatlon, electrolyte and pE,
are observed. In 1M NayC03, pE 11.5, peaks designated as Ay, AZ}
A3, C;, and C, peaks are all observed. In 3M NaCl, pH 11.5 and 1M
Na,504, PE 1l1.5 breakdown of the.film occurs just after peak Ay,

and the species produced is reduced in the C3 peak.

Peaks A, and C1

1. Peaks Ay 2 id L, correspond to oxidation and reduction of
Zno or Zn(OH)2. as deduced by comparison of the observed peak

potentials with the calculated reversible potentials for forma-

tion of these species.

2f The shape of these peeks i1s dependent on surface
preparation. At low sweep rates en 2Zn electrodes etched in
HC104, tdo fell—defined peaks, A;, and Ajps are cbserved, and a
singlercathodic peak. This cathodic peak could be resolved into
two component peaks, Cia and Cj3,, at higher rotation rates.
Under most other conditions, the component peaks were not well
resolved. By correlating the shapes of the peaks for different
shrface preparations, it was_determined.that peak Cia
corresponded to peak Ay, and Clb corresponded to peak Avpe

3. On the (0001) face of single—cr&stal electrodes in iM

Na,S04 at pH 11.5, only the Alb and clb components are observed

9,/q. values are 1 for the Zn (000l) face in the sweep—race range
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2mvVsdl< 300 mv s—1, indicating a surface process. However,
the widths of the peaks are narrower than is consistent with
édsorption—controlled electrocrystéllization.

4. On polycrystalline electrodes, formation of the films 'in -
the Ay peak is dependent on pH, because of the pH-dépendent
solubilities of zinc oxide or hydroxide. At PH above about 13,
pure diffusion control was found for all solutions but at lower

PH, mixed control was observed.

Behaviour at High pH ( >13 )

(2) RDE measurements show that ip is proportiocnal to /2 for
the A; peak, indicative of diffusion control. The slope of these
plots at different pH's is consistent with a reaction which is
first order with respect to OH™ in the PH range 12-13.5. Since
the solubility of zinc oxide or hydroxide depends on OH™
concentration, it is not clear whether the diffusing species is
reactant OH” or product zn<t.

(b) Diffusion control for the Ay process is confirmed by the

sweep-rate dependence, ip « si/2

Lower pH {(ca. 11.5)

(a) RDE experiments on the A, peak yield ip‘=.A + Bu}/z,
indicating both a diffusional and non-diffusional component. For
carbonate~containing solutions, B was found to be proportional
to CO32“ concentration, indicating a first-order reaction with
respect to CO427,

(b) The sweep-rate dependence also shows mixed surface and

diffusion control, éccording to the relation iy = kqs +kzsl/2.

Plots of iDs'l/2 vs 51/2 or ips'l vs s'"l/2 show two distinct
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straight lines for polycrystalline electrodes etched in HBr and
several regions for.electrodes etched in TFMSA, ‘indicating that
ﬁhis }elatiénship is obeyed, but with different k-values in high
and low éweep—rate regions.

(c) The breaks occurring in such plots arise at the same
“*

sweep-rate (ca. 20 mV s~1) for the A, and C; peaks, indicating
that the reactions of the component peaks are independent of each
other.

(d) Plots of log iP vs log s are linear with a slope of 0.75.
This observed exponent, between 0.5 and 1, is due to the large
degree of "compression" of the range of ip vs s values which
arises in a log-log plot.

(e) (1) The charge measurements from k; values obtained from
ips'1/2 vs st/2 plots for polycrysta;liné electrode etched in HBr
from 1M N§2804 at pE 11.5 show that the thickness of the surface
film corresponds closely to a monolayer at lower sweep-rate, ca.
20 mv s™1,

(ii) In 1M Na,CO3 at pH 1l1l.5 for polycrystalline
electrédes etched in HBr, for sufficiently high rotation rates
(>500 rpm), the ips‘l/2 vs s1/2 plots show one straight line,
rather than‘two distinct lines and it can be seen from qa/qc
values.that reation associated with the A; peak involves to a

greater extent, a solution process than does that for 1M Na2304

solution.
(iii) In 1M Na,S0, at pH 11.5 for Zn (0001) single-
crystal face at lower sweep-rates, ip was proporticnal to s and

ip was proportional to 51/2 at higher sweep-rates, even though

183



the qa/qc values are almost 1 at lower and higher sweep-rates. It

seems llkely this unusual sweep—rate dependence on ip of the Aln

process gives rise to the two regions in the ips"l/2 Vs sl/2

plots for pelycrystalline Zn electrodes etched in HBr and the

Several regions fox gclectrodes e-ched in TFMSA. ) .

1 -
i -

HCO3_ Solutios, (pE 8)

The zinc electrode freely dissolves in 8042' and Cl°
solutions in the absence of HCO5™ but, in its presence,
passivation cccurs. The passivatihg species is thought to be Zn0

Al & .

or Zn(OH);- The thickness of the film is found to increase with

increasing HCO3™ concentration. Ny

-~

-
~

5. When sweep reversal was made at higher potentials in 1M

Na,C0, solution at pH 11.5 , ip was proportional .to s for Cj

peak, provided that the diffusional component was eliminated by

electrode rotation. The thickness of the bound zZno/ Zn(OH), film

then corresponded to 2-3 layers.

-

Ao Peak

From RDE experiments, the diffusion of the same species
controls the rate of the reaction at both peaks Ay and Az- The
A, peak is observms onlx‘&n CO3 - solutlons. It is due to a.

i S
residual current pa551ng through the film formed in peak Aj. It-

/
T
1s more likely that in 5042“ solutions a compact monoclayer of ZnO{r
forms at the Aj, peak and is responsible for the subseguent

complete passivation while, in the presence of CO32" ions, tﬁis

compact film is not stable.
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Cy Peak T -

The'C3‘peak bécomes larger (greater charge) with successive
cycling, while the Al and C; peaks.reﬁain unchanged. Thelc3
cﬁrrents decgease with increasing rotation rate. Both of these
observations sﬁggest that the bréakdown of films occurs from a
site of ZnoO containing excess Zn. The rapid rise in current is
due to to dissolution of Zn. The reduction of the soluble
species at relatively positive potentials is due to the lower
reduction overvoltage which arises because of the good electrical

conductivity of the film.

-

Peaks C5 and C4‘

Peak é4-could be observed after holding thg_nggptial at
0.255 V in 1M NapCO3 + 2M NaCl solutions at pH 1l.5. The
currents in this peak are independent of rotation-rate 1nd1cat1ng
that C4 probably corre;ggnds to a film reduction process.
EBolding at +1V gave rise to another cathodlc peak, between C; and
C4. The charge under this peak (C7) is a strong function of the

holding-t&me.
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Chapter 4

Galvanostatic Experiments with the zZn Electrode

4.1 Introduction

.

The behaviour of the Zn electrode in alkalire solutions was
further studled using the galvanostatic (controlled current)
bechnlque (see section 2. 2.53). This is complementary to the
cyclic—voltammetry method. The procedure generates potential vs
time relations in response to a pulse of constant current, in the
non—steady state approéch Lo an eventual steady state.

