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Preface

There has been substantial interest in recent years in the

. 3
electrcchemlcal behavicur and properties of the In electrode.
Part of this interest Has been motivated by the use of the Zn

electrode as an anode material in Zn/air., Zn/MnOp or Zn/NiO;

batteriip ané also as a sacrificial anode for cathodic proteciion
of steel or iren. Although considerable technolegical progress

has been made, a number of specific limitations await

-~

atisfactory resolution. In the case of In batteries, knowledge
of <he nature of the passivation process during discharging, the

in deposition process during charging and the change of the

electrode shape in the course of these processes is reguired to

cptimize the performance of zine batterfes. For cathodic

0

rotection svstems, 2 knowledge of the dissolution and

passivation behavicur of Zn in the pfesehce of certain ions 1is
;__ed, since in some cases the potential may bécome more noble
o
than steel and the 2n then will no longer protect the steel frem
corrosion.
The work described in this uhES-S addresses some fundamental

-aspects cf these interests. An experimental study was made of

the electrochemical behaviour of 2n wi

ct
cr

o the

e

h respec
electrolytic oxidation and reduction processes that. occur
in  acueous sclutions centaining CO32‘, ECO5;™, C17 and 5042'

sclutions for which only little or no work has been reported

previcusly. Uncder these conditions, the nature of the £ilm and

.

e extent of solubility of In as zincate ions can be variec.

Seudies were alsc macde of the morphology of electrodepdsits of

$
14
3



-

-
- .

zinc ‘from acidic aqueous solutions containing zinc ions in

various states of complexation as a complement to the anodic

oxidation studies.

. The work in this thesis will be published as indicated bélow:

-

(a) Thin Film Behaviour in the Oxidation of Zinc in Agueous

" Carbonate Solutions.

.
-

J, Electroanal. Chem. - in course of publication.
(b) Mechanism of Passivation of Zinc Anodes as a Function of pH
and Presence of Carbcnate Ion.

J. Electrochem. Soc. - in course of publication.
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This thesis describes a study of electrochemical passive film

.
formation, dissolution and breakdown on 2n in acueous solutlons
containing bicarbonate, carbonate, sulphate and chloride ions
over the pH range 8 to 14, using cyclic-voltammetry,
galvanostatic transient experiments and stéady-_state_ polarization

measurements. Special attention was given to the comparative

study of Zn oxidation in solutions of Naiico3 and Na,CO3 where the

pHE could be lowered to ca. 8. Under these conditions, a

passivating film of hydroxy—carbonate can be formed while the

dissoclution of Zn as Znozz“’ is much diminished.

In cy&:‘lic-voltammetry, cne, two or 'th:ee current peaks were

observed in both the cathodic and anodic sweeps, depending on the

nature of the electrode surface and pH.

The thickness of the film in the first anédic peak.

o

(designated A;) is found to be dependent on the PE of the
electrolyte and the potential\ sweep-rate. It was _found'at higher

pPH's (ca. 14), from the-dependence of lp on sweep-rate (i.éu: si/2)

and from rotating disc electrode (RDE) experiments ( ip°= wt/2 ).

that the A; reaction is purely diffusion-controlled but as the pH ‘

aecreas_es (ca. 11.5), RDE experiments on the A, peak yield ’*p
+'Bw1/2, 1nd1cat1ng both a diffusional and non-diffusional
component. The sweep-rate dependence at pH's around 11.5 alsc
shows mixed surface and diffusion control, according to 1-:he
relation i, = kys + kzsl/z. Plots of i_s™1/2 v5 51/2 or 3 -1 vs

. P P — P
s™1/2 show two distinct straight lines.



Much-attention was given to the preparation of eiectrode
surﬁacés because of the surface sensitivity of the initial stages
of Zn oxidation and reduction. By correlating the shapes of the
peaks and peak potentials, the-.electrochemical behaviour
asscciated with the A) Process was understood.

Two processes take place at lower pH's {ca. 11l.5):
diffusion-controlied dissolution of Zn at the Aia,peak and diréct
passive film formatien at the A, peak. The éiffusion component
for reaction at the A, peak in C032' solutions was first-order
w.r.t CO32i iéns in the pE range 11.5-12 and first-order with
respect to OH™ ions in the range 12.0-13.5.

Peak A,, observed only in CO32_ solution, was found to be due
to residual current passing through the film that had been
already formed in the A, process, indicating that the anodic
films formed in CO32' media are probably more porous than the
anodic films formed in Cl~ or 5042- solutions at the same.pH.

Breakdown of the passive film occurs ét potentials positive
to the A; peak in Cl” or 5042' solutions but not in C032'
solution. This was explained in terms of the different strﬁcture
of Zn0 formed during oxidation in these solutions.

Galvanostatic experiments provided additionél evidence for
the mixed-control process chbserved in cyclic-voltammetry.

Tafel slopés for In exidation were measured in the pH range
of 8 to 13.5. At pH 8, a Tafel slope of 40 mV decade™l was found
and explained in terms of two consecutive one-electron transfer

steps. Formation of less~soluble species at higher pE led to

lower Tafel slopes (30-33 mV decade™l).

xxxi



A.model of the various, rather éomplyc processeé involved in
these studies, is suggested.’ .

Mcrphological studies of Zn electroﬁepositidn were also
carried 'out £rom Zn(II) ion solutions containing variocus anion§
in acidic media undér galygﬁoé%atic conditio;s. The technique of
scanning electron microscopy  was )used to sharacterize the

morphology of the 2Zn surfdces.
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CHAPTER 1

IRTRODOUCTION

The zinc electrode has been intensively studied in recent
vears not only because of fundamental problems of interest in its
electrochemistry but also because of its signif.icance either in
various manufactured electrochemical energy storagé systems or in
special applications} e.g. where zinc is employed as a Sacrificial
ancde for cathodic protection of iron and steel, and where zinc is
used as the anode mate:i.al in zinc/air, zinc/manganese dioxicde.or
zinc/nickel oxide batteries. The advahtageé of zinc as a battery
electrode material compared to other metals are its favourable
properties, both technologically and economically: low cost, low
egquivalent weight and relatively reversible behavigur in
deposition and dissolution. Its attractiveness is diminished,
however, by some limitations such as poor morpholog;_v' of the plated
metal resulting when zinc is electrodeposited and the
susceptibility of zinec to facile corrosion. Many attempts have
been made to improve those characteristics of the zinc electrode
that are desirable and research in this subject is reflected in
the extensive literature that has been published.

- In the technological use of zinc electrodes, e.g. in In/Cl,,
Zn/Br,, In/MnO, and Zn/air batteries, three principal fundamental
electrochemical aspects of the behavicur of the 2n electrodE are
of interest: a) the mechanism and phenomenologv of dissolution and

-

passivation of 2Zn in alkaline solutions to form zincate (Znozz')
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ions and 2n0 fiims; b) the redeposition of Zn from Znozz' ions or
from Zn0 films; ¢) the deposifion from chloro- or bremo-zine
complex anions in seolution and d) the morphology of
electrolytically deposited Zn and its distfibution on the cathode
(upon recharge) in large—area battery anode configurations. Aspect
a) involves basic problems in dissolution and passivation of
metals while aspects b), c¢) and d) involve microscopic and
macroscopic mechanisms of electrocrystallization.

Although zinc is one of the oldest metals known and has been
used in electrochemical research and technology for almost two
hundred years, some of the chemistry and much of the
electrochemistry of zine has remained uncertain until recently.

This chapter will feview the chemistry and some of the
Previous work on the electrochemistry of zinc that is related to
the present research project; also the aims of the present wvork
will be outlined in relatien to the previocusly published work

relevant to the subject of this thesis.

1.1 Chemistry of Zinc and Tts Campounds

There are a number of source books for the chemisiry of zinec
and its compounds 13, .

Zinc has two 4s-orhital electrons in its outer shell and it
forms compounds in which the state of oxidation is +2 . There is
some evidence for the existence of the +1 state as a transient
intermediate in certain reactien mechanisms but ii is not stable
in aqueocus solution 4. The 310 levels are not active in the
chemistry of Zn solno oxidation states above +2 exist.

Metallic zinc Bas an hexagonal close~packed structure (¢ =

2



0.4937nm, a = 0.2660nm) 2. Since the axial ratio {c/a = 1.633)
for the hexagonal close-packing of spheres is substantially
smaller than that for zinc (¢/a = 1.856), its structure deviates
from that for perfect hexagonal close—packing by elonéation along
the six-fold axis but there is closém@é in the basal plane.

Sii of the twelve nearest neighbours are at a distance of
0.2660 nm, while the other six are at 0.2907 nm, and the average
metallic radius is 0.139 nm 6. Bonds within the hexagonal layers
of zinc atoms are strongér than those between the layvers.
Therefore a fresh (0001) basal plane can be cbtained by cleaving a
single—crystal of zinc e.g. in liquid nitrogen.

Zinc oxide khas the hexagénai structure of the mineral
Wurtzite and it is parti_ally covalent; thus, the crystals are not
purely ionic. Normally zﬁo is white in colour but other colours
of 2Zn0 have been rgéorted 7.. This behaviour has been explained in
terms 3§?;var:ious types of lattice defects. Many oxides have an
'i.n:t-.rinsic non-stoichiometric composition. Zine atems may be lodged
inv interstitial sites, giving rise to nonstoichioﬁletry, which
le»ads to appreciablé cenductivity of oxide films on Zn. 2Zno
should more accurately be written 2Zn,10. It is therefeore an n-
type semiconductor. Excess of zinc within the structure of zinc

oxide makes films of oxide dark in colour 8'9.

There are several forms of zinc hydroxides: an amorphous form
and six other crystalline forms, designated a, 8;,8,,Y, ‘-S\and
0, These zinc hydroxides have various degrees of stability, the
most stable fof.m being €-2n(CE)5.

Z2inc hydroxide dissolves in alkali to give anionic hydroxo-

!
i
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complexes and there is good evidence for the existence of
Zn(OH)42_ 11-13 complex anions (which are commonly referred to as
zincate, Zn022-) reflecting the amphoteric properties of ZnO or
Zn(OH},. Fig. 1.12l% shows the distribution diagram for zine
hydroxide complexes as a function of log [CET].

Raman studies of the chloride, bromide and iodide sélutions
demonstfage, amongst other species, the presence of an42- ions in
concentrated zinc halide solutionsi>~18, Figs. 1.16%4 ang 1.1ct4
show the distribution diagrams for the complex ions that arise in
zinc chloride and zinc bromide solutions. It can be seen from the_
above figqures that the stability constanﬁs for zinc chloride
complexes are much higher than those for éorresponding zinc
bromide complexes.

In the presence of dissolved carbonate ions, zinc forms many
basic carbonates in addition to zinc carbonate. These species are
of interest in the present work whére zinc oxidation ig'C032‘ and
' ECO4” media was investigated. Zng(OH)g(CO5)» is well characterised
among other basic carbonates. Also it naturally occurs ;s
Hydrozincite which consists of zinc in coordination numBers [6]
and [4] in the ratio of 2:3. Table 1.1%0 shows the
crystallographic data and morphologies for various compounds

formed in the Hzo/Zn/CO32' system.

1.1.1 Solubility Diagrams for Zn/H,0 and Zn/H,g/CO32_ Systens

For systems closed to the atmosphere, a solubility diagram

(log [Zn2+] vs pH, for fixed dissolved carbonate concentration) \\\

can conveniently illustrate the conditions under which a
particular.solid phase predominates.

-
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Fig. 1.2 shows the pE/solubility diagram for €-2n(0H), and
amorphous Zn(OH), which are, respeétively, the least and the most
soluble of the seven kinds of hydroxide studied by Feitknecht 21,

As mentioned above, in the presence of carbonate, alkalinity
arising both from zinec hydroxide, zinc hydroxy-carbonate and zinc
carbonate species may be manifested. Fig. 1.3 shows the effect
cf carbonate on zinc solubility for 10'2—’30'4 mole litre~l

carbonate concentrations 20.

