- — LBL-28085

UNIVERSITY OF CALIFORNIA

E Lawrence Berkeley Laboratory

Materials & Chemical
o Sciences Division

N

An In Situ Study of the Anodic Film Formation of
Cu, Ag, and Zn in Alkaline Media

S.T. Mayer” and R.H. Muller

*(Ph.D. Thesis)

December 1989

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098.

. T
s

N

]
]
t
b i
1
¥

O3
AdOJ N0

syaam g J
S21€1N341)

1
]
\
L]
]

*bpld

AaedaqgiTl 0

2 Ado]



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-28085

AN IN SITU STUDY OF THE ANODIC FILM

FORMATION OF Cu, Ag, AND Zn IN ALKALINE MEDIA

Steven T. Mayer* and Rolf H. Muller
. \

*Ph.D. Thesis

Department of Chemical Engineering
University of California

and
Materials and Chemical Sciences Division
Lawrence Berkeley Laboratory

1 Cyclotron Road
Berkeley, CA 94720

December 1989



AN IN SITU STUDY OF THE ANODIC FILM

FORMATION OF Cu, Ag, AND Zn IN ALKALINE MEDIA
STEVEN THOMAS MAYER

Materials and Chemical Sciences Division
Lawrence Berkeley Laboratory
énd
Department of Chemical Engineering
University of California

Berkeley, California 94720

ABSTRACT

The anodic film formation of Cu, Ag, and Zn in alkaline solutions was inves-
tigated using several in situ as well as ez situ techniques. These included angular
resolved elastic light scattering, Raman spectroscopy, spectroscopic ellipsometry,
scanning tunneling microscopy, scanning electron microscopy, and x-ray
diffraction. A discussion of the apparatus and theory of in situ elastic light
scattering and Raman spectroscopy for studying thin-film nucleation and growth

is presented.

The mechanisms of film formation were inferred from the observations. The
solubility and conductivity of the oxides/hydroxides formed strongly influence the

morphology and reversibility of the electrochemical reactions. Low solubility
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tends to favor solid-state, planar film growth. However, planar film growth was
generally accompanied by some concurrent formation of soluble reaction pro-

ducts.

Ag,0 formation begins with the production of a planar precursor layer (pri-
mary layer) in which nucleation of three-dimensional crystals occurs after a criti-
cal thickness is reached. The wavelength-dependent optical properties of the pri-
mary layer have been derived from the measurements. After nucleation, a redis-
tribution of material among the growing crystals (Ostwald ripening) causes the
number density of growth sites to decrease. The redistribution occurs via the
transport of oxide material through the electrolyte (by diffusion of the soluble

species) from small crystals to larger ones.

Strong illumination causes the photoelectrochemical transformation of Ag,O
to AgO at potentials where the monovalent oxide is known to form. This
transformation is not a strong function of illumination, and a threshold illumina-
tion energy. for the process was not observed. At potentials cathodic .of the
(dark) Ag,O to AgO reduction, photoelectrochemically produced AgO is not
reduced to Ag,O when illumination is terminated. The photochemically pro-
duced AgO film is chemically or structurally different from electrochemically pro-
duced AgO in that its reduction occurs preferentially via a soluble monovalent

intermediate.

The formation of cuprous oxide is controlled by diffusion. Cu,O is less solu-

ble than Ag,0 and forms a compact layer that does not exhibit three-dimensional



nucleation. The optical properties of this layer have been derived. At higher
potentials, the formation of the divalent cuprite ion from the CuQO film results in
the precipitation of Cu(OH),. When the electrolyte near the interface becomes
supersaturated with the cuprite ion, Cu(OH), precipitates as a fine, needle-like,
porous film. The more thermodynamically favored CuO is formed only at higher
potentials and longer periods of time from the underlying Cu,O layer. At poten-
tials near oxygen evolution, a broad Raman band, which we associate with the
formation of a trivalent copper species, is observed at around 550 ecm™!. Cathodic
reduction of the surface layers is hindered by the limited conductivity of the sem-
iconductive Cu,O film. This layer acts as a Schottky barrier whose resistance

decreases with illumination.

The oxides of zinc are much more soluble than those of silver and copper.
The major soluble zinc species at all concentrations (including supersaturated
solutions) is the tetrahedral Zn(OH);?2 ion. This ion does not polymerize or form
polynuclear aggregates at higher concentrations. Solutions containing silicate
show no new Raman bands, and therefore silicate does not radically alter the
Zn(OH)? environment. The stability of the supersaturated zincate solution is
associated with the slow kinetics of ZnO nucleation, with silicate further hinder-

ing the process.

The formation of a ZnO film by corrosion in deoxygenated, zincate-saturated
solution follows a limiting-thickness growth law whose exact form is unclear. We
suggest that film growth is controlled by the simultaneous diffusion and migra-

tion of ions within the films’ space- charge layer and by the dissolution of the
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oxide into the electrolyte.

During the active anodic polarization of zinc in alkaline solutions, a film of
e-Zn(OH), is formed. The rate of film formation is balanced by its rate of disso-
lution into the electrolyte, and therefore most of the charge ends up as products
in the electrolyte and not in the film. Near the active/passive transition poten-
tial, the diffusion of hydroxide to the metal/film interface becomes rate limiting,
and a film containing kinetically less favored ZnO is formed. The conductivity of
this layer is small and therefore causes a marked decrease in the observed current
once the layer is formed. The e-Zn(OH), layer is removed from the interface by
dissolution beyond the transition potential. The slow rate of dissolution of ZnO

is balanced by its rate of formation at higher potentials.



To the memory of my grandfather,

Michael J. Stewart
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INTRODUCTION

The formation of surface layers has a significant effect on the chemical pro-
perties of most metals in contact with a liquid phase. Depending on their physical
and chemical properties, films can exhibit desirable or undesirable properties. In
many batteries, surface layers are formed as a result of an electrochemical reac-
tion and are used as an energy storage medium. These: films rnay. be porous or
electrically conducting, and they may provide, bothl a stable potential and a high
rate of \charge and discharge. Inert, cémpact thin oxide films can offer a
" significant resistance to corrosion, but their ‘férmation on an electrode can be
detrimental to the operation of a battery. | An improved understanding of the
processes involved in the formation of anodic surface layers is necessary to

predict and control the film properties important to the storage and conversion of

electrical energy or the corrosion resistance of cell components.

In this study the physical and chemical mechanism of the anodic formation
of metal oxide/hydroxide films in alkaline media has been investigated. The
anodic oxidétions of zinc, copper, and silver were chosen because these systems
are of practical interest, are used in a number of battery systems, and vary
widely in their oxidation potential and the solubility of their reaction products,
and becausg film formation plays a central role in controlling the behavior of the

metals. Good physical data pertaining to the chemical and morphological



transformations that occur during anodic film formation on these metals is still
limited. While much of the information on electrochemically formed anodic films
has been derived from electrochemical measurements, our aim was to carry out in
sttu measurements in order to gain insight into the principal film growth
processes and to relate the electrochemical behavior to the film grdwth charac-

teristics.