In the galvanostatic method the slope of an arrest region
(see Fig. 4.1) of changing potentialaE with time, st, is
equivalent to the reciprocal of a capacitance 1 = AE/14:, since
14t is charge, AQ, passed over the potential Enterval, AE, in

the non-steady state. This capacitance is the same as that

arising in a CV experiment and is egual to the double layer

capacitance Ca1 »plus any Faradaic reaction capacitance
associated witﬁ deposition of some electro-active species
requiring passage of charge aQ, €-G., for formation of a
monclayer of 2zZn0, .over 4 potential range .E, Usually the

t

Faradaic reaction C. is much greater than Ca1 at poteniials where
a surface process can take place. -

Typioal ancdic and cathodic potential/time curves for passi=-

vation ané reduction of the ancdic film on Zn in 1M Na,C03

solution at pH 11.5, at.a constant anodic or cathodic current are

showr in  Pig. 4.1, together with the notaticn teo be used for

186



Fig.

o

=
s

oxXygen evolutlion

1
!
oride growth |
{

—— passivation

I F

G oXid AedUC.iOn
].Ud-ogen eVOlut.
; - i10n

<
hydrogen evoliution

<

Typical potential/time curve for 2n in 1M Na_)L’O3

at pH 11.5 durina galvanaostatic anodic charging

and catheodic discharaing.



designation of the various regions.

When a current stép is applied to the system, initially at
the hydrogen evolution region {(left hand sideiof Fig. 4.1), the
potential first rises rapidly while the double-layer capacitance
is being chargea (region A) and at the samé time the Faradaic
reaction begins to take place. The double—laye;.capacitance
obtained from the slope of the initial regién of the potential/
time curve:for a c¢leaved zn elecﬁrode surface (Zn(0001)-face) is
20 uF g@'z in good agreement with that for a Hg electrode in the
absence of specific ‘adsorption of ion5124. The first potential
plateau (regicn B) seen after the double-laver charging process
is due to péssiﬁat;op of the electrode, with following oxide
growth .(region C) and eventual simultaneous oxygen evolution
beyond region C, in regions D ang E.- If the current is méde
cathodic, then the oxide formed in the previous anodic current

pulse is reduced before the potential returns to that for

hydrogen evolution at I.

4.2 ion B

In order to understand_further the early stages of passiva-
tion of Zn in alkaiine sblutions, it was considered interesting
tc examine 2Zn passivétion which arised in region B under
galvanestatic conditions. Fig. 4.2 shows a typical
potential/time curve obtained in an experiment carried out to
study the behaviour in region B; in this figure, tg 1s the
“transition“ Cr passivation time during which current flows to

form passivating film at an almost constant potential (hence
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"plateau” behaviour in regien B).

The regionli&nd the corresponding feéuction plateau in the
cathodic trace is likely to be due to formation of 2n hydroxide
/or oxide, because the reversible potentlals for zZno, Zn(OH)2 am.
and ¢ -Zn(OH), are —0 429 VvV, -0.394 Vv and -0.422 Vv, respect%vely
(page 68) and those values lie between the potentials of the
oxidation and reduction plateau.

The transition time (:)} multiplieg by the constant current I
applied gives tﬁe charge required to passivate the electrode
surface. Ideallv the quantiéy of charge regquired for passivation

~

is independent of the applied current, but this is not always

the case. '
1 . . . o .
Sand derived the eguation relating transition time to

rent for a diffusion-controlled electrochemical process. For

this case 111/2 rather than I is a constant:

1<1/2 = 1/2,5ap1/ 2 (54)
. S

¥

where I is the electrolysis current, z the number of electrens
invelved in the electrolytic reaction, D is the diffusion coeffi-

cient of the of the electroactive species and C the concentraticn
’ 0

/
of the electroactive species.

A diffusicn-controlled process has a slepe -2 for a leg <
vs log I plot, while the slope is -1 for a surface Process (cf.

the peak current Vs sweep-rate relation in cyclic-voltammetry in

-

chapter 3).

* This corresnoncs Lo 1/s being constant in a cyclic voltam-
metry peak for a surface process (see chapter 3).
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The transition time was;measured as a function of the
charging current I for a Zn single-crystal (0001) face ana.for

polycrystalline (unetched and etched) zinc electrodes in 1M

Na2C03'and.lM Na,S0, solution at pH 11.5. Fig. 4.3a showsllogr
vs log i plot for the Zn single-crystal (0001) face in sb42'

solution while in Fig. 4.3b shows results obtained for the

unetched'polycrystalline surface in 1M Na,S0Q4 solution are shown.

Plots (1) and (2) coryespond to data from the first and the

second run.

Table 4.1 summarizes the charges required for passivation in
region B and the slopes of the log 1 vs log i plots. It is seen
-~ that the_charge required for passivation of the Zn (0001} face in
NapSO4 solution in region BAis'almost constant and corresponds to
a monolayér'(compare the CV results, Fig.:Léa for these condi-
tions). This ;esult i1s to be compared with that for the 2Zn (Q001)
face in CO32~ solution where the oxidation charge density is
higher at lower current-densities than at higher;It is also
found that, inthe first run, for unetched, the electrode surface
is not completely covered with 2n0/ or Zn(OH); ( refer to Table
4.2). Both the (1) and (2) plots (Fig. 4.5) recorded fér the
unetched sErface have a slope of -125* at low current densities
and a sIdpe of -lat higher current-densities. This means that
under the latter conditions the oxidation process is completely
controlled by a surface reaction whereas at the lower current

densities interpretation of the behaviour is unclear.

This value corresponds to the slope of 0.75 * 0.02 found in
plots of log ip.ZE log s in the CV experiments (Chapter 3).
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It is interesting to see whether there is any effect of
rotation on the slope value of -1.5. Fig. 4.4 shows the effec?
of electrode rotation-rate gnAthe logtvs log i ploﬁ. It is
éeen from the results at.0 rpm rotation-~rate that there.is an
effect of rotation on log Tt vs log t plots other than that
associated with roughening of the electrode . Fig. 4.5 shows the
effect of current on the capacitance (the slope dg/cdE) in the
passivation region B at rotation-rateﬁ of 0 ané 900 rpm. It is
‘seen that the capaciﬁance decreases rapidly with current and
becémes indépendent of current at current-densities greater than
220 A cm~2, Similar experiments were carried out on the 2Zn
(0001) face but, from a cyclic-veoltammogram that was recorded

!
after the series of galvanostatic experiments, it was evident

that surface roﬁghening had taken place.

Kausche’3 observed constancy of the product i13/2 with varying:
i for a Zn electrode in 1M Na,CO03. Frank et al.7% obtained
similar results with various other systems as summarized in Fig.
17. This unusual behavicur was explained in terms of diffusion-
controlled supersaturation. Kausche believed that an adherent
layer of solution, ca. 107 %cm ig thickness, near the elactrocde
would become supersaturated after charging with several uc cmT2
and considered that transport of zincate ions into the bulk of
the solution, "other than by diffusion" could be suppressec¢. He

also thought that the assumption made by Frank that "the thic-

kness of the oxide nuclei decreases with increz ing current

density, due to increasing supersaturarion © Tiot applicable tc

this case because cxide is fcrmed at an early stage in the char-

ging curve,
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This situation is exactly the same as that for the cyclic-

voltammetry experiments, the slope of the log ip vs log s rela-

tioh (e.g. see Table 3.4) was 0.75 for 1M Na,C03 at pH 11.5, i.e.
between the limiting values of l.and 0.5 expected for a surface
process and a diffusion controlled process, respectively.