1.1.2 Potential-pH Diagrams

Potential-pH diagrams represent, from a thermodynamic point
of view, the electrochemical aﬁd corrosion behaviour of any metal
in aqueous solutions. They have the advantage of showing at a
glance specific.conditions of potential and PE under which the
metal should be expeéted thermodynamically either not to react or
to react to form some specific oxide or complex ion. Since

corrosion or dissolution is often contrelled kineticallv,“E—

potential diagrams do not give information on +the l=otter aspect of
stabil;ty of the species involved.

.Since the effect of carbonate on anodic éissolution and
passivation of zinc has been‘studied in ‘the present work,
poténtial—pE equilibrium diagrams for the Zn/éZO/CO32' terhary
system and the Zn/E,0 system are presented here.

The calculations necessary for the constructicn of the latter
diagram are based on general formulae aeveloped by Pourbaix and
collaborators. All standard f;ee energies (Table 1.2) were

obtained from references 20 and 22.. On the basis of +he

relationships in Table 1.3, the potential-pE diagram (Fig. 1.4)
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was constructed. From this diagram, information about the
thermodynamic conditions under which, e.qg., an.oxide (barrier)
£ilm may form on a zinc electrode surface may be obtaiged.'.
Passivation, in addition tq being caused by oxidation with
formation of.an oxide film, may evidently drise also because of
formation of an insoluble 2inc carbonate- layer which would not
arisé in the 2n/EB,0 system. Again it should be stressed that this
diagram gives no.consideration’ of the kinetic phenomena that may
be involved since the data used are based only uéon thermodynamic

Y
information.

1.2 Previous Work on the Electrochemistry of Zinc

There are several reviews on the.elect:ochemistry of the zinc
electrodel®r23,24
A large volume of both fundaﬁéntai and applied research has been
carried out on the zinc electrode in various solutions and can be
conveniently discussed under three headings:
(a) Measuréments‘nEa: the equilibrium potential of the
zincrelectrode.
(b) Anodic dissolution and formation of passivating
lavers.
(c)Elec;rodeposition ©f ZIn and morphology of

electrolytic Zn deposits.

1.2.1 Exchange Reacticn Measurements Rear the Bomilibrium Poténtials-

Cne of the ways of studing the overall reacticn mechanism is
to determine the reaction order for the species involved in the

reaction. Gerischer?- determined the cischarge mechanism involved&‘



Table 1.2

Zquilibrium Comstant Data for Several Inportant Reactions
in the 7n / Carhonate / Water svstem

-

»

log K at 298 K

Reaction equation ( Tonic strength =0 )

1 Za (s) = 2zn®"+ 26  25.82
"2 zn®*+ o™ = znog’ 5.04
3 Zn*s 30" = Zn(0H) ] 13.9
4 Zn2++ 4 0E = Zn(ori)42‘ ' 15.1
5  Zn0 (s) + 28" = zn®* 4 E,0 11.18
6§  Zn(OH),(e) + 28" = za2* . 2H,0 11.53
7 2Za(0H), (am.) + 28" = zn2*. 2H,0 12.45
8 ZnCO4 (s) + 28" = zn2*. #,C0, 6.48

- \ +_ 2+ T e A

9 Zn(0H), ,(C05)y ,(s) + 23*= zn2*% 1.2 0
0.4 H,C0, 9.21

+ -
10, 1-120 (1) = H + 0K : - -14
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Equilibrium Reactions for the Zn/Ca

Table 1.3

-

Potentials are given in VOolts based on equilibrium constant data

at 298 R

from Table 1.2.

1.

Zn (s) ='Zn2++ Ze

-

= -0.762 + 0.030 10g zn2"

tyy

2no (s) + 2K = Zn2++ Hzo

pH~=‘0.Slog[Zn2+]‘+ 5.59
2n0 (s) + "= Znom"
PH = 2.2- log[Znog*)

Zno (s) + 25,0 = 2n(0H) 7+ ut

PE = 16.94—log[Zn(OH)3_]
Zn0 (s) + 3H,0 = za(0H), %™ « 23

PH = 14.85 + 0.5 log[Zn(0H)

+ b

Zn (s) + EZO = Zn0 (s) + 2H + 2e -

E = -0.432 - 0.05% px

Zn {s) + Hzo + B = Zn(OH)+ + 287 4 2e

£ = -0.497 + 0.030 log(2noE*] - 0.03 o=

2n(s) + 3H.0 Zn{éH)B' + 3B + 2e-

2
£ = 0.066 -"0.087 pH + 0.03 log[Zn(OHJ3-I
Zn(s) + 4H,0 = anax)42' + 4%+ 2e
£ = 0.444 + 0.03 log(zn(0¥),%7] - 0.118 px

2+

b d -v+ — ‘-:
zn(o“)l;z(COB)o.é (s} + 28" = 2n + 0.4 ¥
D e L
PH = 4.60 - 0.5 log 2zn°"- 0.4 1og (5,C0.")

ZnC0, (s) + 28" = zn%"s gz co;

. 2
— 2+ *
PR = 3.25 - 0.5 log Zn®"- 0.5 log (Hzcoa)

I

¢ b

rbonate/Water Svstem



12.

13.

14.

16.

20.

=
ZnCO, (s) + 2e + 2H'= zn (s) + H,C0,

E = -0.570 - 0.059 pH - 0.03 1og[32bo;]

Znco, (s) + H + 2e = 2n + HCO,~

E =-0.759 - 0.03 pH - 0.03 1ogtéc03'3
+ _ 2+
Zn(os)l_zcc03)0.4 (s) + 1.6 = Zn + 0.4HCO

T+ 1.2 H.O

3 2

PH = 4.18 - 0.635 log 2Zn’* - Q.25 Log(HCO, "]

Zn(OI—l’)l.z(COB)'O.‘elr (s) + 1.6H"+ 2e = 2n (s) + 0.4 HCO, + 1.2 E

..20

3
E =-0.564 - 0.012 1og[Hc03'] - 0.047 pE

+ . * -
Zn(os)l_z(c03)0_4(s) + 25 =2n (s) + 0.4 h2003+ 1.2 520 + 2e

*
E =-0.49 - 0.012 1log[H,CO.] - 0.059 pH
zn(OH)y 2(C03)g_ 4 (s) + 2.8 H;0 = 0.4 HCO3™ + 2n(0B) 42~ + 2.4 BY

2a
R

+ 0.2 hzo + ZnO (s)

PE = 17.58 + 0.166 1og[Hc03‘] + 0.416 log[Zn(0E)

- _ t -
zn(Oh)I.Z(COB)O.4 (s) = 0.4 5~ + 0.4 ECO,

e

E=11.2 + 1og[Hco3‘]

Zn(o..)1 2(CO3)0 4 (s) =10.83"+ Zno (s} + 0.2 on + 0.4 CO
2y
3
; - »
ZnC03 (s) + Hzo + B = 52 3
E=-2.51 -log[H2005ﬁ - log[ZnoE™]

2-
3
PE = 10.76 + 0.5 log(CO

-

o} + znox"

'd

12
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-

in the zinc electrode reaction for the fifst time by using .
impedance measurements; this was carried out using a zinc amalgam
electrode by examination of the effect of concentration of
electroactive species on the exchange current in 5M KCl
containing various concentrations of hydroxyl ions at a total
concentration of zinc ions equal to 0.1 M.

He propesed a mechanism where step (1) below is considered to

be rate—determining in the overall reaction:
n(Bg) + 208" T:S:Fc znrom), 4 ge. (1)
Zr(OH); + 208 == [zn(0E),]?" (2).

Study of the electrochemical Zn cation / Zn metal exchange
PIocess-at a solid electrode is more complicated than at a Zn-
amalgam electrode because of lattice structure effects. However,
Farr and Hampsonzs‘29 studied 2Zn ioinxc nge at single-crystal
((0001) face), polycrystalline and heavily cold-worked zine
electrodes in various alkaline solutions by means of impedance

measurements and the galvanostatic double-pulse technicue. It was

concentration. Farr et al, suggested, that this reaction pProceeds
through.adsorption ©f an intermediate Zn*t species at the
electrode. Surface-diffusion rather than charge-transfer as the

rate-controlling step was proposed by Farr and Hampson26 and the

fzinc electrode reaction was written in terms of the following
steps:

Zhgink + OH 28 (zn_.0m)” (3)

(Zn g0E)” == Zn(0E) + e (4)

14



Zn(CE) + OH" - Zn{0H), + e (5)

Zn(OH); + 208"

11

[2n(0E) 412~ (6) .

Galvanostatic and potentiostatic transient techniques "were
used by Bockris et al.30,‘to study the Zn ion /Zn metal behaviour
in 0.1M - 3.0M ROE over the zincate concentration range 107%M to

0.5M. They suggeéted the most probable reaction patb‘to be as

follows:
_ zn  +  oOF — ZnOE + e (7)
Zn0E + OF _— Zn(CH) 5~ (8)

Zn(OHJz‘ + CHE™ Zn(OE)B' + e {9)

Zn(CE)3~ + OF" === zn(0E),%" (10)

The third step (9} was considered to be rate-detefmi;ing. Bockris
et al. suggestéd that the conclusion derived from the results
cbtained by Eampson and co workers26-29 couila have arisen from the
fact that no attempt was made in their work *o correct for ohmic
resistance effects in the solution. This is important when
considering a highly reversible reaction such as the Zn/Zn2*.
Dirkse3l nas considered the importance of controlling fhe
ionic strength in studying electrode reactions and suggested that
the results obtained by Zockris et al.30 were due to lack of
control of the,total ionic strength. Ee measured the exchange-
current by means of the galvanostatic method using concentrations
of XOE up to 6M, keeping'the icnic strength constant with XF. The
reaction order was then found to be ggg with respect to hydroxicde
and zero with respect to zincate ions. This suggested_that the

anodic rate-determining step is related to the removal of zinc



atoms from the metal lattice which may involve a surface-diffusion
step before the metal atom is oxidised; the mechanism can be
written as follows, excluding possible surface-diffusion steps

prior to process (11):
f

r.d.s.
2n(lattice) + OF ——= 2n0E" (1L)
ZnOH" = 2n0E  + e (12)
ZnOE + OE _ 2n{OH) 5~ (13)
Zn(OE),” = Zn(OH); + e  (14)
T znoE), + 208 e Zn(0E) 42~ (15)

From the above, it will be seen that the reaction mechanism
has not vet been definitely established. I+ may well depend on
conditions; €.g. concentration of zinc ion and pE. The reaction
orcders measured are only valid near the equilibrium potentials and
not at higher overvoltages where appreciable currents pass. As
the reaction potential is forced to increase from the equilibrium
value, the :.mportance of the surface—diffusion step diminishes and

the charge—-transfer process tends to become the rate—control'li.ng

step.

1.2.2 Anodic Dissolution and Passivation

1.2.2.1 Dissoluticn e

A simple active dissolution process occurs when a cation is
dissolved and readily moves away from the metal/solution
interface. One of the experimentél approaches for the study of
reaction kinetics at higher overvoltages is ﬁo determine the Tafel

slope associated with a series of steadv-state méasurements in the

16



absence of any other effects such as diffusion.
The reaction products formed in the anodic dissolution may,
however, be either soluble or insoluble; in the latter case, they

can lead to the formation of a passive laver. Mechanisms of anodic

film formation are usually guite specific for the metal and
conditions involved, and their elucidation is, in many cases,
still in progress. There have been several m&hographs published
on this topic 32737, e.g. "Anodic Oxide Films" by L.Young>%, "The
Anodic Behaviour of Metals” by T.P.Hoar32, "anodic Fiims“ by
Vermilyea35 and "Electrochemistry of Metals and Semiconductors" by
A.X.Vijn37.

Generally speaking, there are three possible mechénisms for
the formation of passive layérs: (a) passivation can arise by
direct formatidn of an adsorbed oxygen film or of a compact oxide
film. This is called the direct film formation mechanism. (b)
Secondly, precipitation of dissolved metal ions to form an oxide
or hydroxide film on the metal surface may occur; this is called
the "dissolution-precipitation"” mechanism. Sometimes this occurs
as a necessary step prior to devklopment of a compact oxide f£ilm
that is the real passivating agent (see page 21). (c) The third
process is direct anodic deposition, where an oxide film is
electrolytically formed as a 2-d surface process, e.g. as at-Pt or
Au. This mechanism does not apply to the oxidatian of In.