In the first part of this thesis, a literature review is presented. This part
includes a review of (1) the anodic behavior of copper, silver, and zinc in alkaline
solutions, (2) present electrocrystalization theories, and (3) alkaline battery sys-
tems that use copper, silver and zinc as electrodes. In the. second part éf the
thesis, experimental procedure, apparatus, optical theory, and experimental
results are presented. In the third part of the thesis, the results are ingerpreted

and some conclusions are presented

We have chosen to study the aﬂodic oxidations of zinc, coppér, and silver
because these systems have practical interest and encompass the solubilized-
material and surface-film mechanisms described in Chapter 5. These metals vary
widely in their standard electrode potential of formation and solubility of their
respective oxides and/or hydroxides. Despite the fact that many electrochemical
studies have been reported, there is still little concrete physical data pertaining to
the chemical and morphological transformations that occur during anodic film
formation on these metals. Since film formation plays such a central role in con-
trolling the behavior of these electrochemical systems, our aim was to gather in

situ optical measurements to gain insight into the the important film-growth



processes and to interpret the electrochemical behavior of these systems in terms

of the film-growth characteristics.



CHAPTER 1

ANODIC COPPER FILMS IN ALKALINE

SOLUTIONS: LITERATURE

Section 1.1: Copper in Alkaline Media: Thermodynamics

Thermodynamic data for copper in alkaline media are most conveniently
presented in a so-called ‘“Pourbaix diagram’[Al]. In creating these aqueous
pH/potential diagrams, one must often restrict the mumber of solid substances
being considered to malce the diagram tractable. Further}rlore, thé most thermo-
dynamically stable species may not be formed because of kinetic limitations. Fig-
ure 1-1 shows the Pourbaix diagram with Cu, Cu,O, and CuO treated as possible
solid substances, whereas Figure 1-2 exchanges Cu(OH), with CuO. Cu(OH), is
less stable than CuO and will tend to be converted into the oxide. The free-
energy difference between thesé two compounds is 1.79 kcal/mole, corresponding

to 3.88 mV for a two-electron-transfer process.

There is a minimum in the solubility of both CuO and Cu(OH), at a pH of
around 9.0. Cu(OH), is the more soluble compound at all values of pH by more
than an order of magnitude, with a solubility of approximately 2.1x10~3 M at pH
14. The CuO solubility is around 1.1x10° M at the same pH. Though it is
known that the solubility of cuprous oxide is very low, no values have been
reported in the literature. The only séluble monovalent copper species considered

in the construction of the Pourbaix diagram (Figures 1-1 and 1-2) is the cuprous
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ion, which is known to be colorless. Various divalent copper species have been
considered, but the blue cuprite (CuO4?) and bicuprite (HCuO,!) ions predom-
inate at higher pH. For instance, the cuprite ion is 16 orders of magnitude more
soluble than the cupric ion (Cu*2) at pH 14. However, the cuprite ion is only six

times more soluble than bicuprite at the same pH [A1-A3].

The redox reactions that occur in 1M caustic as the potential is increased are
shown in Figure 1-3. The reduction of water to molecular hydrogen will occur at
a potential of -826 mV vs NHE (line a, Figure 1-1). All potential measurements
in this study were made with reference to a Hg/HgO in 1M KOH electrode.
Since the potential of the Hg/HgO in 1M KOH reference electrode is 98.6 an Vs
NHE, hydrogen reduction occurs at a potential of -924 mV vs this Hg/HgO refer-
ence electrode. The hydrogen evolution reaction is impeded by the reaction over-
potentia.bl on the copper electrode. Copper exhibits an average .(with respect, to.all
metals) overpotential f01; this reaction, and so overpotentials on the order of 100
mV for reasonable currents might be expected. At a potential of -898 mV vs
Hg/HgO in 1M KOH, the cuprite ion, Cu02"2, is in equilibrium with an equimolar
concentration of cuprous ion (line 6, Figure 1-1), but both species have been
reduced to negligible concentration at this pH. The oxidation of copper to
cuprous oxide occurs at -455 mV vs Hg/HgO in 1M KOH (line 7). Cuprous. oxide
can react with water and lose an electron to form cupric ion, and this reaction
will be in equilibrium with a saturated solution of cupric ion at a potential of
-257 mV (line 20). Cuprous oxide will react to form cupric oxide at -257 mV or

cupric hydroxide at -179 mV (line 9). Finally, water will decompose to molecular
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oxygen at 301 mV vs Hg/HgO in 1M KOH [A1-A3].

The eflfects of oxygen on this system are believed to be the cause of the
‘differences of several millivolts in values reported by different authors for a
number of reactions discussed above [A3]. Molecular oxygen will oxidize Cu*
ions, changing the relative concentrations of the cuprous and cupric ions. This
reaction can cause a slow dissolution of the metal. Dissolved oxygen has also
been found to significantly increase the rate of cuprous oxide dissolution [A4,A5].
Under anodic conditions a potential shift associated with this reaction will make
the interpretation of current-voltage measurements difficult. Therefore, thorough

deaeration of the solutions is imperative.

Section 1.2: Copper in Alkaline Media: Kinetics

The oxidation of copper in basic solutions has been studied by voltammetry
for a number of years. Yet, despite the relative simplicity of a voltammetric
experiment, there is a fair amount of disagreement concerning the physical and
chemical processes that cause the voltammetric features. Thérefore, it is neces-

sary to discuss the literature as a whole to ascertain which aspects of copper oxi-

dation voltammetry are clear and which aspects need further clarification.

Cyclic voltammetry of copper has been noted to be sensitive to electrode his-
tory [A8]. There are generally two major anodic oxidation peaks observed for
copper in alkaline solutions (see Figure 1-4). Most authors show the first oxida-
tion peak, referred in this work as the Al peak, at around -350 mV vs Hg/HgO

in IM KOH. This peak has been associated with a monovalent oxidation process
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[A2,A3]. The second anodic peak, A2, associated with a divalent oxidation pro-
cess, has a peak current at around 0 mV vs Hg/HgO in 1M KOH and is more

than an order of magnitude larger than the Al peak at pH 14.