Noﬁ the question arises whether the slope of -1.5 for the log
T VS log i plots means that the transition time behaviour for
these cases corresponds to two parallel processes, i.e.

diffusion-control and surface reaction, as treated in egns. ({52)
and (53).

If in this case

"3

T T

where k's are some arbitrary proporticnality constants having the
correct dimensions, as in egquations (52) and (53). Equation (55)

can also be expressed either as

it= k3 + k,71/2 (56)

or
itl/2 = x07l/2 4 g, (57)

Fig. 4;6fshows itvs /2 ana 1 /2 vs t71/2 plots 55£ained
for an etched polycrystalline Zn surface with rotation at w= 900
rpm.

It is clear from these results that the slope value of -1.5
for the log 1 vs'log i plot is likely to be due to a process

under mixed-control, which is consistent with the deduction from
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Lh

the cyclic-voltammetric experimental resﬁlts, page 87. Table 4.2
summarizes the slopes of the log t vs log i relations and the

derived thicknesses of. oxide/ hydroxide films formed in region
. B - ‘ h i

- It is clearly seen that more rougheningyoccurs in the galva-

nostatic-experiment than in the CV methed, and a coygiete oxide

monolayer is formed on the etched surface while at the unetched

surface, only a fractlon of the electrode area lS covered and the

\apparent extent of coverage: becomes lncreased w1th the number of
runs (mlcro-roughenlng effect)

It seems liiely that, at lower-current-densities, dissolution

of Zn oxide/hydroxide leads to the slope of -1.5 whereas at

“higher current denSLtles there is no tlme for ZnO/or Zn(OH)2 +o

‘dissolve. This is also clear from the measurements of capacitan-
ces cf region B (Fig. 4.5) at w = 0 and w= 900 rpm which show

that the capacitance decreases with increase in current-density.

4.3 Cther Regions of the Galvanostatic B vs ¢ Profile

When the current is reversed from the oxide forming anodic
direction to a cathodie direction the deposited 2zn oxide/
hydroxide (and some dissolved zinc) is reduced ard the p'otential

finally returns to that for hydrogen evelution. One way of

studying the various regions observed in = ¥s t curves during .

charging is to change the upper limit of potential that is

allowed to be attained in the E vs t plot before a reverse

cathodic current pulse is applied. Fig. 4.7 shows such E EE t
' S
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plots obtained for Zn in 3M K2C03 solution with a progressively .
1ncreas:.ng potentlal limit in the anodic E vs t profile.
Reversal of current in the region C gives only one potential
arrest in the cathodic transient but for ré'versal following .
region C, two stages of reduction are observed (Fig. 4.7).
Another ’region (G), in between regions F and E, can be identified
if the current is _re{rersed in regioﬁ E.

It seems likely that the first p:focess (region E) is due to
reéuctin of 2Zn0/ 2n(CE); formed in regions B and C of the anodic
transiem‘:.. It was seen that région Cconsists of two straight
lines with various slopes. These two linear parts observed in
region C p;:'obably correspond to peak A, and the plateau region
cbserved in the cﬁrclic—voltammog'ram for lM‘ Na,CO; solution at pH
(Fig. 3.1).

'i‘he arfest following region C, ané the second reduction
process (F) arising at lower overpotential, may be due to the
reduction in region F of 2n0/ Zn{OH), that had been formed with
presence of excess ZIn. d

It can be seen that after passing through the region C, the
0/Q, charge ratio is 'muihé/less thgn 100% and also, in the region
E, a stéady-state is reached. The third reduction stage (G)
observed in reversing the current in the region E increased ( :I:n

~“charge) wit_ﬁh time that tl.ze constant current had been applied with
ﬁhe potential being in the 0O, evolution region. This is due to
érowth of a non-conducting zinc-oxide film. This sitnation is
similar to the case observed in Fig. 3.38 where the CV peak C,
was increadsed with increased anodic holdin time. t seems

likely that the regions® G and E correspond to the peaks Car
®

. 201
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. L]
Cy, and C; observed in the cyclic-voltammetric experiments in 1M

Na,C0, + 2M NaCl solution at pH 11.S.

’

‘Fig. 5.8 shows the state of the In electrode after a series
of galvanostatic anodic charging and cathodic discharging current
pulse. The surface is evidently covered with a thick‘porous film
which may be non-conducting; the darker regiéns that are seen may
be due to redeposited Zr, with excess Zn in the oxide film.

Kaesche’3 had observed three cathodic regions éor reduction
of oxidized Zn in 1M Na,CO4 s&lution at pH 1l.5. It was assumed
that these regions were due to reduction of 2n0O, observed molecu-
lar oxygen and zinc peroxide. However, Kaesche statés that .the
assumption of the presence of zinc peroxide is open to guestion
because Huber et al.78 have shown that Zn0O is the only species
formed in a prolonged experimént on oxide film development

studied by means of X-ray and electron diffraction, and electron

microscopy methods.



The.state of a polyvervstalline etched Zn electrocde af
of galvanostatic charging and discharging in 3 M X,CO

at a current density of 14 mA cm™2, (Fig. 4.7 shows the
curves obtained.) i
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4.5 Summary

A typical potential/time curve for zn oxidation/reductiﬁn has
four anodic regions (a, B, C, D and E) and four cathodic regions
(F, G, H and I). A corresponds to double-layer charging.” B is a
plateau-region due to passivation of the electrode, which i§
followed by oxide growth (region C). Simultanecus Os evolution
cccurs beyond region C, in regions‘D and E. Region I is due to
the Hy evolution reaction region. B corresponds to the A peak
in cyclic-voltammetry, ang region C corresponds to oxide growth
in the Ay and A3 peaks. Regions F, G and E correspond to Car C2-

and C; respectively in the v experiments in 1M Na,C05.

Region B

1. The region B and the corresponding reduction plateau

(region E) in the cathodic trace is likely to be due to fermation

of Zn(0E)5 or ZnO, as shown by correspondence with the calculated

reversible potentials for Zno, Zn(OH)2 am. and E-Zn(OH)z.

2. The charge required for passivation of the Zn(0001) face
in 1M Na,S0, at pE 11.5 in region B corresponds teo a monclaver.
In CO32' solution the charge corresponds to more than a

monelayer.

3- The slope of log ~ ¥s logi plots is -1.5 at lower current
densities and -1 at higher current densities for an unetched or
etched polverystalline electrocde in 1M Na2504 at pE 11.5. There
1s some dependence of the value of the slope of -1.5 con rotation

Tate.
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4. -The slope of - 1.5 for log fqg;mg i plots does not
correspond to pure diffusion control (-2) or pure surface control
(=1), and is thus likely to be due to a process under mixed-

control. Plots of jigl/2 vs 171/2 are linear, suggesting the

relationship i = _35_3_ + ]_:_5, analogous to the ;-ela;cionship iP =
- kys + kzsl/z fou%d igﬁcyclic-voltaﬁmetry.= At lower current
densities there is more time for Zn(CH), or Zn0O formed at the
electrode to be dissolved, but at higher current densitieg

diffusion is relatively less important and the oxidation is

. mainly a surface process.
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CHAPTER 5

Steady-State Experiments With the Zn Electrode

5.1 Introduction

The purpose of this section of the work was to provide some
ccmplemenﬁary information on the nature of the zinc dissolution

reaction in NacCl, Na2s0,, NaOE and Na,CO5 solutions at various

PH's and at various Zn surfaces by means of the steady-state
method.