Zinc in oxidation state II has amphoterié characteristics.
Zn reacts readily Qith non-cxidizing acids, releasing hydrogen and
giving the divalent cation 2zn<*. In alkaiine media it forms

soluble zincate icns.

Fig. 1.538 shows the overall corrosion rate in short-time

17



tests 1n agueous environments at room temperature. The lowest
corrosicon rate arises withinl;hglpH range 7 to 1l2. This is due to
the -formation of sparingly goluble oxide or hydroxide films on the
suriace which restriéts the corrosion rate. At highef pH's , the
film becomes éﬁluble, allowing again free dissolution, this time
to form Znozz' ions and again Hp. The corrosion of zinc in acid or
alkali, with producticn of " nascent hydrogen" and By, is utilized
in the Jones Reductor for reductive pfeparation of other inofganic
salts in solution and for reduction of scme corganic compounds.

Zembura and quzyuska39 studied the ceorrosion of zinc in
deaerated C.1N NaCl in the pE range 1.6 to 13.3 using a rotating-
disc electrode technigue. Fig. 1.6 shows the logarithm of current-
density as a function of pH of the sclution. Current-density was
determined by analysing the zinc con;entration in solution as a
function of correosion time.

In acidic solutions, up to pE 3.5, the overall process is
controlled chemically whereas, in the pE'range 3.5 to 4.5,
intermediate mixed kinetics involving hydrogen ion transpert
arise. This is understgndable because of the significant decrease
cf the hydrogen ion concentration with increase of pE of the
" solution. In the pE range 4.5 - 8.5, the dissolution rate

corresponds to the sum of two reaction rates: one of them is
controlled “themically" and the other diffusionally. The chemical

reaction* was assumed3’ to be that inveolving direct reaction

* Actually this so-called "chemical" reaction is almost certainly
a mixed anodic/cathedic electrochemical corrosion process.

18
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between éinc and water.” In the pH range 8.5 to 11.0, the
dissolution rate of a zinc disc electrode does no; depend on the
rotétion rate, so that mass-transfer effects are not involved.
g Thus, mainly a chemical reaction is rate-controlling whereas, at
pH values above 11, diffusion is important. It is thus found- that
the mechanisms for dissolution and passivation of zinc depend very'

much on pH;' _
Active dissolution of zinc in 3x1072M - 2M NaOE made up to a
_conStant ionic strength of 3M with NaCl was studied by Armstrong
etg;l;40 u;ing‘a rfotating-disc electrode. An anodic Tafel slépe
. | of 42 :lS mV/decade and é cathodic slope of 105+ 10 mV/decade
weréléé%nd in the absence of diffusion‘gffécts. These results are
- in agreement with those of Bockris et all30, where the Tarel

¢ slopes observed were 49 mV/decade and 113 mV/decade for cathodic
- & /€

and anodic regions, respectively. : -
. e T

. 2/ . .
A Tafel slope of approximately 40 mV/decade is consistent

v
with two consecutive one-electron transfer reactions with the

fQH monovélent zine ion, 2Zn% zs an intermediate with thelsecond
éZ\EFron transfer step being - te—éetermining (see reactions shown
on p%gg 1sY).

\The effects of anions on the active dissolution of zine was
studied by Baugh4l'42 i; 1M aqueoﬁs NaClO,, NaCl ané Na,50,
solutions in the pE range 3.8-5.8 . The anodic Tafel slopes were

X0 mV/decade for aqueous NaCl0, and Nazso4,nand 30 mV/decade for
acueous 1M NaCl. These results were confirmed by means qé studies

using & rotating disc electrocde. In the 1M NaCl solution, <he

H
t

=

ate-cont ling process is actually &iffusion, i.e. slow

H

C

th

<

.

iffusion'of 2 zinc chloro-complex from the electrode intg <he
L - .

- —-.
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Z_kshton and -Bepworth43 gtydied the effect of crystal
orientation on the anodic dissolution of .zinc s:.ngle—crvstals in
NaQE solut:.on using stéady—state measu*ements. .The reaction
overvoltage for hexagonal close-packed metals increases in the

order (0001) > (1010) > (1120) and their polycrystalline electrode

showed behaviour similar to that for the (1010) plane.

Many experiments have been carried out in order to study the.»

mechanism of passivation of zinc%4~-79 . 1t is often suggested

that passivation of zinc occurs through a disseclution-
precipitation mechanism, i.e. zincate ions build up near +the

electrode until a critical concentraticn is reached where Zn(OI—.’JZ

©r In0 precipitates and decreases the rate of éissoluticn of zin

-

further. Eowever, Powers angd 3:eiter48 have identifiec a dense

-

passivating laver .':e....,a.‘-‘* @ porcus precipiitate (type I') laver bv

means of 0"0"‘\?:0@"3 . 'I‘wo Techanisms were proposed for the -

formation of +his c:e...se sass ivating laver (tv II ), althouch o

P -

o f
reliable experixment has been carried out Lo distinguish betwee::"";“

- g .
these mechanisms. The tweo mechanisms are =zsed on +he "adsorpticn

zodel? (by Xabanovi?) and the "two—cdimemsicmal mucleaticn mocel”

(by Armstrong andé Sulman® 40, according te the adsorption model, a
menolaver of In(OE), is écsc:seﬁ (ciepcsl ted) ¢n the zinc electrode
wrface, which becomes converted to a passive f£ilm of zinc ckide
with release &= Protens. In the twe—dimensicnal nucleaticm model
it Is censidered :.:.::*.at Dassivaticn occurs wh Zull coverage of th

<nl meonoiaver is attained cn +the electrode suvface fcllowed Cirecs

nucleaticn of zinc cxicde.



Buchholz?7, using photocurrent spectra, has observed the
formation of passive films which he attributed to an initial
adsorbed phase proceeding to a multilayer of Zn0O in 0.01M sodium
borate solution at pHE 9.2. The specﬁra obt&inea‘for‘the initial
states ¢of electrochemical o#idation of zinc were‘different from
those arising in "vacuum oxidation” in so far as the appearance of
an extra peak was 6bserved, so that it was concluded that the.
initial monolaver is probably adsorbed oxygen, an hydroxide
species or In(OE}, itself, i.e. a state more cdmplicated tha;
simply an oxygen species. Observation of an entireiy new peak
beyon§ that for the anOE)z'Eegion incdicates that a completely

different layer grows in addition to - the initial layer, rather

-
-

than changing the initial layer itself. This was found to ‘be In0O

" which is believed to be the real passive £ilm. A
Suber’® studied the anodically generated coating that can be
formed on In in Na,C03, NaOE and Na,SO, solutions, using X-ray,

-a

electron—ciffraction and electron-microscony. 22(0=), cepositicon

-

was Ifound to occur at grain-beundaries as a loose, white laver if
local saturaticn occurs in the dissoclution region, but passivation

reculired an inner £ilnm of zinc oxicde [cf. ref. 48). Tormation of

[,

zinc cxicde was found to be independent of the nature cf the

electrolyte. This f£ilm exhibits different colours, due to various

canounts ©f zinge In the Zn0 structure. E2xcess zinc increases

.

«gonductivity ané helps to facilitate coxygen evolution. In Na5C0o3

2 white f£:ilm was formed which has a veryv low concentration of
excess zinc. Euber also showed that films formed iz (0.2K NaQE =+
C.8N Nap 80, sclutions are not homogeneous - they have an inner

vellow layer beneath a white laver.:

22



Results obtained by Nikitina52lseemed to be in goog
agreement with those from Lhe work .0f Huber. She studie¢ Zn
oxidation in 3M - 10M aqueous KOE solution at 253 X to 293 X using
.microscogy and XsTay diffraction technigues, and icdentified

. ) L
prismatic ?-Zn(OH)z, rhombic e-Z2 n(o )P ard Zno, deoendlﬂg on the
XOE concentration and temperature. The E-zince hydroxide was found

higher temperature and higge: coricentrations of XOH, whereas,
at lower teméerature and lower alkali concentrations, the y=-zinc

.

hvdroxide was found.

1.2.2.2 Passivation Mechanisms -

Many workers™N@e studied the mechanism of passivation byv
means of constant-current techns c_eSDO 51,57- 60,72,78, Tne
cerrent—censity, I, and passivation .time, T,- have been typically

correlated by the ecuaticn

u
]
)
}e

T xiT® . 16)
L 5 , (
“where k is a proporticnality constant and m is an exponent that

can take Vvalues between I and 2. I+= was found that m = 1 fer- 2

surface process—ang m =2 for a2 diffusion-controlled orocess. Fic.

-

~-7 shows scme results obtained hv Frank’ 5 fow several systems. He
explained the gassivaticn behavigur chservced fcr the case where o
%

= 1.5 in terms cf fermaticn of a sparingly scluble salt laver the
L]

nuclel cf which could grow either las zally, or in depth, cver the
. .

surface. Also the thickness of the au nC to decrease at

3
0
'-J
o
|j.
rt
[}

nigher current-cdensities cdue o increasing supersaturation.
Ma:y mechanisms have been PTropoesed tc explain

— - - ! K o - C - - a - - o - +
Fassivation; hence there are differvences Setwesn sha saricus LTe-
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Dirkse and Eampscnsg believed that passivation occurs when a
'c_rit:'.cal' concentration cf zincate is reached at the elec'-*ode.
They modified egn. (16) above and used the ‘ollow:mg eqn. {(17) to

explain their results:
7,02 = (Copsem Cp)zEED/4) /2 (17)

where tb is the bulk concentratioen of zincate and Co.i4 is the
itical concentraticn of Zincate for the precipitation of Zn0, D

the diffusion coefficient of zincate, z ' the srale_ncy change in the

elect::od_e reaction and F is the Faraday. This ecuation is vali

provided diffusion is the caly mode of mass-transfer.

Eisenbers et 21.60 .n‘-*oduced 2 free convection term into

N - )... l/2 = k “ . (18)

where I, corresponds to the d*“l.s_.on-exc"z_ded convective current
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density. Diffusional and convective mass-transfer of zincate was

Elder7’9 regarded the anodic reaction of passzvatlon as a
klnetlcally—controlled process involving either "chemical"
dissolution of zinc or complex formation of dissclved zinc species

Preceding diffusion of zincate, so that

1/2 = ;

i, = kg - kji (19)

.

Yamashita et al.’5 used the cbvonoelllosometrlc.method to
study oass;vaelon o‘ Zn and found ehat_two types cf £film are

formed: a type (I)" £ilm a2t +ime t1 ané a "type (IT)" £ilm at

Liu et al.72 propesed a three—-step mechanism for the process
of 'ancdic passivaticn of Zn in alkaline solution, as illustrated
in Fig. 1.8. Step'l‘corfesponds 0 the dissolution of Zn and
formation of zincate ions which accumulate near the Zn electrode
surface. When +he cr; tical concentrasi on of z*nca is reached,
the forma+ion of 2 Primary £ilm of ZaC is initiateg (c£. re=z.
48). Then the rate o< Tass~transfer of hydroxide ions at the
electrocde is diminished Gue +o he o-esence of this porcus Zno
laver. Finally, when +he electrode potential :eaches a value
clecse to the 2n/220 stancdard potential, a compact laver of‘Zn is
formed which- is respensible for 4he passivat on‘of the electrode.
Restricted rate of transfer of OF" icn through a porous oxide £ilm

h-"

or £&%¥naticn ©Z a compact film of Za0 have been proposed as the

[y

i

basis of passivation Jechanisms for low angd “_gh cursent-

censities, Tespectively,
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with the anodic passivation of zinc in alkaline

solutions. (Ref. 72)

~ We see that many studies have been carried out on the anocic
behaviour of Zn in alkaline (CE™) electrolvte; however, only a few
rapers have beeg}published on the effect of carbeonate icns cn the
Zn electrode reacticn.
Raesche’> has pr@sented results obtained .in galvaﬂos;iat;c
experiments in 1M NayCCj, 0.1M NaBCO; and 0.01M NaECO; solutions.
Passivation was fast in 1M NasCO5 due to formatién of a mcnolaver

of oxide, compared to the behaviour in Na=ECO;3 soluticn where thick

exicde layvers were ‘o*ﬂefh Also log 7, vs log i plots cbtained in

..

| o

M a2CO3 soluticn had a slope of =1.6 =+ O.l.- Ee suggesteé that
the behaviour of Zn in 1M ka2C03,is different f:ém that in mere
alkaline solut%ons and the passivation time is governed by
cifftusion associated with suge:satﬁ:ation cfZ the acdherent
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bouﬁdary layer of  solution at the 2Zn interface.