Section 1.3: CuOH and Oxygen Adsorption on Copper

A number of authors have suggested the formation of a CuOH layer prior to,
or concurrent with, the first anodic peak [A6-A9]. CuOH is apparently an
unstable compound in air because no data are available on its properties. Some
investigators have assumed the existence of this compound in chemical mechan-
isms to explain how copper is transformed from bare metal to Cu,O. The litera-
ture is also unclear as to whether this layer exists as an adsqrption monolayer on
copper (and perhaps an intermediate to a dissolution product), or as a bulk film.
The following reactions have been proposed by Haleem énd Ateya [A9] to

account for the formation of CuOH and the transformation of CuOH into Cu,O:

Cu+ OH™ 2 Cu(OH) + ¢, 1.1

2 Cu(OH) =2 Cu,0 + H,0 . 1.2

Because a photocurrent was not observed prior to the production of Cu(Il) species
and an unidentified optical absorption maximum was observed in their reflectance
measurements in the region where the Cu(l) surface species is believed to exist,

Pyun and Park [A8] stated that a film of CuOH exists in equilibrium with the
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Cu,0 film after CuOH is initially formed. Droog et. al. have studied the adsorp-
tion of oxygen on polycrystalline [AG] and single-crystal [A10] copper surfaces.
They found that the reaction was highly reversible and that it can be detected by
ellipsometry at around -700 mV vs Ag/AgCl sat. KCl (Ag/AgCl sat. KCl is +207
mV vs NHE). Two unique adsorption peaks were found and were assigned to the
adsorption of oxygen on the (110) (at -610 mV vs Ag/AgCl) and (100) (at -670
mV vs Ag/AgCl) crystal planes. The (111) surface was ‘found to be the least reac-
tive in the underpotential range, yielding only a broad increase in current prior to
bulk oxidation. The size of the changes in the ellipsometer parameters A and ¥
were both shown to be small, consistent with the adsorption of a submonolayer.
Therefore, the results of Droog et al. [A6,A10] support the notion that CuOH

may form as an adsorption layer, but not as a bulk film.

Section 1.4: Cuprous Oxide Film Formation

The ﬁrst-‘ major cyclic voltammetry (CV) anodic peak, Al, has a number of
interesting chalracterist%cs, which depend on sweep rate, concentration, and disk
rotation rate. Anodic current associated with this peak is first observed at
around -400 mV vs Hg/HgO in 1M KOH, approximately 50 mV anodic of the
theoretical reversal potential for the Cu/Cu,O reaction. For sweep reversals
slightly above the peak potential, hysteresis between the ascending and descend-
ing scans has been observed [A11]. The value of the peak current was found to
increase with the rotating disk electrode’s (RDE) rotation rate, indicating that

some solution-side diffusion process occurs during film formation. This peak
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becomes more anodic with increased rotation rate. According to Strehblow, the

peak is not observed at low pH and slow sweep rates [A12].

Based on the potential at v;fllich the Al peak appears, it has been attributed
“to the formation of cuprous oxide. Ez-situ x-ray and electron diffraction measure-
ments of the copper films formed at constant current indicate that the films are
totally cuprous oxide at current densities below 0.2 mA/cm? [A13]. However,
while Raman spectroscopy has identified Cu,O in situ in 0.1 M KOH, the species
could not be detected until well beyond the Al peak [A14]. Cuy,O was observed
in the potential range of +50 to +500 mV vs saturated calomel eléctrode (SCE)“
on the anodic sweep. It was observed in this work that Cu,0O could be obsefved
around the Al peak potential wlien the potential was stepped into the Al peak
potential range (around -400 mV vs Hg/HgO in 1M KOH). A reasoxll'for this
incénsistency between the potential step and potential sweep experiments was
not given. Furthermore, this finding is perplexing, since the relatively slow sweep
rate of 1 mV/sec used in this experiment might be expected to facilitate a
pseudo-steady-state potential condition. Therefore, while it is generally agreed
that the Al peak is at least partially associated with Cu,O film formation, the
necessary conditions and potential for film formation are not clear. MacDonald
[A11] has suggested that above the Al peak potential the surface is completely

covered by a resistive film.

By increasing the reversal potential for each subsequent sweep in a CV
(referred to as a “‘window-opening” experiment), anodic and cathodic peaks can

be corrolated. One of the problems in the literature assignment of peaks by this
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procedure is that the peak potentials are not necessarily independent of the
sweep reversal potential. The reduction peak C1 associated with the Al peak is
seen to move progressively to lower potentials and to increase as the anodic
reversal potential is increased from -350 to -50 mV vs Hg/HgO in 1M KOH [AS8].
Once the sweep reversal potential passes the A2 peak potential (0 mV vs Hg/HgO
in 1M IKXOH), the C1 peak potential becomes independent of further increases in
reversal potential. It should be noted that another reduction peak, C2 (associ-
ated by most authors with the reduction of the species formed at tﬁe A2 peak),
occurs near the potential of the Al peak and can be mistaken as being associated
with the Al process. Therefore, the reduction of the material formed at Al
becomes increasingly irreversible as the reversal potential is increased up to the
potential where divalent oxide is formed. Ga]vanostz:xtic reduction of films also
sho\‘vs an increase (more “cathodic) in the reduction potential of the monovalent
species as a divalent species is formed on an anodic cycle [A16]. It may be that
the wave becomes increasingly negative solely as a result of the increase in charge
associated with the anodic sweep. Pyun and l;arks’ data [A8] indicated that
there is an increase in the C1 peak width with anodic charge in the Al peak, but
the potential at which cathodic current becomes significant remains the same
(around -500 mV vs Hg/HgO). If the reduction process is initially limited by the
migration of charge though the p-type semiconducting oxide, linear I/E behavior
might be expected on the rising portion of the cathodic wave. This type of linear
I/E behavior is shown in the data of Pyun and Park [A8]. The initial portion of

the cathodic wave is nearly retraced in each subsequent window-opening wave.
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Even under the condition where.the C1 peak becomes independent of sweep
reversal, its location varies from author to author. The peak potential has been
reported to shift by -60 mV /pH [A9]. Hampson et al.

[A15] show the C1 peak at around -460 mV vs Hg/HgO in 1M KOH at pH 14
and a sweep rate of 1.25 mV/sec, whereas Haleem and Ateya's voltammograms
show the peak to be at -700 mV vs Hg/HgO at 25 mV/sec. Both of these
authors used the same type of reference electl‘ode (SCE) in their studies. Pyun
and Park [A8] show the C1 peak at -670 mV vs Hg/HgO in 1M KOH at pH 13
with a sweep rate of 10 mV /sec, ;lose to the value shown by Becerra et al. (-620
mV) with a sweep rate of 1/2 mV /sec. Furthermore, Haleem and Ateya’s results
[A9] at pH 13.7 (05 M NaOH) showed only slight variations of the C1 peak loca-
tion with sweep rate. 'file location of the other peaks (i.e., A1, A2, C2) published
by Hampson et al. [A15] are also more positive by about 250 mV, compared to
those of other authors. With this understanding, we can say that the C1 reduec-
tion peak is found around -670 mV +/- 50 mV. Most importantly, this peak is
some 320 mV cathodic of the corresponding aLnodic peak, demonstrating the

irreversibility of the reaction.