In the steadv-state method, the potential is progressivly
‘raised (or lowered) by a potentiostatic circuit, or the current
density is increased (or diminished) by a galvanostatic one, and
the rate of reaction is measured d;réctly in terms of current, I,
as a function of potential, E, or overpotential, n, {or E as a
function of I). In certain favourable cases, the reaction
mechanism can be elucidated by determining the values of the
Tafel slope b (= @E2/A8 log I), because it depends on parameters
which are determinéd by the reaction mechanism.

In the present Qork, the Tafel slopes h%fe been determined
ln an exploratory way from log ivsE curves obtained by _he
potentiostatic method for the anodic direction of potential chan-
ge for the Zn electrode. Eowever, owing to the complexity of the
Process involved, as demonstrated by the nonsteadv-state expe:i-.
ments described in earlier sections of this thesis, interpreta-
tion of steady-state results can be anticipated to be difficult,

if only for the reason that partial diffusion-control is antici~.
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5.2 The Effect of pH.

Fig. 5.1 shows an anodiczpolarization curve obtained for ZIn
in 1M Na,CO3 solﬁtiqn at pH 11.5. It can be seen that there is
ﬁo straight line section in the whole of the polarization curve
from which to.recognise or evaluate a Tafel slope. IR-drop ef-
fects leads to a distortion of steady-state polarization curves,

“but this effect can be neglected in the present results, as
discussed in section (2.2.5).

The reason for the complex behaviour is that there is no
simple activaticn-controlled dissolution process, where an anodi-
cally dissolved cation readily moves away from the metal/ solu-
tion interface. This movement is in fact a diffusion-controlled
process and, under the present conditions, the electrode can also
become passivated so that ZnO/Zn(Oﬁ)z forms on the electrode and
only partiy dissolves, dependipg on the pE. A further increésé
in anodic disscolution rate therefore becomes more Aifficult and
reguires a disproportionate rise in anodié overpctential, giving
rise to the so-called passivation phenomenon.

As was shown in Fig. 1.5, the ldwest corrosion rate arises
within the pE-range 9 to 11; it was therefore considered interes-.
ting to carry out steady-state measurements at DE's higher or
lower than 1l1.5.

Figs. 5.2 and 5.3 show the log i vs E curves obtained for
ascending and descending directions of potential change in 3IM

NaCl and 1M Nayco, solution at pE 13.5 using an etched electrode.

- 209
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Such curves obtained in lM-Na2504téé the same pE were similar to
that for 3M NaCl. The main difference between the curves ob-

tained with CO32‘, in relation to 8042— or Cl”- electrolvtes, was

the sudflen breakdown of the passive film in the latter two solu-

tions, a phencmenon also seen in the cvclic-voltammetry experi-

ments (Fig.3.1). Alsc +the transition charge recuired for onset

~

-of passivation is higher in C032' solution than in'SO42' or Cl~

seolutions.

Fig. 5.4 shows the log i vs E curves cbtaineé for 2Zn in 1M
Na,C0, solution at pE 13.5, where the_anodic current was reversed
before the passivation started. It is seen that the ascending

and descending curves were virtvally superimposible sc that the

surface haé not changed. Fig. 5.5 shows log i vs E curves ck-

etched electrodes

H

tained in- 1M Na S0, solution at pH 13.5 fo

-

after many runs: the curfént evicently does nct change very much.
rem these results it can be seen(that Znt /or 22(05)2 formed
durinc passivation does not dissclve into seclution rapidlv bus
stays, rather, on the electrode surface as was concluéed freom =zhe

CV experimen®s.

ig. 5.6 shcws th\ log 1 v E curves obtained in M Nasso.
e

Zn (0001) face. Under these conditions, the log i vs E curves

solution at p# 8.1 for etched, unetched surfaces ind cleaved

are linear cver two cecacdes, unlike the behavicur a+ cther pE's

>11.5. The currents were more than 1.5 ma for a

. _— ' . N
electrode with an area 0.071 cm?; therefore polarization studie

/]

-

E 8.1 were carried out with an electrode having a smaller

at

qe

surface area of about 0.018 cm?, as discussed in section (2.2.3).

-
It can be seen from the SEM pictures (Fics. 5.8%, band c) of

L4
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electrodeé taken after their use in several steady~state measure-
ments, that the suffaces have changed considerably; also it is
clear from the.polarizgtion curves that the overpotential re-
quired for passage of given currents is higher for the Za (0001)
face than for polycrytalline electrodes (£irst run, Fig. 5.6¢).
Similar results were cbtained by Ashton and Hepworth43, i.e with
regard to thé effect of crystal orientation on the anodic disso-
lution of 2Zn single*cryétals in NaOE solution (using steady—state
measurements) and the dissoclution cvervols cages for Zn increase in

the order (0001) > (1010) > (1120). Their polycrystalline elec-
trode showed behaviour similar to that for the (1010) single-

crystal plane.

5.3 The Tafel Slopes

Table 5.1 summa*;zes the Tafel slopes {(in so ‘a* as linear
regions can be c1sg1ngnlshed under some conditions) obtained Sor

pelycrystalline ané Zn (0001) face electrodes from €052, sg,2-,
4

Cl™ and OE” solutions at various pE's. It can ke seen +ha+ .a

3 -

13
3

anodic Tafel slope of 40 mV/decade is cbtained in solutiens as

8.1.and about 34-29 mV decade™! at p&' s ?3.5.“

U
ti}

Figs. 3.25¢c and 3.36 showed the effect cf rotation on the

dissolution currents for unetched 2Zn electrodes in 0.8M Na2C03 +

0.2M Na5;50, at pE 11.5 and 1M NajS0, at pE 8.1. It can be seen

that the products of Zn oxidation that form during anodic polari-

zation are soluble and dissolve into solution more a+ PE 8.1

r .

where non-adherent Zn(0E)y is formed,than at pZ 13.5, where a
passivating oxiée_film is generated. It can also be seen that

the Tafel slopes obtained for an etched surface are lower tha=n

-
v

”
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Table 5.1

Comparison of Tafel Slopes for VWerious Slutions and

- Electrodes

Tafel slogi Preparation
Solution pH mv decade @ of electrode
M Na2~SO4 8.1 42 1.4 etched
~
42 1.4 unetched
42 1.4 (0001)face
11.5 — — etched
. 2.1 - — etched
12.5 32 1.8 etched
13.5° 30 2.0 etched
34 1.7 unetched
M NaCl 1.5 — — etched
' 13.5 33 1.7 etched
1i.5 —_ —_ etchec
1M Na,COo, . -
- 13.5 33 1.8 ezclhied
. 25 2.0 etched
IM NaQH 14
35 1.7 unetched
Notes
1. These Tafel slopes were obtained in the ascending direction
of potential change. !