The effect of carbonate ions on passivation of 2n in more
alkaline solutions 1M - 8M KOE was studied by Sato et al.’s. They
found that the reaction was diffusion-controlled with respect to
zincate but carbonate ion; reduced the paésivation time to a

certain extent. It was proposed that this effect arose because of

increase in viscosity of the solution.

1.2.3 Electrodepesition of Zn

-

There have been several publicaticons on the kinetics of Zn
deposition and on morphology of deposits from ZnCl, and hydrcxide
solutions80-109 ana afew on electrodeposition of In frém ZﬁB:z
elect:olytesllo'll3.

A substantial variety of merphologies arise in Zn deposition.
Increase in current-demnsity in the process of electrodeposition of
Zn leads to progressitely spongv, compact ané then denaritic
deposits. One major problem in the development.of a seconcary
R
battery involving the In electrode has been the forma+tion of
dendritic deposits on recharging. Diggle et 21.82:83 z@vanced a
model for zinc dendrite giqwth in alkaline media on the basis of
the theory deéeloped by Barton and Bockris=02 on cdencdritic

-

electrocrystallization of silver. According <o +his medel,

L

initation of a dendrite is treated in terms of growth of a .pyramid
on the substrate surface. It is assumed that as the oyvranid grows
th:ougﬁ the diffusion laver, the effective radius of curvature of
the E{; decreases until it reaches a2 critical radius, which is.the
condition for the init%ation oI a cdendrite. Zowever, Mansfeld and

Gilman®4 showed that Pyramids and dendrites grow indépendentlv and

-
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from different sites so that their results do not support the

above model.

»

Epelboin et al.85,86 pryposed a complex model in which the
electrode reacticn kinetiés were correlated with morpholegy of the
electrodeposits. The mechanism of deposition of zinc was
represented as follows- (zn* represents Zn atoms at kink sites on

the lattice surface):

o+ e —_ 2

ads {20)‘_J
Bags + BN+ e —s Hy - -. (21)
| zndt &+ e —_— Zn+ads (22)
2ot .+ ozt g v e — 20t (23)
zn+ads + e —  In (214)
zn+ads F e —_ zn* (25)

Zn?* + zn* + 26 ——> 25 + zn* (26) .
zn* ) —_— Zn (27)
Za® .. + Zn" o+ e —— 22" + zn (28)
z:":ads + By —r EY + In (29)
Zat,ag  +  Eag ——  zn* o+ gt (30)

in alkaline solutions, becat.se of the low concentration of -
Z¥ ions, reactions (20), (21), (29) and (30) are not important.
Step (23) —i_s—zutocatalytic. -This step was believed to play e;n
important role in determining the morphology of depos:;ts_. At high
current densities, production of Zn® (kink sites) increases due to
formation of high concentrations of Zn"'ads (step 25) an‘d these
kink sites can lead to formation of dendrites. Growth of spongy

cepcsits at low current densities was explained in terms of
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coupling between the autocatalytic step and surface diffusion
which leads to uneven current distribution.
Many workers have reported the effect of additives on the

morphology of electrodeposited zZn87-94.97-101. mhe use of‘organic

additives in Zn electroplating has been reviewed by Botol01,

Mansféld et a1.84, 89-91 founa that addition of inorganic
additives such as lead and tetré—eéhylammonium ions prevents the
heterogeneous growth of Zn deposits. Xardas®’/ has explained this
phenomenoh in terms of faster adsorption of these inhibitors a+
fhe tips of the dendrites because of the thinner diffusion laver
at the tips. Accoréing to Wairﬁss, additives modify the kinetics
thus altering-the rates of the elementary intermediate steps
téking place at the interface and seem to decrease +he Importance

£ the supposed autocatalytic step in the reaction mechanism.

McBreen et 2l.98-100 nave studied the effect of additive

0

more noble than Zn such as metal oxides of Pb, Sn, Hg, Tl ané In.

These will be-removed Zrom the solution partiallv by :edg;tion tc.
metals prior to the deposition of In and this leads effectively ¢
a substrate effect because continuing Zn deposition then +takes
place on areas of the other meté&, M, producecd by the reduction‘of
its oxidé. Two kinds of substrate effects were found.

One for interatomic distances of M, greater by 15% oxr more
than that of Zn, results in formation of 2Zn cdeposits that are
criented perpendicular to the basal plane and are compact
~deposits. Their morphologies are reproducible in anodic/cathodic

cvcling. The other effect arises when the interatomic distance is

. .
-

close to that of Zn and leads to formation of 2=n deposits
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crystallographic orientations parallel to the basal plane: these
deposits are not compact.

Many workers have reported the application of a periodically
changing current in the process of industrial electroplat;i.ng to
improve the guality of depositsll5-118, gnree types of time-
dependent currents have been used: (a) periodic reversal of the
current, (b) square-wave pulsation of the current and (c)
superimposition of a (a.c.) current on a direct cathodic
cdeposition current. The beneficial effects of these modulaticn
regimes have been discussed quantitatively. It s'e'ems that
periodically changing current helps. to minimize dend:i%:e formation
and to improve the uniformi‘c:.y of Zn deposits during the charging
cZ the Zn electrode, an effect that is believed to arise from the

changed time—dependence of mass-transfer and discharge processes.
g T ge r €

1.3 Aims of The Wark

- The general aims of the present work have been to elucidate
- the electrochemical kinetics and thermodynamic behaviour of the
zinc electrode in alkaline soluticon, especially the mechanism of
i1ts oxidation to solution-soluble species such as zincate (Znozz')
and to solid oxide or oxvhvdroxide films at the metal's surface._
-While results of a numbexr of works on the general topic of zinc
*axiciation. and redeposition have been recorded in the literature
* (part of which has been reviewed in section 1.2), in the present
work extensions of previcus research, which was mainly conductegd
in strongly alkaline NaCE solutions, have been made in new
directions by selective experiments in various carbonate,

N -

bicarbonate, chloride and sulphate electrolvtes over a range of
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pE's from 8 to 13. Previously, little or no work has been done

under the latter conditions where the nature of the film and the

extent of sclubility of zinc as 2n0,2” ion can be varied.

" Also, by means of a combination of electrqphemical techniques
such'as'cyclic—voitammetry anéd galvanostatic tfansient
measurements, coupled with use of-é‘rotating zinc electrode to
modify mass uransfe* in a controlled way, att emnts have been made
to distinguish quantitatively the rates oI the surface £ilm
formation and solution diffusion processes in thé oxidation and
re@eposition of In unde; various condéitions, including cases where
the above two p:ocesses‘are coupled. These electrochemical
or écecuves have been supplemented by use of scanning electron
microscopy (SEM) to characterize morphology of the oxide film,
redeposited Zn, ané ageing and etching effects.

The electrochemical kinetic part of the work has been
carriéd out in oxder to provide some elucidation of the mechanism
of anodic Zn oxidation and cathodic reduction under systematically
varied-conditions. These mechanistic studies have the following
particular aims:

(a) establishment of the role of diffusion-control, if any,

dependent on reacﬁion conditions;

(b) establishment of thé role ¢f f£ilm formation or diss-

olution in relation to reaction conditions and diffusion.

(c) evaluation of the klnetlcs of Zn oxidation in hydroxide
and carbonate solutions in relation to their pE and
composition, and the solubility of the zinc species

under these conditions;



(d) evaluation of the thickness of oxide or carbonate films

formed under various conditions.

Mcrphological studies on Zn electfodeposits from Zn ion
solutions contaiéan various anions in the acidic media have been
carried out under galvanostatic conditions and SEM was used_tos
characterize the morphology of Zn deposits. This aspect of work in

the reduction of Zn from Zn(II) state in the cathodic direction is

complehentary to that conducted in the oxidation of Zn in the

anodic direction.

‘4’
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2.1 Introducticn
Thrs chapter glves the detalls of the experlmentel
arrangements and techniques used for the study of anodic

“dissolution and oxide film formation (passrvatlon) at zinc

electrodes in solutlonsﬂhaVLng a wide range of pH's and containing

various anions. The exoerlmental procedures used in the work on

electrodep051tlon of zinc will be described in chapter 6.

&\ . In general, several methods must be used in a complementary
fashion in order teo undererend any electrochemical reaction in a
reascnably ecmplete manner. In the present work, cyclic-
voltammetry, steady-state- Dolarlzatlor, galvanostatic and
1-'ota.t:l..ng--c:‘i:r.sc electrode techniques were used. Scanning edectren
microscepy was also employed‘to characterize the morphologies of
the zinc surfaces in addition te use of the abcve electrochemical
methods for'examining the reactien processes.

Poor reproducibility- and difficulty in some aspectg of
interpretation of results obtained bé different techniquee is a
well~ﬁnown_and recoénized Problem in investigation of
electrochemice% behaviour of some metals. The results of the
present study are no exceptien. There is amole evidence that the
behav1our of an electrodelis sensitive to many factors such as:
-pretreatment of the electrode, i.e its surface, preparation of
solutions, degree of purity of solutiens angA various other

- ) - 3 - - } ‘_-\‘\ -
experimental conditions. This is because electrode reactions ar

-
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essentially surface Processes that are dependent on the sta+ te of

\

..he electrode metal lntera.ace a.nc suscept..ble T0O any changes in

.—r-'
it, e.g. due to adsorot:.on, modification of its morphology, ete.

é_ﬁerefore special care has +o be ‘taken i preparing electrodes,

4

/
soluti etc; also repeateg experiments mus*' be carried out, as

far as possible, under ident 1cal conditions, an obvious

- -

requirement. .
The details of the cell, procedure for prepazatior-z of
T
sclutions and electrodes, and other v’éeneral technigues used are
g?ven below. Experimentaa conditiors for the various methoés

employed will be described in the relevant results sections.
-

o
2.2 Exveriméftiai-Methods g e
O The methods used in this work will now be briefly described.

. 2.2.1 Steady—State Polanzat:.cm Ezne.nmzrts‘ .

Steadv-s tate current ¥s potential relatlons wexre obtai_ned

- “

3

N

-~

potenticstatically at a 2Zn electrode. & Wenking pc-tentiostat {sT

+

72 model) wq_s,\used to vary in a controlled way the potential of

the rimental” Zn electrode and thus the cell voltage and

cerresponding current Passing. Both current and potential were

A
read from Racal-Dana chg:.tal multimeters (‘*vpe 4002).

r

The potential was firsgs adjusted to a value 10 mV cathodic

.

tosthe equilibrium poténtial ang after equilibrium was attaineg
4

(4-5 minutes) the potential was increased progréssively in the
—~ .

anodic direction. Current vs potential polarization data were

obtaj‘:ned by monitoring the current at various potentials and

—

measuring the current 1 min. after each_adjustment cf potential.
]

Measurements were made in both ascending ang descending directions
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of potential change along the polarization curve.