When the CV peak reversal does not extend into the A2 region, the C1 peak
is clean (i.e., appears as a single peak), but it becomes complex when the A2 peak
is passed (see Figure 1-4). Because of the complex peak structure in the C1
region of reduction, some authors have suggested that a composite reaction or
process is occurring [A9,A11]. The explanation generally given is that a number

of different reactions and reaction paths are occurring in this potential range.
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The reappearance of Cu,O during the cathodic sweep of a CV was observed
by Raman spectroscopy at a potential of -400 mV [A14]. There was a significant
increase in signal at potentials arbund 0 mV vs SCE. The signal from the Cu,O
phase completely disappeared around -700 mV vs SCE (past the C1 reduction
peak). Therefore, the previous Raman result did little to clarify that relationship
between the CV reduction waves and the chemical transformations involved. X-
ray photoelectron spectroscopy (XPSt) measurement [A12] suggested the contin-

ued presence of cuprous oxide at potentials greater than the A1 peak potential.

Section 1.5: Nucleation and Growth Mechanism of Cuprous Oxide

At potentials above -400 mV vs Hg/HgO in IM KOH, an anodic current
associated with cuprous oxide is first seen; we k;]ow from this study that bulk
formation of cuprous oxide begins at this potentiaf. The mechanism of film for-
mation is still h.ighly controversial. The structure has been described variously as
porous [A5,A13,A17], growing two- or three-dimensional crystals [A18,A19], com-
pact and homogeneous layers [A12,A20], and a compact underlayer with a precip-
itated upper layer of cuprous oxide [A21]. Haleem and Ateya [A9] state that only
a monolayer of cuprous oxide is formed prior to divalent oxide formation at pH

13, and that only two monolayers are formed at pH 14.

These structure suggestions are largely influenced by the two schools of

thought regarding the physical mechanism of the process. Some authors suggest

t XPS is also known as Electron Spectroscopy for Chemical Analysis or ESCA.
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that the films are formed simply by a solid-state mechanism, presumably with
oxygen ion O~2 diffusing into the copper lattice; whereas others favor the role of
dissolved products as intermediates to film formation. The overall reaction for a
direct solid-state reaction of copper to form cuprous oxide in alkaline solution

might be represented by

2 Cu+20H 2 Cu0+H,0+2¢ , 1.3

but this equation clearly does not represent the elementary reaction steps
invc;lved in this process. Shoesmith [A13,A17,A20] has stated that the cuprous
oxide ﬁ(]m forms via a solid-state mechanism but that the structure is porous.
While not clearly stated, these authors believe that the layer has holes or canals
perpendicular to the film/metal interphase. Soluble products are said to dissolve
from these pores. Solid-state-mechanism proponents point out that cuprous ion
is virtually insoluble and taht this fact should eliminate any solution-side effects.
Indeed, soluble cuprous ion is known to change rapidly to Cu,O in alkali [A22].
Primarily because of the thinness of the oxide layers formed at (10-20 j\) pH <
10, Strehblow and Titze [A12] rejected film formation by “precipitation from a
supersaturated electrolyte adjacent to the metal surface” and supported direct
growth of the oxide on the metal surface. They also stated that the thickness of
the Cu,O layer does not change with potential. A number of authors have attri-
buted film formation to a solid-state process even at pH’s where dissolved species
have been observed. Ord et al. [A20] do not explicitly state whether they believe

cuprous oxide film growth proceeds via a solid-state mechanism (pH 12). But the



Chapter 1-Copper Literature Review 15

fact that the same ellipsometric results could be modeled as a compact film after
the electrode was cycled a number of times indicates th;t no roughening was
occurs. This results is consistent with a film that grows via a solid-state mechan-
ism. Therefore, despite the statement by Ord et al. [A20] in their abstract that
film transformation does not occur via a solid-state mechanism and that the
anodic oxidation of copper is not a field-limited process, we believe that their
data support a solid-state-film-formation mechanism. Perplexingly, in their dis-
cussion they state tha_t a number of their results ‘“..can be taken as evidence that
the growth of the compact layer éf Cu,0 is field-limited.” Finally, Hampson et

al. [A15] state ‘‘that transference of ionic species in the solid phase is the rate

)

controlling process.” This conclusion was based on the rather small value of the

diffusion coefficient derived from a peak current vs root sweep rate plot.

As with the oxidation of silver in alkali, low solubility .of the active ion does
not necessarily exclude the role of a dissolution process in an overall oxidation
process. It has been suggested that the initial thin (planar) homogeneous film on
silver formed during its oxidation in alkaline solutions is formed as a concurrent
“byproduct’ resulting from the buildup of reacted mater;al unable to desorb and
diffuse from the surface at a rate equal to the overall anodization current
[A23,A24]. Using a ring/disk apparatus, Miller [A25] has unambiguously shown
that a soluble cuprous ion is detectable in solution. The solubility of the cuprous
jon should increase with increasing pH. At pH 7, a value of 7x107 M has been

reported [A19]. As indicated above, as the pH rises above 12 the solubility of

cuprous ion increases to a point were dissolved species start to play an important
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role in film formation. Films with thicknesses greater than 10 monolayers rare
formed. Ashworth and Fairhurst [A19] proposed that the dissolution reaction for

the formation of cuprous ion is

Cu+2OH 2 Cu(OH); + ¢ . 1.4

This species might then decompose to form solid Cu,O:

2 CU(OH)Q- : CUQO + HQO + 2 OH_ . 1.5

They supported this proposed reaction by a favorable comparison between the
observed and calculated change in the exchange current density with pH based on
the above reactions. However, the calcuiation of the exchange current density by
the procedure used by these authors may be incorrect. As discussed in more
detail below, film formation occurs in the potential region of -this study, and film

formation will invalidate the assumptions on which the calculation was based.

Because the solubility of cuprous ion has been shown to be significant, and
because Miller observed soluble cuprous ion species formed during film formation
of Cu,0 in alkaline electrolyte, most authors who have studied Cu,O oxidation
at higher pH state that film formation results from precipitation from solution.
After performing a series of experiments over a range of pH, Ashworth and
Fairhust [A19] suggested that soluble cuprous species play an increasingly impor-
tant role in film formation as pH is raised. Literature results at lower pH’s (less
than 12) are consistent with a solid-state formation mechanism. The anodic films

formed at low pH are much thinner than those at pH 14. This makes the
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physical observations of the films more inconclusive. For example, Strehblow and
Titze [A12] estimate the cuprous oxide film thickness from ESCA angle-

dependent data to be 14 A at pH 9.6.