/

, runs.
—

ot

. N o e ——
s ¢could not be bbtained for a of the sclutions
o

. -
£ 1 .

o]

iven are an average of data for 4-
v of

. 2-
4. There 1s no effect 0f CO cn the Tafel slopes but

-
latter do cependéd con the gtate £ the electrode and p
the solution. :

he

1

o:
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those for an unetched one, probably due to exposure of different
distributicn of crystal faces.
The mechariism of zn dissolution has been studied by many

. : o : L » :
workers. As discussed in chapter 1, active dissolution of 2Zn in

(3x1072 - 2)M NaOH, made up to constant ionic strenth of 3M with

NaCl, was studied by Armstrong et afp using a RDE.  An anodiec
Tafel slopé of 42 + 5 mV/decade was observed iﬁ that werk and
was'expléined in terms of a ¢issolution mechanism involving two
consecutive one-electron charge transfer steps with monov.alent
zinc ions as the supposed adsorbed intermediate and the second
electron transfer step being rate-determining.

The effects of anions on the active dissolution of Zn have
al§o'been examined by many workers. Bough4l'42 studied Zn dissc~
lution in NaClO,, NaCl and Na,SC, in the PE range 3.8-5.8. A
Tafel siope of 40 mV/decade was again obtained in both Na2304_and
NaClQ4, and thié 1s in agreement with the results obtafned by
" . other workers in both quiescent and stirred solutions of NaClO48O

148 )
and Na,;S04. In NaCl, the anodic slope has a value close to 30

mV/decaée in agreement‘with the results of I—:urlenlo4 in 1M XKC1
solution at a statiocnary electrode. A Tafel slope o0f 40
mV/decade instead of 30 was obtained when the galvanostatic~pulse
method was used instead of stéady-state measﬁrements where an
anodic film may have had more time to develop.

Fig. 5.7 shows the effect of rotation in 8042”, Clo,” and
Cl™ soluticns. The diffusicn-controlled nature of the current

arising in 1M NaCl solution is indicated by the effect of rota-

tion in the C17 sclution. This behaviour in the C1- scluticn was

221



explained in terms Qiffusion of Cl~ species from ‘the elec-
trode/solution interface as the rate-determining step. Such an
éffec? was also seen by Armstrong 49 for the dissolution of 2n
in 1M KOE solution, where diffusipn of [Zq(OH)4]2' species was
considered to be the rate-limiting step.

It caﬁ be seen from the steady—state measurements for etched
and-unetched Zn surfaces that dissolution/o;idation at the etched
.electrode is more diffusion-controlled than at the-unetched one;
pessibly because-the.etched electrode islmore active. This is iﬁ‘
agreement with conclusions from fhe cyclic—voltaﬁmetric experi-
ments and galvanéstatic experiments discussed in a previous sec-
tion. Aiso 0032' ions not have much effect on tﬁe mechanism of
dissolution of 2Zn, unlike in passivation, i.e the Tafel slopes

obtained from experiments in CO32‘, Cl™ and 5042‘ ion solutions

were almost the same. It seems likely that the Tafel slopes
depend very much on the state of the electrode and pH of the

-—

solution.

t is seen from the results discussed in this chapter that
—_— .
‘information from Steady-state experiments is often difficult to
interpret. Such measurements have to be complemented by non-

Steady state investigations as have been made in the present

work.

(x) Ne,SO,. (@) NaCL

£¥mA) em?

(Ref. 4;)

-ll?,‘v‘.‘

|t
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Fig. 5.7 Romsoen speed dependence of the anodic dissolution €
for zinc in mofar solutiona at pH 3.0, (O) NaC10,.



5.4 Summary
1. The slopes of steady—state Tafel relations for 2n
oxidaticn depend on the state of the electrode and pE of the
- solution.
2. From the Tafel slopes it can be seen that initially the
products of electrochemical oxidation of 2n are soluble i.e.
——pPrior to onset 6f passivation. Their solubility is higher at pE
8.1, where non-adherent zZn(OH), is formed, than at pH » 11.5,
where an adherent passivating film of ZnO or Zn{CH), is formed.
3. The oxidation processes of dissolution or film_formation

on an etched electrode'are more diffusion-controlled than on an
unetched one.

4. CO32' ions do not have much effect on dissolution of Zn at
higher pEH.-
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CHAPTER 6

-

Electrodepositionlof Z2n and Morphology of Electrodoposits

-

6.1 Introduction

in this chapter. are presented the details of the’okperimental
arrangemoots, techniques used and results obtained in studies on
electrodeposition ofHZn from zinc iom soiutions containing
various anions over the pE range 5.8 to 2.8 . This aspect of the
work was mainly concerned with establishing the morphologies of
in electrodeposits generated from various electroiytes under

céthodic galvancstatic conditions. Scanning electron- microscopy

was the procedure principally used.

6.2 Objective of this Part of the Work

While the results of morphological studies on 2Zn
elecﬁrodepositsffrom various Zn ion solutions [ 2n(II) in various
states of complexation ] are reported in this las+ chapter of
this thesis, chronologically they were the first experiments
conducted in the programme of work. Thus, the initial aims of
the work Qere tc establish 2n crystai morphologies develoﬁed
undor various conditions, in relation to dendrite formation in
the charging direction of zn battery operation and its control
:through variation of complexation or presence of additives. This

aspect of work in the "cathodic direction™ of the ZIn electrode
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process 1is complementary to tha£ conducted in the ;anodic
direction" as described in earlier chapters. It was also intended
to be complementary to other on-going parallel work by another
feséarcher on the electrocﬁemical calorimetry of Zn electrodepos-

- . . 143
ition and dissolution .

6.3 Experimental

The electrical circuitry, cell and electrodes used in this

part of the work are described below.

6.3.1 Electrical-Circuitry

A potentiostat can‘be used as a galvanostat by modifying the
connection to the elect;ochemical cell. Instead of controlling
the potential difference betweén the working and reference
electrodes, the voltage dreop acress an external ohmic resistance
in series with the cell, is controlled. Fig. 6.1 shows the basic
eiectrical circuit-used for these experiments. The, resulting
potential-time curves at constant current, thus cbtained, were

recorded by means of a Houston (type 2000) recorder.

6.3.2 Cell, Electrodes and Solutions

The two-compartment glass electrochemical cell used in the
electrodeposition studies is shown in Fig. 6.2a: the reference
eléctrode was contained in one compartment, and the céunter and
working electrode in the other.

A coil made of Zn wire 0.3 cm diametey was used as the
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.

counter electrode to provide a uniform field around the wbrking

’é&egtrg@g. The reference electrode was just a 0.3 cm diameter
. 3 .

| -

. . i - A L -
zincd wire immersed in the experimental Zn (II)}-idn solution.
s

Both counter and refe¥ence electrodes were cleaned by etching in

b

HBr "(48%) solutionﬁ £0110 ek’ by thorbugh rinsing with doubl}j

>

distilled water.

The working.electrode used is shown in Fig. 6.2b. Rieces.of

y 2

zinc 1 cm in length were cut from the 0.3 cm diameter

polycr?stalline wire and either etched in acid or mechanically
7

polished successively with 300 and 600 grit sand paper, 3uwnd 1u
- - diamond paste, -followed by degreasing ovgfnight in refluxing

acetone 'in a Soxhlet .extractor. These In bPleces were rinsed

. . B s .
thorouglily with water and pressed into the Teflon holder (Fig.

6.2b). The electrical connections were made by means of Pt wire.