2.2.2. Cyclic-Voltammetry N

13

- A very important develcooment of +the " pectentiostatic® method

-
i

involves the évnmamical examinaticn of a current vs potential curve

-

in which the potential, insteag of being adjusted Polnt-bv=-point

manually, Is changed with +«ime in the form of a triangular wave:

LY
it is increased at a constant - te up to 1imit and@ then the

cirection of sweep is/_:eve:sec‘:. This is afhieved by feeding in+to

-

the potenticstat a Procram of potential a.i:.éé.:m:ing with time

Set Dy an electronic function generator.” A Tacussel GSATP

-

.

ftncticn generator was usec by means of which various secuential

L

linear changes of potential wish time could be applied.
]

. p . . Y -~ . . .
The basic electrical circuis Nisec in the work is well xnown
~.

o

and Is shown in Fig. 2.1. The non- teady state currents ;;asse
between +the working-electrode ané the counter-electrode were
neasurecd by means of the potential AE generated across a decade
resistance box (Leeds,and_No:thrup Ce.) in series with +he
counter-electrode cizcuit when a curvens T was being passed (AE =
IR). Experimental curvent (I) vs electrode potential (Z) profiles
were recorded by means of a Zouston (type 2000) X-Y recorder in

——

slow sweeps or were meonitored ol a2 Nicolet digital oscillloscope

(206 Model) when the Sweeps were made at higher rates ( s > 300
oV s™1), Continuous read-out of +he working electrode petential

was available on a Eigital mul+timetar (Racal-Dana tvpe 4002)

appropriately wired in the cirouis

[P

L
n

(‘\



sSweep studies.
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2.2.3 Rctétina—nisc Electrade (RDE) Exberiments

The simplest type of electrochemical reacticn involves caly

mass-transfer cf a reactant to the electrocde bv &iffusicn and
heterogeneous electren transfer inveolving non-adsorbed species

»

with the mass-transfer step beinc the slowest cne in a reacsicn,
= - ‘_‘-’ - . - -~ -— ' ~ = -
i.e. the process is diffusicn controlled. However, the ¢iffusion

limitaticn may be eliminated by sufficientlv fast movemen: of +x

electrode past the sclution or vice-versa, so <hat the extent of

... . L - .
limitation cf the rate cue +to +the effect of nass-transport
relative to the ctherwise pessible rate of electr n-transfer is
diminished or macde almeost negligible. '

. <2 the present woIk, a rotatinc-disc electrode was usec.
This electrode is rather sizple t¢ cohstruct ané consists QL a
L - -
cdisc of the electrode material emhedded i= 2 rof cf a-m insulating

‘-g‘. -

: <
material. The surface of the cisc electircde is a2 smooth fla+

. . ) ) . < L.
metal Zace exposed to the sclution but with a well defined an

s

H
f
{
b

insulated circumference., The electrode can be rotated abdous
center at various angular velocities, cver a wice Tance "D T ca.
Vi

i1G. 2.3 shews the surface of the In rectating~disc

hij

104 r.o.m ,

electrode used in these experiments. The shast was screwed <n+o

the rotor head of an ASR2 rctator cdevice. macde oV Pine Instrument .
Company C§rcve City, =a.). :
This electrode was alsc used to establish whether scliusicn-

scluble species are inveolved in <he eigﬁt:ode Drocesses

characterized by the anodic I vs I profiles in additiecn <o

v
guantitative i:vestig%:ions of mass—-transfer effects in *the

kinetics of the varicus_ electrode reacticns involved.
=

-
-

e,

(V5]
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2.2.4 Galvanostatic Experiments

The galvanostatic E ¥Ys t behaviour of Zn electrodes was

- 4
Studied using a Princeton Applied Research (model 173)

rt

Potentiostat/Galvanosta+r.’ The polarization circuit could be
Switched very fast from the cathodic to the anedic direction of
ciIrent or back to the cathodic direction with the aid of a

Tapidly acting push-butten switch on the' galvanostat. The
! 4

resulting potential-time curves at constant cuirent thus obtained

Were monitored on a Nicolet digital oscilloscepe (model 206).

-ese instruments were alse used to evaluate the roughness factor

cf In electrodes by measuring the double-laver capacitance. .

»

2.2.5 Solution Resistance and IR-drop

An elettrolyte through which a current is passing will

-

centribute +o the oeverpotential - observed a< an electrode by the

U
9]
t
0
H{
'
~
'
i
]
=)
0
¥
o i
m
H
M

is the current and Rg 1s the series
/ . .

resistance of the Path travelled by the current in the soluticn
anc/or through anv contacs resistance. This uncompensated

o

: oSN - . . .. -
~eSistance can be calculategd using egn. (31), which’'is gerived

~ . + - 1
Ircm the work of l\aewman‘lg

Rg = (l/2xr)ranL(i/r) . (31)

-

=% this eguation r is the radius of the electrode, «the specific

co

cuctance '0f the medium and £ 1s the distance between the tip of

s

-

the Luggin Capillary and the electrode. Using r = 0.15 cm, «

- ~

. ¥ 0.17 o em for I M XaOx agueous solution with ¢ ta¥en as 0.5

cm, yvields 2. = 7.9 .

L

The actual sclution resistance was measured by the currens
- '



interruption tethnique, where the electrede was first polarized
galvanostatically and then put on open-circuit by means of a fast
micrpswitch. The ensuing voltage decay was monitored on an

oscilloscope. The solution resistance thus measured was found to
& .

"be 8.2 ¥ in guite good agreement with the value calculated

from egn. (31).

IR-drop leads to a distortion of steé&y—state polarizaticn

“Tand cyclic-veltammetry curves rather than to just a constant shift

——

—
in the potential scale as in galvanostatic results, where I, andé

b

hence IR, are constant. )

.-

The maximum currents observed in steady-state polarization

experiments in 1M Na;S0O4. NaCl and NaOH aqueous solutions (pE >

11.5) were of the order of 0.1 mA, which gives rise %o an IR-drop
of 0.9 mV. In Na,S0, and NaCl solutions at pE ca. 8.2, the
maximum currents were ca. 1.5 mA. 'In these scolutions,
polarization studies were carried out with an electrcde having a
smaller surface é:ea. Fig. 2.3 shows an illustration cof the
‘

electrode used; it had a radius of ca. 0.05 cm. The maximum
curren%g cbtainec were < (.2 mA and the calculated IR-drdps were
less than 6.2 mV.

In cyclic-voltammetry experiments, the currents normally
increase with increasing sweep-rate. The maximum currents o?served
were less than 0.6 ma for solutions useé in this work so that IR-

-

drops were less than 5 mV. Appreciable IR crops leaé to distortion

-

Q- cyclic-veltammetry profiles since the I value is continuously

varving.

h

we see that the effect of uncompensated resistance can be



neglected ih most aspects of the present results.

2.2.6 Scanning Electxon Microscopy (SEM)

A substantial variety of morphologies arise in Zn
eleCtrodepositiSn and dissolution studies. Therefore SEM is a
very uséﬁul tool for directly observing the state of an electrode
surface before and after electrochemical experiments. A Semco
Nanolab (model 10) SEM was used, where the magnification could be
. varied from 1l0x to 100,000x.

The very large depth Qf focus and high resclution are the
major advantaées of SEM. The low-energy secondary electrons that
are emitted from the surface are collected-and focussed for image
formation. Therefore a point~by-point image of the specimen
sufface is built-up on the viewing screen. This gives rise to a
remarkable *three-dimensipnal" effect. Also magnification can be
varied continuously, without refdcusing being necessary.

However, unlike in-situ electrochemical methods used, this
1s necessarily an ex-situ technique which requires transfer of the
electrode from the solution to a high vaeuum environment in the
instrument. Removal of an electrode from solution eliminétes the
potentgaijﬁbntrol reguired to ggnerate a definite gtate of the
.surface. Also it ;s'possible that reqpvai of solvent could.result
"in the collapse of porous film structures with a conseguent change
in composition and state of oiide films-due-to the removal of
hydrate water: These are some disadvantages in the use of SEM in
electrochemical studies but they are rather trivial in comparison

with the great advantage of direct "visibility" of the surface
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morphology, provided +the above points are kept in miné in

interpreting SEM micrographs.

2.3 Cell and Soluticns

»

The all-glass cell used in the electrochemical studies of

-~
'

passivation of In is shown in Fic. 2.2. It was of the conventional
three—cogpartment design, with electrolytic contact between the
working-electrode compartment. ang tﬁe reference electrode being
maintained via a Luggin probe. The counte:-elect::odé was placed
in a compartment connected to the cell by means of a glass stop-
cock. The same cell was used for experiments using r tating-déisc

electrodes but the cell top was replaced with a 1id as show= in
Fig. 2.2.

Glassware used for the firse time was washed by soaking
Overnight in fresh chromic-~sulphuric acid mixture. lIt was then
rinsed several times and scaked in doubly-distilled water. Afrer
it had.stooé overnight in water, it was then scaked
Cconcentratec E,S0, for the same length of fiﬁe, followed by
washing ancd standing again in doubly-distilled water.

all solutiéns wWgre prepared Ifrom "AnalaR" grade chemicals in

doubly-distilled water. Since oxvgen is chemically reactive with
Y ¥g 3

_ \
many substances and can be reduced electrochemically, solutions

»

were freed from oxygen by bubbling nitrogen gas through the
solution in the cell Prier to, and during, the electrochemical

reasurements.

Nitrogen gas was purified by passage through a cenventional

]20’

gas train which consisted of dehydrating agents, molecilar

sieve (4A type) and magnesium perchlérate-caleium chloride mixture

41
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for drying ancé then through coppe turnings at 625 X for remeoval

of cxygen. The copper surface was per "cally regenerated by
heating the copper turnings in H, gas. The last traces cof

.

impurities were remcved by passage ¢f the gas fhrough activated
charcoal traps cooleé in liguié nitrogen.’

All the electrochemical experiments on In were carried ;ut
at room tem?erature, 298 X. The pE's of the sclutions were

measured with a Fisher Accumet pE meter (mocel 620} ecguipped with

2 glass electrode.

2.4 Blectrodes

2.4.]1 Reference Electrode

. All potentials were referred toc a platinized P=/E

HH

nl
o

reversible electrode in the same solution. This consisted of a
platinum~gauze electrecde which was platinized according to <he
method recommended by Feltham and Spiro ~“-. Hvdrccen cas was
bubbled near the electrcde to set up the Ez/u+(§20) equilib:ium at
the electrode. The hydrcgen gas used was also sL:;:;ec _the same
way as fcr niltrogen but was catalytically- decxygenated by passace

throuch a furnace ccntaining palladized astestes az 725 X instead

2.4.2 Counter Electrode

A platinum cauze having a large surface é:ea was used as the
counter electrode. 5 ‘ ’

Platinum gauze electrcdes wsed as.counter and :efere:ce
electrodes were prepareé aé follews: about 3 c¢cm of Pt wire and 2

piece ©f Pt gauze were "degreasecd" cvernight in refluxing acetcne

and thern spet welded tc a much longer Ag wire. A thin capillary



N

of soft élass was first fused on to the Pt wire, the glass beagd
that was formed on the wire was then sealed, into 2 drawn-down
Soft-glass tube which had been prgviocusly cleaned, leaving about’

1.5 em Pt wire protruding beyond the glass seal. Finally the Pt -

-
P——

auze was spot-welded on to the Pt wire. Reliable. seals cannot
- - ™~

made in Pyrex glass tubes.

2.4.3 Working Electrode -

It has been shown by many workers that soft metals must

be treated with care to avoid changigg\iiiir surface structure

during electrode preparation. A low-/ Buchlerigsomet diamond

.
saw was used for cutting electrode samples from longer Zn rods.
Mechanical polishing of Zn was avoided in the present .work since
polishing material c¢an become embedded in the Zn surface; also
. '
distortions produced by mechanical polishing can be propagated to
a depth of 20-100 times that of a deepest scratch. Therefore more .
in me;al must be removed from the surface after a mechanical
polishing step. One way of doing this is to etch heavily in
acids. The effect of mechanical pélishing.on zinc surfaces will
be discussed in more detail under the topic-of electrodeposition
©f Zn in chapter 6.

Several different electrode preparations were studied in the

course of the work.