Dignam and Gibbs [A26] interpreted their galvanostatic data with a film
formation model in which instantaneous nucleation followed by two-dimensional
lateral growth was assumed. Following this lead, instantaneous formation of
Cu,O nuclei followed by growth of hemispherical nuclei was used to analyze the
galvanostatic data of Ashworth and Fairhust [A19]. The rate-determining step
was said to be the the formation of soluble copper (I) species. They correlated a
“transition time’ with the applied current density, which can be justified in
terms of the well-known Sand equation [A27]. This equation can be used to
predict the surface concentration as a function of time after an applied current
step, assumzing that there is no resistance to current flow at the surface. Clearly,

film formation would invalidate this assumption.

In the classical dissolution/ précipitation mechanism for nucleation, when the
solution near the surface acquires a certain degree of supersaturation, the initia-
tion of nucleation is assumed to occur. A given degree of supersaturation is
reached when the product of the current density and the square root of time
reaches a fixed value, as predicted from the Sand equation [A4]. Unfortunately,
there is a large degree of uncertainty as to which feature in the galvanostatic
potential/time curve is indicative of film nucleation. Ashworth and Fairhurst
[A19] used the sharp increase in potential after a pseudo-steady-state plateau

period to indicate the onset of Cu,O formation. The value of the potential
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during the plateau is shown to be around -230 mV vs SCE and is coincident with
" the potential under which cuj)rous oxide is formed. It coula be thét the transition
they were studying is a result of complete coverage of the surface with Cu,O
after growing nuclei have completély covered the surface. While there may be a
correlation between this transition time and the current density, it is not clear
which phenomena are being correlated, and therefore the reason for the observed
functional dependence is unknown. Yamashita et al. [A5] also proposed that
cuprous oxide film forms via a classical dissolution/precipitation mechanism.
They based their claim on a parabolic relationship between potential transition
times in their galvanostatic transients and monochromatic ellipsometric tran-
sients. However, these authors also define their transition times arbiirarily. A
slight inflection in the A versus time curves was used to determine a transition
time from ellipsometer results. A undergoes a period of slow change on the order
of 1° prior to a change in slope in the A versus time curve, which is used as an
indication of nucleation. No explanation of why this observation is connected

with nucleation was offered.

Section 1.6: Semiconductive Properties of Cuprous Oxide

Most studies have indicated that the film formed on copper by anodic oxida-
tion at a pH above 10 is a p-type semiconductor [A5,A28-A31]. Unlike most sem-
iconductors, cuprous oxide has been shown to exhibit strong exciton structure
and has been used as a model compound to represent exciton electron-hole pair-

ing [A32]. Therefore, both direct and indirect electron transfer to the conduction
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band is possible. The d}irect band gap has been reported to have a value of 2.1
eV, and the indirect band gap a value of 1.86 eV [A28]. This helps explain the
discrepancy in the literature values given for the band gap of this compound
(1.8-2.3 eV). Pyun and Park [A8] have stated that the flat band potential of
Cu,0 is well known to be +260 mV vs SCE. However, they give as a reference
for this value a paper by Hardee and Bard [A30], which discusses the flat band of

CuO and makes no reference to Cu,O at all.

Di Quarto et al. [A28] have noted that pH appears to be the most
influencial parameter determining the distribution of majority and minority car-
riers in the anodically formed films. Under certain conditions, cuprous oxide has
shown evidence of n-type behavior. Bertocci [A31] found that films formed by
corrosion of copper in a copper acetate solution were n-type, with the photopo-
tential shifting to cathodic values. While these cuprous oxide films exhibited
photoconductivity, based on impedence measurements, Bertocci [A31] stated that
there was virtually no change in the film resistance upon illumination.  Rather,
he attributed the photocurrent to the charge transfer process, which appeared to
be photon assisted. Bertocci also suggested that illufnination of n-type cuprous

oxide films can shift the potential to values cathodic of the Cu/Cu,O reaction.

P-type oxide films have been referred to as ‘‘oxidation” semiconductors
[A33], which implies that they freely allow oxidation but resist reduction. Yet
despite the well known fact that copper can form a surface film of this material,
there has been scant mention in the literature of the potentially important role

that cuprous oxide can play on the oxidation/reduction of copper. While the
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existence of a p-type semiconductor film has been established by presenting
Mott-Schbttky plots, there has been little discussion regarding the effect the for-
mation of a cuprous oxide film will have on the rate of oxidation or reduction.
We have not come across any literature suggesting ways in which one might
change the carrier population (i.e., doping). Articles in the solar energy literature
are more concerned ~with the feasibility of producing copper/cuprous oxide
heterojuntion solar cells than in establishing any relationships between the elec-
tronic properties of the semiconducting film and the mechanism of film forma-
tion. Because of the emphasis on photovoltaic applications rather than on elec-
trochemical energy storage or corrosion, these researchers paid little attention to
the electrochemical cofxditions of film growth (e.g., time of anodization, potential
of formation, etc.). A large number of surface preparations, solutions, and anodi-
zation techniques were studied and correlated with their corresponding photovol-
taic response [A34]. It was concluded that because of the chemical complexity of
electrochemically formed surface layers, there was no easy way to produce oxide

layers of the necessary purity for solar cells.

Wilhelm et al. [A35] compared the photoelectrochemical properties of
corrosion-produced, thermally oxidized, and electrochemically anodized copper
oxide films. The electrochemically formed films were produced by anodization at
500 mV vs SCE for 30 min in 0.1 N NaOH. Clearly, the films so produced would
be very complex and would contain Cu(OH), or CuO as well as Cu,O. They
reported that both cupric and cuprous oxide exhibited photocurrent signals, with

the signs and magnitudes of the signals dependent on potential. They suggested
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that copper oxidation is inhibited by illumination. Yamashita et al. [A5] also
reported that the growth of their Cu,O films (formed by anodization of copper in
0.5 N KOH) were inhibited by illumination. But reported changes in current as a
result of periodic illumination (photocurrents) are extremly complicated (see, for
example, the data presented by Wilhelm et al [A35]), and we believe only qualita-
tive comments can be made regarding this type of result. Both thermal and
anodic oxides showed no photocurrent above 0.0 V (where CuO and Cu(OH),
would be present). All photocurrents were cathodic (i.e., an increase in the

reductive component of the current).

There has been some speculation that the presence of cupric ion may afféct
the corrosion resistance of a cuprous sxide film. Di Quarto et al. |A28] reported
that the addition of 5x102 M Cu™? ion to their solutiqns increased the cﬁprous
oxide ﬁln&-growth rates ( 3.0 < pH. < 6.0 ), but that fhe ion played only a minor
role in determining the sémiconductive behavior of the surface layer. Strehblow
and Titze [A12] suggested that Cﬁ(OH)2 formed at potentials beyond the Al
peak disturbs the structure of the Cu,O ﬁnderlayer so that it no longer serves as

a migration barrier for copper ions. No evidence was given to support this claim.