-

Teflon tape was used to cover the surface allowing only the
. P o -

» .
\\\Htxpss—section of the Zn piece, 0.07 cm? in area, to be exposed
. ) -
to the test solution.

) k.

After each electrodeposition—at a chosen currént density and

-l

) uh' / - -
for a controlled éime, t Zn working electrode was removed from
the solution before'swit\:_ng oif the current. The specimen was

. >~

then washed thoroughly with distilled water first and then with
~

methanel. The dried sample was then transferred to the SEM for
Lo . T ""‘ -
- morphological examination.

)

AT] solutions were&p;gagfed from "AnalaR" grade chemicals
~ . b

and were freed from oxygen by bubbling nitrogen gas through the

solution in the cell p¥ior to, ané during, +the electrochemical

measurments. Zn(SCN)p uBsed in this work was prepared by miging

solutions of ZnSC, ané Ba(SCN),, filtering off the precinitated
4 2 E

VA - | A



- . . . .. . 150
BasC, and evaporating the resulting solution <o dryness ~ -
The temperature of +he test solutions used was controlled <o

= 0.3 X by immersing the cell
5
acdjusted to the reguired temperature. All depositions were car-

n a Polytem (model §0) thermostat

.;
-

ety

riec ocut at 298 X, from unstir-ed scluticns.

6.3.3 Current-Dengities angd PExtents of Electrodeposition
= .

=4

. | - 7
The morpholocy cf electrodepesits is normally determined rb+

O
o)

1y by the chemical constitution (e.c. state of complexation)

th
1

Io

.-

T which the metal is Seing deposited, bu= alsce 2y the sub-

Strate surface, the currenc- the extent of elecera- °

n:
LY
4}
n
’.r.
t
I<:
fu
1]
0N

cdepositicon that is allowed =o take place. Hence, in +he following

r

materzal, the SIM pictures to De shewn will be spécifieé with
Téspect tc the solusign compesition, pE

extent ol depesiticn. The lateer ig cenvenliently described im a

guantitative wav in terms. of the Zdepcsition charce passed in
cculombs per sguare centimerre emT€l. 1 ComT¢ is eguivalens
tC Cepesition.of ca. 2500 a=cmic ~avers of In per cm? if <he 2o

were Zepcsited in flas —avers.

- -

6.4 Results and Discussion

6.4.1 The Behaviou-r Qf Btched and Mechanicallv Polished Surfaces

T was e_ectrcdepcsited on mecnhanically pelished z2ing

= - -

suriaces tha+t nad been etched in EZ3r sclutions CI various Concen-

trations for differens lencths of <ize. Tlg. 5.2 shows ST
Pictures crtained befzre and after electrocescsition on surfaces

‘2th depecsi-

o avt 5.
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h

(19 ]

The state.cf the surface before and a‘rer elecsrc-

-~

degcsiticn ¢n In surfaces esched in

=

4

v
.
(9]
H
o
]
(@]
(@]
¢}
1]
U
O

|

soluticon for ZC s byl

2t l14. mA cm S0 a2 total extent of deposition

7]
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3

mA cm~? to an extent of 2 C cm™2 (equivalent approximately to

5%103 equivalent atomic layers of In). Most of the deposits

obtained on‘sgéhanlcally polished sur‘aces were similar to those
obtained on a surface etched for 10 s; the electrodeposits

obtained on shrﬁaces etched in HBr (48%) for 8 s, (Fig. 2.4},
B . b \"

. .- L3 .
were similar to those shown in Fig. 6.3D, but were smoother.

Therefore most of the experiments were carried out on surfaces

that had been etched in EBr (48%) for 8 s.

A typical overpotential*—him_e curve obtained fOI’ _Zn
deposition from 0.5M ZnBrz solutieon at pE 5.5 is shown in Fi
- - - c/*

6.4 together with the cor responcing SE icture obtaineé affer In

electrodeposition with 20 C cm™2 of charge (ca. 5x10% eguivalent

atomic layers). .

After an initial rapié rise in overpotential, the growth

r

~ - - 2 P . - -

process continues with a declining overpotential. It was found
- 4 v - e ] - -:-‘h )

that much larger overpctentials were Teculired (S50-100 =V) te

nitiate the electrodepcsition on mechanically polished surfaces

than on etched Zn surfaces; this -is no doudt cue o the creater
: Yy
density of nuclei for crystal Crowill present on the latter

-

surfaces.

Similar overpotential-tize curves have been'obsefveé by
ther workers. The form of such curves was attributed “o the
low rate of cryvstallizatiom of ad—atcmg foermed Initiallw by
neutralization of the metal ic:é. In elect oceocs;t;c", the

total coverpcotential is the sum ef ccmpeonents cue te diffusien

anc to irreversibility in theé charce-transfer ancd crvszallizas:icn

—

Note: the kxinetic significance of the cverpctential behavicur
Tecorcecd nere (e.g. role of nucleation and growsh orocesses, and
coupled ciffusicn) will not be discussed. 2
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processes. Crystallization.ove:potential arises when the process
of'building of ad-atoms into the crystalflattice hinders the
elé&trode process; an initial overpotential arises when nuclei
for crystal gfowth have to be establisheé but, in.some’'cases,
these may alreacdy be presen+, e.g. on disé:éered Or stepped and
kinked surfaces.

The crystallization process n longer hinde:s the rate of
the overall eléctrodeposition process i the exchange rates of
Ccrystallization steps:

ad-atom (on metal phase) — atem

P‘
are high enough; the greater is the concentration of surface

Xirnks {which Provide crystal crowth centers), the larger is the
exchange current censity for ¢h crystallization process.

The overpotential reguireé fcor e

| =

ectrodepcsition on

. -

mechanically pelished strfaces s simila

H 4

to that recuired for

new nuclel on a foreign cathodic substrate, because
K ]

the mechanically polished surfaces are, Zor unavoidablé reasecns,

usually not clean, as mentioned in secticn {2.4.3). Also

resicdues of the Pelishing material can beccme embedded, an
2

remain, in the Zn surface.

97

Therefore electrodeposition on a

mechanically pelished surfacd is generally more diffic

.
-

[ 94
'..J
rt

(initially) compared to that on dn etched surface because, on the

M

+4

latter, there are 2 large number of Srowth centers for crystal

cevelopment. Simiilar behavicur was cbserved when Zn was
L

-

electrcéencsited on a zn surface chemically polished in  Cro03/
- - - < -

'
2

0
’
A
M
b
t*

Najsc4 /ENC; scluticn. It has been ShCwWn 3v cthe
r



that the bright surface obtained after chemical polishing in this
solution is due to a chromium oxide film formed on the 2n
surface. Fig. 6.5 shows the SEM pictures obtained at chemically

polished Zn surfaces before and after electrodeposition of Zn.

6.4.2 The Effect of pH

Figs. 6.6 and 6.7 show SEM pictures of 2Zn electrodeposited
on an etched Zn surface under galvanostatic conditions from 0.5M
2nBr, solutions at pH 2.8 and 5.7, res?ectively. It can be seen
that the electfodeposits obtained from the mere acidic solution
were smoother than from the other. It is seen that dendritic
growth commences above a current—density of, ca. 354 mA cm™2 'in
. the solﬁtion at pE 2.8 'and above 70 mA em~? .in the other
solution. Fig. 6.8 shows the overpotential-time curves obtained
for Zn deposition from 0.5M ZnBr, at pH 2;8_at current-densities
of 70 mzﬁ'&.cm'2 and 566 mA cm~%. No initiallnucleation transient
'qf potential is seen here since the surfaces were etéhed, with
resulting generation of growth centers. It is also seen that
instability of overpotential during electrolysis occurs at higher
current densities, corresponding to dendritic deposition.