2.4.3.1 polycrystalline Electrodes

Polycrystalline Zn wire, obtained from Metco Canada Ltd.,

(diameter 0.3 cm, purity 99%), was set in a glass tube with epoxy
- g

acdhesive (2216 3/A tvpe-3M company) as shown in Fig. 2.3 . The

P,
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Polycrys- Poxwzys—.
“+—tailine > ¢ talline
Zn . Zn
«—Shaft ]
7 2 5 " : '
; ; 20oxy —5 g é—'l‘poxv ? VIR Porverys-
2114
? / J/ //‘ / /////// .é--lne Zn
' —(Glass
2 A b L(QOOI Face)
1 2 3

. a) used in most experiments :
1 Polycrystalline Zn electrode . : . L
T "~ b) used in certain steady-state polarization
2 Single-crystal Zn electrode experiments

3 Rotating-disc Zn electrode

Fig. 2.3 Working electrodes used in dissolution and pas-

sivation studies on Zn..
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(&)

(B)

After cutting by the diamond saw.

After etching in 48% EBr acid for 8 s.

-

After electropolishing in H3PO4 and EtOH (1:1).
Single-crystal - {0001 face) cleaved surface.

Annealed surface at 423 X.

Polycrystalline electrode after standing in water
fer 3 h. '

(

(0]

) and (F) - see following page. 4
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. sealed electrodes .were, then cut using the diamond saw ‘and either
etched in acid or polished electrochemically in a 1:1 mixture of
I;I3PO4 arld EtOE in order to obt‘ain a clean mirror-like surface as
Eiescribecﬁ by Jacguet 1:22-.

Most og' the experiments were carriad out with
polycrystalline electiodes etched in 48% ag. HBr for 8 s folleowed
by thorough rinsing with doubITy-distilled water. In Fig., 2.4 are

shown some SEM pictures of polycrystalline zinc electrode”

surfaces: after cutting, being etched in ag. EBr and being

electropolished. More details the morphologies of etched

surfaces in. different acids will be_discussed in chapter 3.

/ 2.4.3.2 Single—Crystal (0001 face) BElectrode

Single-crystals of 2Zn, 1.3 cm in diameter, were obtained

érom Atomergic Chemicala Corp., N.¥. . Surfaces with orientation
parallel to the basal plane were obtalnecﬁby coollng the crystal
to liguid nltrot/en temme*a;ure and mechanlcallv cleav:.ng it to
/exoose a (0001) plane. The resulting ca. 2 mm thick wafers were
then mountea on polycrystalline electrodes preoared described as
in section (3.4. 3 1).. Electrical connections were made using
conductive epox/y {Acme E-soider No: 3022). ?ig. 2.3 shows the
single-crystal electrode used and an SEM plctur,. cf a cleaved

surface is g.u.ven in Fig. 2.4D.

2.4.3.\3 _Rotating—Disc Electrode ) h

‘The structure of the rotating-disc alect*ode ia shown in
Fig. 2.3. @plece of Zn, OA; cm in dlameter, obtained from Metco
Canada Ltd. was pressed into the brass hqlder and then allowed to

set in epoxy (Araldite) for 48 hours in a glass tube. The sealed

]

&7



ot

electrode was then cut with a diamoné saw tc give a flat surface

which was then etched in acicd.

2.3.3.4 Annealed Rlectrodes

A polycrystalline In rod, 1.3 cm in diameter, obtained frem
. , .

.

tomergic Chemicals Corp., was sliced with a slow-speed c&iamend
- .
saw. The resulting 2 mm thick wafers were electropolished in I

| =7
[

E3P0, anéd EZt0E mixture andé annealeé a

v

rt

423 X and 673 X

[

~émperatures in an E, atmosphere for 2 houis, Zollowed by slow '
cooliﬁg Lo room temperature. Finally,. these Zn samples we:é
mounted on to the polverystalline roé electrode in the same way as
cescribed above for the single-crystals.

All electxgdes were rinsed with doubly distilled water
beforé being transferred into'the experimental relectrolvte.
Rinsing of the 2Zn electrodes with water should be done rapicly

' ™
because their surfaces could become covered with zinc oxide or
hydréxide 1f they are allowed to stand in water for a pericd of
time. Fig. 2.4F shows the surface of the electrode after standing

in water for 3 h. -

Surfaces which were to be examined under SEM were cut with

the diamond saw and specimens were first washed thoroughly with

Py

distilled water, then by-gthanol and prepared for examination in

the SEM iqstrument.

.

2.5 Surface Roughness Pactor

In order to make quantitative studies of growth of very thin
films, it is of importance to know the true initial area of the

. Q -



metal surface. The true area often appreciably exceeds the

corresponding apparent geometrical surface area becanse cf a

certain degree of "roughness". There are a number of metheds for

cetermination of the roughgess factor, i.e. the ratio of the true

tC the apparent surface area. One me*hod that ha? been used i

electrochemical studies is the measurement of extent of adsorption
cf-scme reference substance, an organic cdye of known molecular

size for example. Cn the other hand, the real surface area of a Pt

L
bl

electrode can te accurately obtained by integration of the
current-time curve for the HE-adsorpticn peaks in a cvclicg-

veltammocram obtained e.c.

-

' 4
:
o
q
wm
“

2G¢. E5504 sclution over the
poctential rancge +0. iV o +0. 05 V vs a hydrcgen elgiprode, asguming .
-fat 2 monclaver of acdsorbed = requires a charge of about 210 uC
em™? of real surface area for its deposition or icnization.

Sowever, this methed cannot -be used for the cete*mlnat;cn of the

trie area c¢f In electrode surfaces.”

,1232

W3

Sowden and Ridea calculated the rouchness factor of

electrodes ov assumﬁng that the double-laver capacitance for a

Hh

C

ot

very carefu lﬁy poclighed surface is approximately equal to tha
mercury on the cathedic side of the potential of its zero charge

because the ropughness factor is very close tc cne. ‘ o

L}

In the present work, the double-laver capaéitance'was

measured for polycrystalline etched surfaces and +the single- -
crystal (0001 face) cleaveé surface by the galvanestatic transient ’
technigque. When current is revewsecd from a constant cathodic

"
value to a‘constant anodic one, the over otenblal first rises

.f‘

rapidly due to charging of the double—layer. Flg.'2.5 shows the

-potenti l—tlme curve obta*neo for the single-crvstal surface. o
-~ - - /

49 ‘
/



..‘"

C)

N
-045H
> . -
T
-
- >
- W
o-sT t
0 o1 -2 o3
~“‘t/s v
- j
(b)
-
-0-5-
> slope = 10.8 V A ;
S
e .
b
Lad .
-o.7y-
e 0-05 0-10 0-15
t/s '
Pig. 2.5 CGalvanostatic péla:isation E-t curves for measureﬁ%nts

>

s

of doubleeslayer capacitance for In
at pH 11.5 at 50 uA current {298 K).~

(

!

Single-erys+tal(cleaved) surface of area 1 13‘c5'2-

50

n 1M Nazsou soluticn

a)
(v) Unetched polycrystalline surface of:area 0.07 ca”?

LS



(4]

]
Double-laver capacitances calculated fro these experimental

results are'given in Table 2.1 . It can be seen that the values
L

of double-layer capacitance cbtained for the cleaved In electrode

surface (22 uF cm™2) are i?f§bQ§ agreement with that for a mercury

electrode>2% on the cathodic side of the potential of zero charge,

Viz. 20 uF cm~2. The

el

in the absence of specific adsorption of ions

roughness factor of an etched 2Zn surface was calculatec assuming

-

that the roughness factor of the cleaved Zn surface was close to

’ -

one. It was found that it is difficult te obtain etcheé Zn

-

surfaces having exactly identical roughness from one specimen to

another. The roughness factor varied between 2 ancé < for a ZIn

(g

’ l._e

polycrystallire electrode etched in 48% ac. HBr for 8 s

. . . -~ - : s
condition used for preparaticn of most of the zn surfaces employed

in much of the experimental work in +this programme ¢f research

2.6 Current Densities and Densities of Charge per cm=2 for Oxide

Film Formafion and Reduction

In cyclic-voltammetry experiments, the voltage in the sweep
is itself varing linearly with time. aAn i VS E curve can therefcre
be regarded as i vs t curve for formation and reduction of the

oxide films which develop on Zn over an appropriate potential

range. The charge for the oxide film formation or reduction

{r e
pProcess can be obtain%? by estimating the area under the oxidaticn
and reduction i vs E curves®. This i¢ one way of measuring, quite

accurately, the amount of charge reguired +to form

electrochemically a mondlaver or more of oxide on metals.

*' A small correction is made for the charge (C.A.E) recuired to
change the charge held in the double-layer capagitance over the
voltage range, AE, of the cyclic-voltammetry experiment. ror

“thick film formation, as here with Zn, this correction is cuite

small, ca. 1%. 51
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Y

In this work, the areas under i Vs E curves were measured by
using a planimeter. Charge densities (C cm;z) for film formation
were calculated using the true surface area of the electrode,
taking the roughness factor f?r certain of the 2n electrodes as 3
(see above section 2.5). o ' . /

Current-densities quoted in the present work are defined as
current divided by the geometrical area in cm2, since the.real te

apparent surface area ratios cou*.}d not always be easily or

s&\
reliably cetermined. ’3
7
) 4
f, /
g
o x
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CHAPTER 3

! Cyclic—Voltammetry Experiments with the Zinc Electrode «

~

3.1 Introduction

This chapter presents results obtained by the cyclic-

voltammetry method ( see. section 2.2.2.) applied to the

investigation of the processes of formation, disscluticn and

breakdown of passive films formed on zinc from acuecus solutions
containing bicarbonate, .carbonate, sulphate and chloride over the
PE range 7.5 to 1l4.

-

Since cyclic-voltanmmetry has been emploved extensivelyin

this work, a brief account is given below about the type of

results that are expected from the use ¢f this methed.

. {MH\\\\

3.2 Sweep—rate Dependence of Current and Potemtial

3.2.1 General

The charaéteristic‘current response behaviour in cvclic-
‘ythammograms has been evaluated in the literature fbr various
types of réactions. Two principal conditions may arise, as with
any electrode process: -

(1) ‘The electrode :é%cgion behaveé-kinetigally in a

- .. reversible or@Eh irreversible way and a transiticn

between these kinds of behaviour may take place

> ) depending on reaction conditions (e.g. potential,
sweep-rate, temperature).
(2) the-rate (or current) of %<he’electrod® reaction is

‘/ ' . . -

54 . {
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_either activation (i.e. reaction kinetic) or
diffusion-controlled.

In the first case (1) .reactien kinetic control may involve a)
direct dissolution of the metal into 761ution cr ceposition from
ilonic ‘species in solution or b) formation or reducticn of a
surface film, e.g. of an oxide of the metal. We shall refer to
the latter type of reaction as a "surface £ilm" process cr

briefly -as a "surface" process.

3.2.2 Diffusion—Control

A simple charge transfer process, O + ze = R, mav behave

reversibly or irreversibly. In the reversible case both backward
e

and forward reaction rates are identical or at least comparable.

The rate of electron transfer is sufficiently rapié at the

electrode surface, that the potential can then be related to’ the

concentrations (activities) of o;éaized [0] ané reduced [R]
species of the redox couple by the Nernst equation:
£, = =, +XT In [0]/[R] ~ 7 (32).
' zF
where E, is the standard reversiblé potential.

The fdnéamental equations for linear potential sweep and
cyclic-veltammetry experimental conditions, where @iffusicn plays
a role in the observed-kinetics, have . been developed by
N;cholson and Shainlzs—and by Delahay %?6 and oﬁggrslz7’128. éor

a diffusion-~controlled reaction, -the current I is linear in the

- square-root of the sweep-rate (s) according to the eguation

I = zFaC,(vDa)}/2.¥(at) | (33)

-

!



where C, is the bulk“goncentration of reactants, A is the area of
the electrode, D is the diffusion constant and X(at) = ZFst/RT =
(zF /RT)(Lt ~1) is a generallzeo function. The function wi/2

X(at) and hence the current, depends ©n potential and gives rise

to a maximum. At 298 K .
w‘]‘/zxp(at) .4463 (34)

for A in cmz, D in cmzs-l, Co in mol em™3 and s in v s~i.