Section 1.7: Divalent Copper Oxide Formation

As noted above, the second anodic peak, A2, has a peak potential around 0
mV vs Hg/HgO in 1M KOH and 'is more than an order of magnitude larger than
the Al peak. Hallem [A9] reported that the peak is large at low sweep rates (<5

mV/sec), decreases at moderate sweep rates (5-25 mV/sec), and then increases
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again with further increases in sweep rate, but MacDonald [A11] states only that
the peak size increases with sweep rate. At the highest sweep rates this peak is
resolved into what appears to be two overlapping peaks [A9] and has been attri-
buted to competing or stepwise processes. The A2 peak becoﬁes more anodic

with increasing sweep rate [Al1].

A great deal of uncertainty remains regarding the divalent species formed in
caustic solutions. Much of the confusion has resulted fr;)m claims of the existence
(without any strong physical evidence) of various surface species. Many have
based their conclusions regarding specific surface oxides or hydroxides on the
potentials where voltammetric peaks or galvanostatic plateaus occur. But even
when composition-sensitive experimental techniques were employeed, other fac-
tors (e.g., the effects of pH and potential and curre“nt control) appear to play a
complex role in determining the composition of the surface layer. The formation
of both CuO [A9,A11,A14] and C;(OH)Q [A8,A11-A13,A17] have been associated
with the A2 peak, and therefore it has been proposed that this peak may be a
composite peak, with l;oth states of oxide forming simultaneously. MacDonald
[A11] has suggested that the complex peak nature arises from the dissolution of
Cu(Il) species prior to film formation, with film formation occuring beyond the
A2 peak potential. The possible existence of a polymeric species Cuy(OH)p,_o in
concentrated alkali [A36] has been proposed to explain some anomalous Raman

results [A14].

The location of the A2 peak potential shifts by -60 mV per unit of pH (i.e.,

becomes more cathodic) [A9,A12]. The peak size increases two orders of
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magnitude on increasing the pH from 12 to 14 [A9]. These changes with poten-
tial and pH would be consistent with the formation of a metal hydroxide by reac-

tion with the hydroxide in solution, but they do not rule out other processes.

There is some discrepancy between different authors regarding the charge
balances for the system, though most of the differences can be attributed to the
conditions under which the measurements were made and the manner of calculat-
ing the total integrated charge. Generally, at low pH (<12.5) the anodic-to-
cathodic charge ratio of a complete voltammogram (including both mono- and
divalent processes) is close to 1 [A9]. At higher pH, this ratio falls and becomes

dependent on reversal potential, sweep rate, and pH [cf. A9,A11,A14].

Cu(OH), is thermodynamically unstable with respect of CuO. Pyun and
Park [A8] found s§n1e indirect evidence from their in situ..reﬁectance measure-
ments to indicaie that Cu(OH), is ‘transforr.nedvto CuO in solution. C.hanges‘ in
the absorption spectra with time uhder open circuit conditions were used to jus-
tify this claim, but no optical modeling was done to support it. However, an ez-
situ x-ray and electron diffraction [A13,A17] study found that Cu(OH), is formed

in caustic and that it is kinetically stable (with respect to CuO) at temperatures

below 40 C°.

As noted above, a small reduction peak (C2) around -400 mV has been asso-
ciated with the A2 peak. Unlike the C1 peak, the C2 peak has not been resolved
into more than one reduction wave and is virtually pH independent [A9]. But
while this peak has been associated with the A2 peak, the charge associated with

this peak is generally too small to be associated with the complete reduction of
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the material formed at A2. Whether the existence of more than one state of
oxide, the changing properties of the film, or the contribution of dissolved species
leads to this phenomenon has not been adequately discussed and clarified in the

literature.

Section 1.8: Formation of Divalent Copper Surface Species

It’ has been clearly demonstrated by Miller [A25], using a ring disk
apparatus, that there is a considerable potential range of active dissolution of
Cu(Il) species. As pointed out in the thermodynamic section of this chapter,
cuprous oxide can react with water (or hydroxide ion) to form a cupric ion, at a
potential of -317 mV vs Hg/HgO. Since cupric ion has a much larger solubility
thar§ cuprous ion, there should be a potential range where cuprous oxide or
copper would react to form cupric ion at a cc;ncentration belov& that of the §olu=
bility of the ion. Various reaction mechanisms have been presented in the litera-
ture to account for a dissolution process occurigg either directly‘from copper or

from cuprous oxide. These include [A11,A13,A17,A37]

Cu+4OH 2 CuO;2+2H0+2¢ , 1.6
Cu + nOH™ 2 Cu(OH)2" +2e 1.7
Cu,0 + 6 OH- 2 2Cu0;2+ 3H,0+2¢ , 1.8

Cu,0 + 3H,0 = 2 Cu(OH); + 2 H* | 1.9
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Cu(OH)2™ 2 Cu(OH), + (n-2)OH™ , 1.10
Cu(OH)2™ = CuO + (n-2)0OH~ + H,0 . 1.11

Based on some ez-situ SEM observations, Shoesmith et al. [A17] have stated
that when the required degree of supersaturation for film formation can be
avoided, nucleation of Cu(OH), or CuO does not occur (e.g., when using a rota-
tion disk electrode (RDE) at high rotation rates). Under conditions where film
growth was found, the appearence of the crystals (long, thin needle-like struc-
tures) further supported the hypothesis that the divalent surface layer was”
formed via a dissolution/precipitation process. Based on the relative size of the
A1l and A2 peaks, MacDonald [A11] rejected an earlier proposal that consecutive
oxidation of Cu to Cu,O and thén to .a dival]ent species wa.é the mechanism of
oxidatidn. These results emphasize the importance of the solution-side processes

in film formation at higher pH.

Despite the relatively clear understanding that vdiSSolved species do play an
important role in the mechanism of divalent surface species formation, Becerra et
al: [A38] have stated that their results ‘‘suggest that at least part of the anodic
layer (specifically the divalent species) participates in a solid state nucleation pro-
cess.”” CuO formation has been attributed to the oxidation of copper metal or
Cu,O. Yet most of these suggestions are based on voltammetric results, which
involve assumptions that partition the oxidation and reduction waves into regions
between Cu(OH),, Cu(OH) 2, and Cu,O reduction. These conclusions should

therefore be considered with some scepticism.
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The next logical question concerns the formation of soluble cupric species.
Shoesmith et al. [A17] have proposed that dissolution occurs in pores of the
Cu,0 layer, and that after a certain degree of local supersaturation with respect
to Cu(OH), or CuO is reached, an upper layer of Cu(OH), or CuO is nucleated
and proceeds to grow. This proposal is inconsistent with MacDonald’s conclusion
that the divalent oxidation is not a subsequent oxidation of a monovalent species.
To justify this descrepancy, we would have to propose that monovalent oxidation
occurs simultaneously with divalent soluble species formation, and that some rea-

son exists for an increase in the rate of cuprous oxide formation at higher poten-

* tials.