Fig. 6.9 showé SEM pictures obtained after electrodeposition
of Zn on an etched Zn surface from 0.5 Znﬁrz solution at pH 2.8
at 71 mA em—2 current-density with extents of deposition of 2 C
em™% and 51 C em~2. It can be seen that the 2Zn is initiglly
deposited in "layer" structures; at grain boundaries, a clear
distinction exists between the orientation of the "laver"”

structures. As the deposits become thicker, their surfaces

233
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The state of the surface (A) before and (3) aftefele
sitec Zn o¢on a surface, chemically poli
Crzc3/HNO3/Na2§Q4 scluticen, from 0.5M Zns;g sclut

f £2Cececm

at 70 oV ©@ < to an extent of cepesition o
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from 0.5 Zn=zr

on In surface esched in 48

2

Cem © as

deposition Of

-7
282 mA ¢nm

-2
5686 mA ¢cm .
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Zn electrodepesits from 0.5M Zn3:2 selution at:

oH 5.8 on a2 Zn surface in etched 48% HEB-. Ixtents

of deposition of 2 ¢

(A} 14 maA cm-z: {3}

(C) 282 mA cm_z: (D)

-2
m

c av
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consist of réndomly o}ieqted blocks of parailel platelets packed
together (see Fig. 6.9A).

Fig. 6.10 shows the SEM pictures of zn surfaces aftér
electrodeposition from a 0.5M ZnBEQXSOlUtiOH at pH 3.7 using a
current—de;sity of 141 ma cm“zifor various deposition times. -
Under these conditions, the 2n is deposited in the form of
"boulder" crystallites, the sizés of which continually increase
éﬁring the course of the deposition. It seems likely that this
behaviour is due to the Zn crystallites being oriented-parallel
to the basal plane and these are the "active" surfaces for

-

further outward growth.

-

. Fig. 6.11 shows the overpotential-time curves obtained for
n electrodeposition to an extent of 80 C em=—2 at 140 mA em”2. It
is seen that this curve is quite different from that obtained
under conditions where the Zn deposition is dendritic, (Fig.
6.8). It seems likely that the overvoltage required for
crystallization in such bculder-like'morphologies is smaller and
in fact negligible compared to that for dendritic growthaB.
As seen in Fig. 6.12, these éeposits finally develop well-
criented crystalline féces during the deposition. The difference
between the overpotential-time curves in Figs. 6.12 and 6.11 is

that Soth dendrites and boulder-like structures arise in the

ele?frodeposition at a2 current density of 352 mA cm~<2 for an

ext%nt of deposition of 40 ¢ cm‘i:from 0.5M ZnBr, solution at‘pH

5.7! )

.
!

The deposition of Zn from zincate solutions at high'pH was
. : : 86-88 e
investigated by McBreen at el. on  several substrates using

cvclic-voltammetry, potential pulse-methods, X~ray diffraction

239 -



Fig. 6.10 2Zn electrodeposits from ZnBr, solution at pH
5.8 on an etched Zn surface in 48% EBr at a
current density of 141 mA cm—z for extents of

deposition

. -2 ~-2 , -2
(&) %\S—Eﬂ{ ;o (B) %Q?C ;m‘ ; (C) 80 C cm “.
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and SEM . Zn deposits on Ag, Cu, Au, Zn ancé CE substrates were
fcund "active™ in McBreen's terminology and the In deposits were
oriented paraliel to the hasal plane. On the other hand, Sn and
In

-
-

were less "active" ané the deposits were oriented

®

ropendicular te the basal plane.

rom these” results i+ was concluded that -substrates with

fu

tomic radii that %ere.lS% greater than that of 2Zn led to
‘ ceposition in an orientation perpendicular tec the basal_plane and
the.surface morphology would not undergo changé_with'thickening,'
whereas for substrates with atomic radii that were close to that

©f theradius.of Zn, the electrodeposits were oriented parallel

ané the surface area increased with thickness.

The only difference between the two 0.5M ZnBrp solutions
used in the present work was that one was at pE 2.8 and the other _:
5.7. It seems Qikely .that at higher pH's ZnBr, becomes
hydrolysed. This helpslto form deposits oriented parallel to thg
exposed surface (polycrystalline Zn substrate). .

. Similar behaviour was also observed in 0.5M ZnCl, and 0.5M
wﬁnlz solutions. Fig. 6.13 chows \%EM pictures‘of deposits
obtained from 0.5M ZnC12 solutions at pH's 1.9 and 4.9 under
" otherwise similar conditions.

o —— -

6.4.3 The Bffect of State of ComPBlexation of Zinc Ioms

6.4.3.1 EBalide Ions

. - .-
Electrodeposition of*Zn was carried out from 0.5M ZnCl,,

.. Y
ZnBr, and Znl, solutions with varing copceqtzations of halide

-
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Fig. -6.13 Zn clectrodeposits obtaiac¢~from 0.5M ZncC1

2

s0lu-

tion at pH (A) 1.9 and (B) 4.9 at ¢a. 161 mA

-2

. cm for an extent of deposition of ca. S0 C cm”

“
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o

\

’

ions. The ionic strengths were in the range of 1.5 to 4.5 mol

dm=3, In the presence of halide ions, the dissolved zinec is

¥agesent in the form of a range of halicde (X) complexes, depending

- vl . - . .. . N
\Op the zn**/X” concentration ratios. The distribution diagrams

S
for complexation in zinc-chloride and zinc-b:oﬁgéh\systems are

b
*

shown in Fig. 1.2. It is clear that [ZnCl4]2“ is more stable

than IZnBr4]2--
Fig. 6.14 shows SEM pictures of In deposits obtained from
0.5M ZnBr, + <M NaBr solution at pH 3 at various current

densities and Fig. 6.15 shows the corresponding overpotential-

time curves obtained at 14 mA cm™2 and 92 mA cm™2. It can be

seen that the overpotential-time curves obtained for these

solutions are guite different from those for 0.5M ZnBr, solutions

~
at the same pH.

Afée{ the initial overpotential jump, corresponding toe
nucleation, a. diffusion overpotential arises due to decrease in
concentration of ions near the electrode. This.behavioﬁq can be
explaine§ as follows.

The simple salts form aguo-cations in agueous solution. For®

deposition from hydrated metal ions the dehydraticn must be taken

into account as a preliminary or coupled reaction step. This

removal of the water molecules normally occurs in several steps.

The energy for this transition depends on the nature of the metal

ion.

Even though the deposition mechanism from solutions of

simple salts is complex, additional problems arise in the case of

deposition from complexes because, in' such efectrolytes, the

T
metal %o be deposited is often bound tc negatively charged ions

245 ' - .
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oy

as a complex anion. Although a dissociaticr equilibrium =xists

y -

etween the wsimple metal ion and the complex inn, the

ion, &}
£

concentration of simple ion is low due to the necrmally rnign

stability of the complex ions. Therefore the maximum rars o

deposition is limited because of the slow supply of free meral

ions to be cdeposited or to the higher activatrion energy for ion

neutralization and atom transfer directly from the complex
ion23 This leads to morphological changes of the electrodepo-
. ~

sits from "smooth" to "dendritic", accompanied by ar increase of

wverpcotential.