Then ‘ _ .
I = (2.59>c105)z3/2Dl/231/2co a © (35)
and ’ |
B - By = (-56.5)/z av | I(|36J

where ED and 2 Zps/2 are the Dotentlals at the peak current (I ) and

half-peak current ( 0. aIp), respectlvely.' Thus, for the

reversible case, E;, is independent of Scan-rate andé I, is
proportional to si/2, B S
.

For the irreversible case, potential is determined by a
Tafel type relation invol\ g & the charge-transfer coefficient
for the electrochemical actlvatlon controlled lncerfaCLal

reaction. The current is then given by:
=.2FAC_(7Db)1/2 X (bt) : 37

where b is analogous to 2 , but applles to lrreverSLble charge
transfer accordlng\\o bt = ¢ zFst/RT. Agaln the I vs. profile has

the form of a curve exhlbltlng a maximum (peak) current, I,

given by: ..

Tp = (2.99%10%) (az )1/ 2zn¢_pl/21/2: (38)
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, \
where 25 1s the number of electrens involved in the rate-
determining step and ¢ is charge transfer coefficient. The
units are the Same as for I, as specified above eqgn. (35) and

the peak potential is given under these conditions by:

Bp = Eyyp - 2.3RT/0zsF [0.52 - 1/2 log (2.3RT2/xzFD)
- log kg + 1/2 log s] (39)
where Z) ;5 is the hali-wave potential and kg is the specific rate

constant at the stancdard petential. It is seen frem ecn. {39)

that the variation of .E, with log (sweep-rate) is an indication

kiretically of the departure of the system from equilibrium..

profiles cdiffer

Therefore reversible and irreversible I vs

1y

e

ot - 1 \e 2s . :
somewhat in shape-<°, corresponcing to differences in shapes of .

polarographic curves for reversible and irreversible conéitions:

3.2.3 Surface Reaction Control

Here a 'simple surface process X~ + M - MX + e is
considered where X~ is a_ solution species with activigv -a ané MX
- ) ‘ - :
1s an adsorbed electrodepcsited species. The activity of MX Is

muir

3
O
H
L‘i
fu
6]

u}

taken as equal to its fracticnal coverage, .

adsorption behaviour. The fraction of free metal sites is egual
S 3
to (1-E.). Note, the film at Coverage &, may not'be distributed

randomly but in islands: then the Langmiir treatment dces nct -
apply. ' L e \

The ad-species_  is deposited at the electrode at a: rate

: . & : . X
broporticnal to the free surface site fraction, 1 ancé th

11}

_3}{'

o

backward reaction takes place at a rate creportional to T(; alsc

ho

. | 57 . .



the reaction is taken to be potential-dependent with the usual
Butler-Volmer factor ‘exp (an F/RT), i.e. the Tafel exponent.

In the reversible case, the current I can be wWritten

I=0q. klcx{L-QgexpanF/RT- k_lcx@xexp—(l—c)nF/RT I - (40)

where Q. is the charge required for formation or desorptlon of a

monclayer, k; and k -1 are standard rate constants for. the

reversible potential and n is the overootential. The second

C-

term is negligible in the irreversible case, since ki >> k_ -1 OT

anF/RT>>1. &
The ecuations for dependence of current and potential on
sweep~rate for cvcllc—voltammograms of a simple surface process

were derlved bv Srinivasan and Gileadi 129

“For a hlghly reversible adsorption precess, expressing fhe
rate ihﬁterms o? current density i, the peak value of i} ip is
. given by:
ip = (QuF/4RT) s (41}

Wlth \

s

o

“RT/ Fln ky . (42)

and also the pseudocapacitance C¢==Q de,/én is given by i/s .
For a hlghly irreversible reactlon, where the net rate of

the process is nearly equal ‘to its forwara rate,

[
]

o 1/e (QF/RT) s ' (43)

and /

S j
By (RT/eF) 1R s + (RT/eF) 1n (Qp*F/k;RT) (42)

The peak @otential, Ep, varies with log s (as is also the case

r—-\._’
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for dlffusaon control, egn. (39)) rather than belng lndependent
©f s as in-the case for a revers;ble process.  Also ip for an

1rreversrble process is lower than for a correspondlng'rever51ble

‘one and the i ¥s E profiles differ somewhat in shape for

'rever51ble and irreversible conditions (for the former, the i vs

E curves are symmetrical).

A result that is important for the Present work is that Ip'

for a surface process is linear in sweep-rate but is square-root

in s for a diffusion-controlled process.. Sometlmes mlxed-control

s . . <
is observed as in some cases encountered in the Present work.

-

Also multilayer oxide film formation is found to arise under most

conditions but if the Quantity'of oxide involvedrin a series of
measurements, at various sweeo—rates is constant, the same result
that Ip is llnear in s is found. This type of behaviour will be
referred to as’ that of a "surface process”.

3.2.4 Camlications due to'Prefand Post-Electrochemical Reactions

The overall reaction for Zn dlssolutlon/pa551vatlon must be
more compllcated than the simple lrrevers1ble/rever51ble
electrochmical adsorption reactlon, based on the Langmulr'

“-\

adsorption isotherm, shown above. The overall process can be. -

composed of several stages. chemlcal or electron—transfer steos,

-and also product species may be either adsorbed (depos;ted) or

transferred dlrectlyflnto the solutlon phase without adsorption
(deoosxtlon) Also multilayver film formation takes pPlace under

-

-~

some conditions, as will be shown later.
V. N

More complicated models invelving other isotherms have been

Rt



proposed by Kozlowska, Conway and Klingerl30 and by Laviron!3?l in

the case of'2-dimensional surface processes. nglahayl32 has

.

considered various cases for the regime of diffusion control in

different kinds of treatment of film processes; Calander et

al.+33 proposed a "pore resistance" model for passivation, i.e.

resistance of the solution in the pores becomes‘the facter that
limits the current and eventually this gives rise to the
characteristic sudden drop in current as the film 1s being

formed. Under potentiodynamic conditions, this situation was

133

shown to give rise to currents that are also proportional tc

51/2’ as with diffusicn-contrecl.

While -monolayer deposition of ZnO was encountered under scme

conditiiij in the present work, in a number of experiments the

‘quantity ©f oxide generated per cm? in a potential-sweep is often

greate£ than that corresponding to a monolayer and the material
can evidently (see SEM pictures{//be deposited in 3-dimensional
s%ruCtﬁres on th? metal surféégj Then the current-potential
profile cannot Ee treated simply in terms of a 2-dimensicnal
a@sorption process according to eqn.. (40) with terms exor 1-Cy
in fractional cecverage by a mbnolayer.‘

Ho;ever, multilager £film formation and reduction also usuallf
givés rise to a current peak whose heiéht {(in current) is often
proporticnal to sweep-rate, as was mentionéd on page 58 but thé
slope of such.a relationwis different from that for -the peak for.
a mpnolayer process. The ascénding current profile for an anodic
film process fcllows a Tafel law (moedified sometimes by the

." '
resistance of the oxide £ilm) invelving the free surface fraction

—

of the metal that at any amount is determined by the extent and |



gecmetry of the film growth. Eventually, when the free metal
surface fraction approaches 'zero, the Eurrent 1s rapidly
diminished to almost zero (passivation). Hence a peak current vs
potential (time) relation also results. Scme anodic film growth
processes may start with formdtion of a monolayer which then
becomes‘extended.to a multilavey film.

Similarly, for reactions of a multilayer film, the current
initially increases exponentialiy in the (cathodic) sweep but

finally declines to zero as reducible material of the film runs

-out.

3.3 Experimental Results

Typical cyclic-voltammogramé for dissolution, formation and
reduction of the anodic film formed on zine i; 1M Na,CO3 and 3M
NaCl #olutions at pE 1l.5, and the notation used for designating
the peaks, are shown\ in Fig. 3.1 . Depending on the nature of
the electrode_surface, electrolyte anéd pH, between cne, two or

!
three current peaks are observed in both the cathodic and anodice

.
sweeps. .

The difference between the cyclic-voltammégrams for zine in
1M Na,CO3 (Fig. 3.1a) and 3M NacCl (Fig. 3.1b) at the same pH is
obvious: in 1M Na,C05 solution, two anodic peaks (A; and As) ang
Ta plaﬁeau region which includes the third; flaﬁter peak (A3) was
observed, whereas in 3M NaCl solution a -sudden rise in current is
seen at about -0.15 V more positive than the first anecdic peak
A; which usually appears around -0.38 V Ey for both solutions.

The A, and A3~peaks appear arcund -0.07 V and +1.7 V{
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respectively.

In order to study the relationship between distinquishable
anodic and the corresponding cathodie processes over various
ranges of potential in the sweep, the upper limit of potenﬁial at
which the anodic sweep was feversed was varied in successive
sweeps (the so-called "cutting" eépériment where the range of a

Sweep was successively cut or increased). Examples are shown in

the next section. T

3.3.1 Sweep Reversal Studies

Fig. 3.2a shows the cyclic—vol;ammogréms obtained for 2zn
in 3M K,CO3 and Fig. 3.2b those.for’Zn in‘BM NaCl‘solutiép with a
progressively increasing potential limit in the anodic sweep..
Reversal of the anodic sweep at potentials more positive than the
peak potentials Ay and As gives.rise to the rédugtion peak C;.
When the anodic sweep wés reversed in region-A3, the cathodic
peak C, was observed. In the case of 3M‘NaCl solution at pH
11.5, peak C;3 became evident if the forward (anodic) sweep was
reversed just after the sudden rise in current. Sometimes in
carbonate solutlon a small reduction peak appeared before the C,
peak. ' The behav1our of the current peaks Cy and C, will be

discussed in more detail in section {3.5}).

3.3.2 Current Peaks A, and G

A more detalled study of the current peaks Ay and <1 (Flg.
3.1la) is helpful for understanding the ear l» stages 1n the

passivation of Zn in alkaline solution.:
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Current vs potential profiles for Zn in the range -0.6 V to

=0.2 V with different solutions and at various sweep-rates were

generated. Table 3.1 lists the potentials of the current maxima
for the Ay and C) pegks (Fig. 3.la) at a sweép-rate 0f 100 mv s~1
in various sclutions. Fig. 3.3 shows a typical cyclic-
voltammegrars obtained over tr;is short potential range 'at various
sweep-rates. It can be seen from Table 3.1 that the: peak
potentials do not depend aspreciably eon the electrolyte when tH
PH is between ll.Sland 13.3.

The peak A; could be due to formation of an hydroxide or
oxide of Zn. Several fbrms of hydroxides and oxides have been
identified and aspects of the chemistry of these compounds were_
discussed already in chapter 1 {section l.l1.l. and 1.1.2).

While it is recognized that some inherent danger exists in
comparing cyclic-voltammetric peak potentials with thermodynamic
equilibrium potentials, it is nevertheless a useful procedure
wh%ch provides a'chéck on the viability of a propcsed
oxidation/recduction mechanism. We now consicer scme data, on
this bas;s, below."

The reversible potentials for amerphous mﬂOszftne mose
unstable form and, for that reason, the most soluble), for :=-

*

in(OH); (the least soluble and the most stable hyéroxide) and for
inactive IZno, were calculated, using zhe eguilbrium constants
given in Table 1.2.

The reaction egquations and correspending Nernst relations are

-as follows: .

in {s) + H,O = In0 (s) =+ ZH* + 2

65



Taﬁle 3.1

and C, Peaks for Varilous Solutions

Peak Potentials of the A

1 1

l. Peak potentials given above are for A

Fig. 3.1a) in CV's at a sveep-rate of~100 mV's .