The kinetics of nucleation and growth of Cu(OH), has been reported as
being more favorable than that of CuO. Indicative of a dissolution/precipitation
process, potentiostatic current transients exhibited a current minimum and max-
imum. The derivative of the log of the peak current with potential at' fixed tem-
perature and low overpotential was reported to })e 30 mV~! [A21]. This result
has been justified in terms of the theories of Fleischmann aind Thirsk [A39], and
Armstrong et al. [A40]. A two-electron charge-transfer process is said to be in
equilibrium at the surface, and the incorporation of material into growing centers
is said to be rate-controlling. However, there is no obvious reason why the peak
current should be the sole indicative measure of the change in the electrochemical
process with potential. Indeed, based on simple geometric models, the peak

current is related to the surface concentration, number density of nuclei, and

incorporation rate [A23]. These are probably functions of time as well as
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potential. Also, the statement that the incorporation rate is controlling is some-
what inconsistent with the idea that Cu(OH), is favored because its growth
kinetics are fast with respect to those of CuO. At low overpotentials, the surface
concentration can be essentially at equilibrium, and diffusion to a small number
of growth centers might control the overall current. At low overpotentials, the
degree of supersaturation at the surface is low, and therefore, the driving force
for diffusion is low. The increase in current would be a measure of the change in
the surface concentration from the saturation value of the hydroxideand would
still increase as the crystal area increases (yielding a current maximum). There-
fo?e, while we do not reject this hy'pothesis outright, we feel that the conclusion
that the reaction is cont"rolled at the crystal/electrolyte interface is not totally

substantiated by these results.

At potentials abbvé the A2 peak, or at long enough times in ra potential step v
experiment aBove the A2b peak potential, the current falls off to very small values
and the surface is geﬂerally considered to be passivated. Two fundamentally
different reasons have been given for this phenomenon. The first is that the sur-
face becomes completely covered with a layer of crystals (either CuO or Cu(OH),)
and acts as a barrier for diffusion or as an electrically resistive film [A11]. The
second reason involves the solid-state formation of a sublayer of CuO in the com-
plex film, which acts as a barrier to the migration of electrons and chemical
species. One of the most important experimental aspect of the copper-caustic
system, which needs a better understanding, is the cause of the large degree of

irreversibility in the reduction of surface material. Pyun [A8] has said that the
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anodic surface layers can only be completely reduced after a long time at very
cathodic potentials. ‘The reported large difference in the potentials of oxidation
and reduction demonstrates this point. One of the objectives of this work is to

develop a working hypothesis do explain this phenomenon.

Section 1.9: Trivalent Copper Species

Some authors have suggested the existence of a Cu*® oxide and soluble
species. Muller [A41] was perhaps the first to propose that a trivalent copper
oxide species exists on the electrode surface near the potential of oxygen evolu-
tion. He stated that the 6xide is orange-yellow in color and decomposes upon
washing. Potential-décay transients have indicated that a h.i'gher oxide that
forms at the potential of oxygen evolut:lon may spontaneousl& decompose [A16].
Miller, using a rotating ring/disk apparatus, was able to show the reduction of a
higher valency oxide ;t around 0.5 V vs SCE [A25]. Ambrose et al. [A42] also
spated that the voltammetric peak close to the potential of oxygen evolution was
due to a t;'ivalent copper species. This peak was found by Haleem and Ateya
only above a pH of 13 [A9]. They also observed what they called a reduction
wave for this reaction. Presumably the oxide would be Cu,03. MacDonald [A11]
found some evidence to substantiate the existence of a Cut3 species from his
temperature-dependent cyclic voltammetry. It has been suggested [A11] that
Cu,05 is the oxidation product of the soluble cuprite ion and that the bicuprite

ion may assist in the production of oxygen.
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2 HCUOQ_ = Cu203 + HQO + 2e” y 1.12

2 CuO;? = Cu,03 + -;-02 + e . . 1.13

Assuming that the thermodynamic potential of the formation of Cu,0; is that of

the galvanostatic potential plateu, a free energy of formation of -42.42 kcal/mole

has been calculated [A16 |.

Section 1.10: Literature Summary and Conclusions

Thermodynamic calculations indicate that at least one monovalent and two
divalent soluble copper species are .expected to be formed in alkaline electryo-
lytes. The first anodic peak has been associated with a monovalex{t oxidation
plfocess; and the second with a divalent oxidation process. Some authors have
suggetéd the Aexistence of a trivalent cbpper ion and oxide. vCupi‘ous oxide 'ﬁlm _
formation has been attributed to both solid-state and dissolution/precipitation
mechanisms. The film is a p-type semiconductor and has been studied for its
potential application in photovoltaic cells. The voltammetry peaks have been

attributed to the formation of surface films and soluble species.

Despite thg large number of studies on the behavior of copper in alkali, a
number of fundamental questions remain. The cause of the system’s large
irreversiblity needs to be determined. The role of the semiconducting cuprous
oxide film on the system’s electrochemical behavior needs to be clarified. It is
necessary to determine the surface species present at the electrode surface during

the anodic oxidation process. Evidence for the existence of a trivalent oxide
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needs to be examined. In general, new in situ data are needed to help identify
and distinquish the individual chemical processes and morphological develop-

ments involved in the anodic film formation on copper.
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FIGURE CAPTIONS FOR CHAPTER 1

Figure 1-1. Potential/pH diagram of the copper/water system considering Cu,0O

and CuO as possible solids. From reference Al.

Figure 1-2. Potential/pH diagram of the copper/water system considering Cu,0

and Cu(OH), as possible solids. From reference Al.

Figure 1-3. Thermodynamic potential of various reactions of copper in 1M KOH

versus the Hg/HgO (in 1M KKOH) reference electrode.

Figure 1-4. Cyclic voltammogram of copper in 1M KOH at 10 mV /second sweep
rate. Major anodic and cathodic current peaks are identified. Poten-

tial is with respect to the Hg/HgO reference electrode in the same

solution.
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CHAPTER 2

ANODIC SILVER FILMS IN ALKALINE

SOLUTIONS: LITERATURE

Section 2.1: Introduction

The oxidation of silver in alkaline media has been studied using spectros-
copic ellipsometry by this author before [B1-B5]. An in-depth analysis of the
mechanism of nucleation of .t;}e monovalent Ag,O film was undertaken using a
number of new techniqués to answer some outstanding questions regarding this
system and to ﬁelp contrast the oxidation processes of several different rﬁetals.
As noted before, silvér is viewed as a model system for such studies. Since the
literature pertaining to this system has been discussed before [B2], only a brief
review will be presented here. The formation and reduction of divalent AgO is

not the subject of this investigation.