Similar behaviour can alsc be seen with Zn12 and ZnCl

o

sclutions (Fig6.165. It is clear from previous work 95 that
dendritic growth arises when the-deposition current approaches
the "diffusion-limited value and the rate of growth, rathe¥ thar
the rate of nucleation, beccmes the rate-controlling factor.

6.4.3.2 Thiocyanate Ion

Fig. 6.17 shows SEM pictures obtained after electrodeposi-
tion of Zn from C.5M Zn(SCN)y solutions at pH 4.8 for an extent
of electrodepcsition of 2 C cm"z, at varicus current densities.

It can be seen that elongated crystallites start to deposit at

lower current-densities and dendrites at-higher current-densi-

-
—

ties,

It is clear that the deposits cbtained frggrd.SM ZnBr, solu-

tior under otherwise similar conditions are quite different. The

-

electrodeposition evfﬁently occcurs mainly at the edges of the

electrode with hardly any at its centre, e¢specially at low
current densities. .« y . .
. . o & - - *

\ B
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Zn electrodeposits freom (&) 0.5 M ZnBr, ané (B) 0.5 M ZInBr, #
1M NaBr solutions at pH 2.8 at ca. 212 mA cm™2 for an extent of

depositon of ca. 30 C em™2; (C) 0.5 M ZnCly and (D) 0.5 M ZnCl,

+ 14 NaCl solutions at pH 4.8 at. ca. 160 mA ecm™2 for an extent

-

of deposition .of ca. 60 C cm~2; (E) 0.5 M 2nI,, (F) 0.5 M EZnl, +

1M NaI and (G) 0.5 M ZnIs + 2M Nal sclutions at pH 2.6 ca. 90 mA

cm™2 fof an extent of deposition.of ca. S50 C cm™2
——
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Zn electrodeposits from 0.5M Zn(SCN]

ar pH

(A) 13 m& em™% (3) 71 -2

xtents of deposition of 2 C cm_

.

2

at

2
4.8 on a 2n surface in etched 48%

9



Fig. 6.18a shows the overpotential-time curve obtained for 2n

deposition at7354 mA em~2 from 0.5M Zn(SCN)+ solution. This

t

=

curve is quite different frcom such curves obtained with zinc

133

halide scolutions (Fig. 6.12) at tne same pH, i.e. the overpcten-
tial rises rapidly to high values. It seems likly that this
behaviour may correspond to a nucleation overpoteﬁtial reguirea
for small crystallite formation.

This hehavicur was further studied 'using OLSM ZnCl2 + 1M
NaSCN s;lutibn at pH 5.2: the overpotential—time curve obtained
at 354 mA cm~? is shown in Fig. 6.18B. There isa guite a large
difference between the behaviogr in}?igs. 6.18A and 6.188, <that
is the plot in Fig. 6.188 is similar to that obtained with
zinc halide solutions containing excess halide ions; appreciablé

dendritic growth .occurs due to rise of diffusion overpotential.

-

The difference hetween the behavicur observed in these twe

my

solutions is clearly seen in Figs. 6.192 and 6.19: fcr

conditions where electrodepcositior of 4n was carried out fScr

longer times., - \

]

t 1s clear that depcsition fror 7niSCNJ, leads te foration

ol elongated in crystals during slectrodeposition and the rate of
nucleation is probably the controlling factor in determining the
L] . .

morphology . Once these crystals are formed, dendrites star: -o

S

grow from nuclel. on them due te apprcach to a diffusion-limitec
‘/ -

current situation. The SEM pictures in Fig. 6.20 show that these

dendrites are guite different-from thos® dev@loped in depositicr
vq
from 0.5M “nBry solutions (Fig. 5.7,.

[
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Fig. 6.19 (b) solution ~ 0.5M 2nCl, + 1M NaSCN solution.

(AY at the cdge of the clectrode and (B} at tne centes.

\-
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6:20 2Zn electrodeposits from 0.5M Zn(SCN)2 at pH 4.8

on a Zn surface etched in 48% HBr at 283 mA

- C -2
cm for an extent of deposition of 2 C em .
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Claims to Original Research
The mechanism and phenomenology of electrochemical passive
film formétion, dissolution and breakdown on 2n in aqueous
solutions containing bicarbonate, carbonate,‘sulphate and
chloride ions over the pH range 8 to 14 have been studied where,

-
under such conditions, the nature of the anodic film and the

P

extent of solubility of 2Zn as Zn022‘.ion can be varied.
. Previously, little or no work has been done under thes=a
conditions and most of early work has been carried out in
.strongiy alkaline solutions. The following original
‘contributiohs connected with these investigétions hgve been made.
| (1) Special attention was given to understanding the early

H

stages of dxidatiop of:-Zn in the pH range where its dissolution

rate is small (pH ca. 11:5), i.e. dissolution of Zn as zn0,2~ is
diminished. Unusual peak current dependence on sweep-rate was
observed at the A; peak at lower pH's, whereas at higher pH's
(ca. 14) the reaction is purely diffusion-controlled. This
behaviour at lower pH'g is explained in terms Ef a mixed-control
process by correlating the shapes of peaks and peak pbtentials
for different Zn sﬁr£§de preparations, and the relation of the
peak current to sweep4r§tq and to tﬁe effect of electrode

’ 1/2

rotation, i.e RDE experiments yield i =A+Bu’" and sweep-

P
rate experiments showed ip = k§3 + kzsl/2 relations for the Ay
Pe.ak ’

(2) The two’'processes that take place at lower pH's are

diffusion-controlled dissolution and direct film formation. It is



shown that cnly the latter kind of film formation takes place at
the single-crystal Zn (0001) face. This cempact film 'is
resbonsible for passivation.

. {3) The diffusion component for reaction at the A, peak in

C032' solutions wa: found to be first-order w.r.t C032’ ions in
the pH range 11.5 - 12 and first-order w.r.t OH  ions in the
range 12.0 - 13.5. Thi§ behaviour is explained in terms of
formation of hydroxy-carbonate films at lower pH's rather than -
Z2n0 which arises at higher pH's. A second peak A, is only
obsérved in CO32' solution, and the diffusing species for peaks
Ay and Aj was found to be the same, as indicated by identical
slopes of ip vs w1/ 2 plots in RDE experiments. This is
explained in terms of residual current passing through: the porous:
film that is already formed in the A; process .

(4) The breakdown of- the passive films in Cl--or 5042-
solutions and resistivity of passive films formed'in C032-,
solution has been examined and explained.

(5) Galvanostatic experiménts provided additional evidence
for the mixed-control process indicatéd at.Polycfystalline Zn
electrodes and the direct film formation at tse Zn (0001) face as
cbhbserved in CV experiments.

(6) The "effect of surface preparation and éH on the Tafel
‘slopes for 2In oxidatiqn in the pH range 8 to 13.5 has been
explained.

i?) ‘Morphologies of Zn érystals, electrodeposited from
various-Zn(II} complex-ion solutions, have, been characterized by

means of scanning electron microscepy.
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