2. Peak potentials at a constant pHE, e.qd.
pendent of the anions present in the soclution.

66

Solution pH Potential range{lv E /V Ep/V
(s = 100 mV s °) (AyPpeak)} (C1 Peak)
3M cho3 13.3 (-0.530)=(-0.254) -0.362 -0.432
1M K,COy 13.0 (-0.615)=(-0.232) -0.371 -0.460
0.1M NacH 13.0 (-0.657)=(-0.232) -0.350 -0.450
1M Na,C0, 11.5 (-0.618)-(-0.218) -0.350 -0.454
1.0M Na,CO,
+ 11.5 (~0.648)=(~0.192) -0.353 -0.548
2.0M Naci
0.1M Na,CO,
+ 11.5 (-0.625)-(-0.219) -0.349 -0.47S
0.5M Na,S0,
1M Na,So, 11.5 (-0.634)-(-0.230) -0.348 -0.481
34 NaCi 11.5 (-0.643)-(-0.243) ~0.353 -0.488.
1M NaHCO, 7.9 (-0.592)-(-0.291) -0.397 -0.470
Notes

1 and Cl E?aks (see

are inde-
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- 06 * -0-4

Cyclic-voltammtry i vs E profiles for a polycrys=alline In
electrode in 3M NaCl solution at PR 11.5 with variablen

sweep-rate.

Sweep-rate varies from 300 mV = to 2

-
essive 20 mV 5 © deercase of s.
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Ep = (-0.429 - 0.059 pH) V

Zn (s) + 2H,0 Zn(OH)y 4. *+ 28BY + 2 (46)

ER . = (-0.394 - 0.059 pE) V

Zn (s) + 2H,0 €-Zn(OH), + 2HT + 2e . (47}

Eg = (-0.422 - 0.059 pH) V

In the present work, potentials E are :eferred toc the
feversible potential, Eg, of a Pt/HE, reference electrode in the
same solution. Therefore the reversible potentials thus derived
for 2Zngc, Zn(0E), am. and ©=Zn(0H), are -0.429 Vv , -0.394V
and ;0.422V, respectively. ' .

On account of their amphoteric character, 2n0 and Zn(CHj4
dissolve iﬁ alkali to form zincate. The data gi#en above are
valid only for conditions (ionic strength I = 0) for which the

respective compounds in the sclié form are at equil

'J
U
H
'J
[
H
)
}_J
ot
mr

species in soluticn. Even though the solid phase that is formed
at the electrode is unstable in the alkaline media ané tends =o
dissclve as soluble zincate, a passive laver is alwavs maintained

"in a Steady-state on the surface of the polarizec electro

$h
(1M

-

(depending on pE) since a finite oxicdation rate is imposed bv the

1et current passing. In such cases, the potential of the

electrode is determined by this surface £ilm in relation te the
anodic current passing.
Cxication of Zn and reduc-ion Qf TrnC commeaces at -(.468 V

anc -0.343 V, respectively, in IM NaCl solution at pH 11.5 (Fig.

.
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the feet of the A; and Ci peaks. Therefore it is likely that the

peaks A; and C; correspcnd to the formation and reduction of ZnG

or Zn(OH),. !

3.3.2.1 Role of Pilm or Solution Processes?

It is of interest to know whether the formation of Zro,
Zn(OE),, or both, at peak A; involves direct formation of a solid
film of either or both of these species, or if the film is
generated subsequently from zinc dissolved anodically as zincate,
i.e. a dissoluticn/precipitaticn process occurs.

Cyclic-veoltammograms for both processes will be somewhat
similar i the sense that'cugrent peaks are generated: however,
the dissolution/precipitation type of process will give rotation-
depgndent chaiges under the peaks and anodic/cafhodic charge-
ratios will.be > 1. The effect of both rotaticn and sweep-rate
en charge under the anodic and cathedic peaks thus provides
useful information for answering this question.

In a process invelving £ilm formation or recducticn, since
he consumable reactant quéntity is fixed (determined by the film
coverage and/or thickness, assuming 100% current efficiency) the
charge under a cyclic-voltammegram peak, Q, is given by Q =jIct =
KI/sjdE and the anodic/cathoéic charge ratio, Q,/Q.s 1i-e. the
ratio of the charge passed in the anodic peak, Qas to that in the
cathodic peak, Q.r is close te unity and will be independent,

ideally, of s.

However, in a preoecess iavolving initial dissoclution followe

o9

by precipitation of the sclid oxide or hvdroxide phase, the
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charge ratic; Qa/Qer may vary with sweép—rate, but'thus Qa/Qe is
found to be close to unity at higher sweep-rates and gréate; than
one at lower sweep-ratés. This arises because, at lower sweep-
rates, any soluble productfsf cf oxidation of Zn have time to
remain dissolved in the electrclyte and diffuse into the bulk
solution. Therefore only a fraction of the cxidation product
will be available for reduction at the elect.ode in a following
cathodic sweep at low sweep-rates. These effects will be
modifﬁed by mass-transfer, as at a rotating disc electrode - a
situation that was experimentally investigated and will be
discussed later. :

Another common case where the recuired charge under a CV
peak can depend on sweep-rate should be noted: it is wﬂen mass~».
transfer of reactant(s) +o the elect:ode'determines‘the current;
then reactant material is ccnsuwed from the diffusion layer,
eventually cdepleting the soluticn cempletely at the electrode.
interface. The charge under the I vs E(t) profile thern inqreases

with decrease in s because there is more time for reactants.t

diffuse to the electrode surface at the lower sweep-rates.
-

The charges passed for the formation of zine oxide or
hydroxide, and its subsequent reduction, were calculated from the
[ i8¢, areas uncer the respective peaks for various sweep-rates..

Results are summarized in Table 3.2 for the series of different

Sweep-rates used. In strongly alkaline electrolytes, the charge

-1 ', - - - .
200 mV s7*); however, as the pH is decreased, dissclution of +the

£ilm only becomes important at slower sweep-rates (< 20 mv s -),

-

i.e. when there is more time during the sweep for dissolution +o

~]
o



o

occur. ' ’:’..

v

Two distinguishable mechaﬁisms of film formééion coupled
with diffusion can be: i) a regular dissolution}pregipitation
mechanism where dissolution of the metal as solugle_ions oceurs
with d%fquion of these -ions into solution an&i;after some
transitionfgame corresponding to formation of a bouﬁéﬁfy\lgxgr,
precipitation of oxide or hydroxiée 6ccu;s; ii} formation of an
oxide film at the metal/soiuti6h in£é¥face by direct

electrodeposition of O~ ions with growth by field-assisted

diffusion of ions in the film (Mott-Cabrera mechanism) coupled.

red

with dissolution of the oxide at its external surface by reaction
with OH™ (at high pE) to give scluble zincate ions which diffuse
away. A steady~stéte oxidation rate can eventually be set up
when the rates of the tw? processes “ecome equai; Boéh the types
of pfocesse% (1) and (ii) will be pE dependent owing to the
inflﬁence of pH on solubility of 2n épecies.

\\\\?rom theAaboée results it can be concluded that the
reactiéns taking place at peaks A; and Cl éorrespOnd more to a
film reaction involving solution diffusion processes than to

direct formation of a film by electrodeposition of OH.

" 3.3.2.2 Thickness of the Anodically Pormed Films at Zn Electrodes

From the evaluatedé charge under the peak Alr it can be
decided whether the thickness of the oxidation product, zinc
coxide, corresponds to a monolayer or multilaver, assuming that

the product formed does not dissolve and then diffuse into bulk
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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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Fig.
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0.00 0.60 1.20 1.80 2.40 3
log s(mv s=)
Log ip ¥s log s relationship for peak Ajin 0.1M

Na,CO + 0.5M Na2504 at pH 11.2 for polyerystal-
ine Zn electrode, of apparent area (.07 cm?,

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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Fig. 3.7
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NaySO; + 0.03M NaoHPO, at pH 11.5 for polycrystalline
Zn electrode, of apparent area 0.07 cmz, etched in

HBr.
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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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~
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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
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/ .
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

g T 153



“
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
|

, . - 154
~ _ > | -



i /mA cm-?

1090

HRHS

o]

Gl

1
i+

i IR

il

B

it

iy

i

i,

o

——rerr el

i HHERHARLY B

T [RI R o

Hihhat 1 B

R T R ]
TR Y g [ S [ IR P
i g ] il i g e
Hittasmaihil Y HirHemislk sttt
Hihddntn e il I s
1l il iR e T T P PR FPOI
NN BT [HRIMHT IS 90 BHBHHTH utfji Bt
ittt e R I M M AT e
sisilititdte o R R T T e Hih ]
uf it BT [ Hesl Wikl e tin e ]
T R e L T BT T TR I A ) e S T T
I i HitHY bttt s

R RV eI i a

it it e
S R L T I

i

i

Trstiteresfind

R ARH! Y RRm o

ik itk el il stiand 1 FHIEDE

T T Bl B L I I e
i

FHEM IR DA

il

HRTHHHIN

i ti

e T FE

T
{hiH

it

i i 1

itz e ] !! ﬁ (it i ik
ARG

i

<l

AT

ifttiplh

G T LT I st AT e il
] it Eh b e T Ry niin i
SRR T AR [ BL T A fiipt il
sl i LEITHIEE BT T TS inllidtit
il i e T
il R T ) il y

T I I
L HHHEE
HIE [HHHE e
i i

Ll

Wi

1l [EHE
il

H |
it

1ipadtill
i H

i

T

e

T

Lo

Lo
<

L
b

HT R

Cvclic-voltimm
t2lline Zn ele
tiof at YpH 1.
'va::ouq DRrlog

holdineg ol

N A

tn

[
L
wn

I
s for
- 2 u

~
vorva-
RGLi-
-~
MR
.
= - - .
[+ I s *
L




¥

-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

160
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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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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
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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

179



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
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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).

190



-~

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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4.4 The effect of rotation on the dependence of

leg 1 on log i in 1M Na

11.5.

550, solution at DH
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HBr.
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Ca /mF cm?
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900 rpm
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\.
" Dependence of C, on 1 for polycrvstalline etched
electrode in IM N2,S0, solution at pH 11.5; w=0
“ - .

and 900 rpm. 'Q\\
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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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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
®
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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

-
ks

fter series
soluticn

Vs ot



»

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

———e



/v

1.20

S
o é | ) (i
2 ! }
o l ,

\'-
(@]
& o
o ,O.—-"—_o r—)
o c’o
w
© 1 i
-2-70 -2-40 -2.10 -1.80 -1.50 -1

log i (MA cm?)

teady-state anodic (ascending/descending) po-

larization curve for an etched 2n electrode from

1M Na.Co
G2%Y3

210



H/V

\

! ~
~
- %

| - I.\

f L
o ) k ~
— |
2

L

iy Hﬁ}QD“o\a
o S B
t o o — O— ~o5-0

o0 siope = 33 mV decade
m-—-o""_e'

= O e~
jp]
S

|

|

|

i
= |
4]

o
|l i 1. 1 1 ]
~-2.00 -2.30 ~-1.80 -0.80C - =0.20 0.5C

log i (MA cm™?)

Fig. 5.2 Steady-state anodic polarization curve for an

etched Zn electrode in 3M NaCl at pE 13.5.

211



q

. N\
o .
=
e}
o
CS\
[da)
o 1
g
S AR
< ¥ it
3 4 .
o / T
° =3
l -
o~N ; ~
e Dt O e »
. . ‘m’4r3,£rfv slope = 33 mVJdecade
o ___————O’—4}‘—T4}£P’V
L«? ;
-3.00 -2.30 -1.80 -D.sQ ~ -D.20 .50

log i {MA cm™?)

Fig. 5.3 Steady-state anodic polarization curve for an etched Zn

electrode in 1M Nazcoaat pE 13.5.

' 212 - (\



-
-~

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
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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

225



s

s-Poton-
bt 1 Ome—

ter

e

Y-

e S L
Resisiznice '

box

.

AN
hS

-
-

recoraer

Fig. 6.1 Electrical circuitry emploved in galtg?oqnatic studies

Fig.

F

>y

6.2 (a) Tvo compartment cell and (b)

used In electrodeposi

226

tion

-
>

-
[

Reference electrode

. A

T

(b)

udies.

—_}—

i
Y

A
5/

P clectrods

— Teflon s:-"we

— Tellon Tipa

];— Zn piece

Zn clecirode



-

.

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
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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
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deposition Of
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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
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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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1

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
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Fig. 6.15 Overpotential-time curve for Zn deposition at

an etched Zn clectrode
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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,.

[
un
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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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