Section 2.2: Thermodynamics

_Silver, being a transition metal and belonging to the second subgroup of the
first period of the periodic table, is believed to exhibit three oxidation states;
Ag*tl, Ag*? and Ag*3. The corresponding oxides for these oxidation states are
Ago,0, AgO, and AgyO;. The mono- and divalent species are known to exist,

whereas the existence of a trivalent oxide is still a matter of controversy. Based
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on some anomalous voltammetric results, the existence of a monovalent hydrox-
ide, AgOH, has been suggested but has never been confirmed. Many now believe

AgOH may exist only as a monolayer film.

Silver is a noble metal and is stable (does not corrode) in alkaline media
[B6]. Face-centered cubic is the only stable crystalline form of silver metal.
Silver is noted for its very low specific electrical resistance (1.59x10° ohm-cm).
Ag,0 is known to be a stable compound. Its structure is a face-centered cube of
silver ions merged with the oxygen cubic lattice; the oxygen atoms form the
centers for tetrahedra of silver atoms [B7]. The specific electrical resistance of
AéQO has been reported to be very high (10® oh;n-cm) [B6,B8]. Since the source
of the reported value is very old, this value is questionable. It is our opinion that
this value is much too large. While the optica{i properties are not a sole indicator
of the electrical properties of a material, the fa(-:t that the oxide is black (like car-

bon) might indicate a higher conductivity.

The electrochemistry of silver has been extensively studied, and the standard
potentials for its reactions published in standard references are believed to be
highly accurate. Silver is insoluble in alkaline media (on the order of 10°M to
10*M) [B9]. Thermodynamic data used in calculating values of the standard
potentials for various silver reactions are readily available, as is the Pourbaix
diagram [B6,B9-B11]. Some of the more important reactions are listed below,
along with equations for the potentials of the reaction (E°) versus NHE (Hg/HgO

electrode in 1M KOH is +98.6 mV vs NHE).
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Ag,O + 2H* + 2 = 2Ag + H,0

E° = 1.173 - 0.0591 pH

2AgO + 2H* + 2 = Ag,0 + H,0
2 2

E° = 1.398 - 0.0591 pH

2Ag203 + 2H+ + 2e” : AgO + HQO

E° = 1.569 - 0.0591 pH

Agt +e 2 Ag

E° = 0.799 + 0.0591log[Ag*]

log[Ag™] = 6.33 - pH

log[Ag(OH)y] = ~17.72 + pH

Ag(OH); + ¢ = Ag + 20H-

E° = 2.220 - 0.1182 pH +0.0591log [Ag(OH),]

43

2.1

2.2

2.3

2.4

2.5

2.6

2.7

From the linear dependence of the solubility of Ag,O on OH™ concentration,

Johnston et al. [B11,B12] proposed that the major soluble species is the AgO~

ion. The existence of a silver oxide ion has been supported by a chemical-

stability study [B13]. The hydrated form of this ion has also been mentioned as

the soluble species in a number 6f publications. Pound et al. [B10,B11] have

shown that the Ag(OH)s ion is the most soluble ion at high pHj; the silver ion

Agt is the most stable at lower pH.
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Since our study of the oxidation of silver was performed in 1M KOH (pH
14), it may prove instructive to review the faradaic processes that occur with
increasing potential in that solution. Again, as was done in the case of copper in
Chapter 1, all 'potentials are relative to the Hg/HgO in 1M KOH reference elec-
trode used in this study. At a potential of -898 mV (vs Hg/HgO in 1M KOH),
the oxidation of molecular hydrogen begins. At more negative potentials, water
is decomposed to form hydroxide and molecular hydrogen. This reaction occurs
fairly rapidly bec_ause, unlike the case of zinc or even copper, silver is a fairly
good catalyst for hydrogen evolution. Indeed, except for the platinum group, it

exhibits one of the lowest hydrogen overpotentials of all metals.

From equation 2.6, we calculate the solubility of Ag(OH)s to be 1.9x10™M
in 1M KOH. Using this value in equation 2.7, one finds that a saturated solution
of Ag(OH), exhibits an E° value of 247 mV vs Hg/HgQO. This is the same poten-
tial as that of the formation of the oxide in equation 2.1. Therefore, silver can be
oxidized at a potential lower than 247 mV as long as the surface concentration is
lower than the saturation value. This potential value is in very good agreement
with the results of Dirske et al. [B14], who placed silver wires in 1M KOH solu-
tions containing various concentrations of dissolved silver from either AgO or
Ag,O. They found that under these conditions the potential of the silver wire
electrode was always the same. They concluded that AgO must generate a
monovalent dissolved species (since the potential of the wire was independent of

the type of oxide used) and that the potential must depend on the formation of a

surface layer of Ag,0. We have previously shown that this potential is
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coincident with the formation of .a mono- and multiatomic layer oxide film

[B2,B4).

The decomposition of hydroxide ion to water and molecular oxygen occurs at
a thermodynamié potential of 301 mV, but this reaction is kinetically impeded by
the formation of an oxide layer. Equation 2.5 shows that the solubility of the
Agtis 2.13x10’8M at pH 14; using this value in equation 2.4 yields a potential of
346 mV for a saturated solution of Ag*. Ag,O is transformed to AgO at a ther-
‘modynamic potential of 472 mV (equation 2.2), and the divalent oxide is
transformed to the the questionable trivalent oxide at 643 mV (equation 2.3).

Figure 2-1 shows these processes.

Section 2.3: Film Composition and Structure

Ag is oxidized in separate stages, first to Ag,O and then to AgO. Studies on
silver oxide batteries show that a two-step (potential) reduction process occurs
only at low current drains. At higher currents, a single discharge potential
corresponding to the reduction of Ag,O is observed. Several investigations have
been undertaken to determine this discrepancy because of the energy loss associ-
ated with the phenomenon. However, all that can be said with certainty is that

AgO is somehow irreversibly reduced to Ag,O prior to reduction to silver.

X-ray diffraction has shown that Ag,O precedes AgO formation, and that
the oxides are crystalline. The crystals show preferential (111) orientations

[B15,B16]. Briggs et al. [B16] described the surface films as multilayered and
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crystalline. They oxidized silver galvanostatically for various times. Based on x-
ray diffraction (XRD), scanning electron microscopy (SEM) and low energy elec-
tron diffraction (LEED) measurements, the structure of the film was described as
consisting of an underlayer of crystals with a maximum diameter of 200 A. This
layer was said to form first. Later, larger oxide crystals of much smaller number
density form on top of the underlayer. A tertiary layer of small (50-200 A) cry-
stals was found to form on top of the larger crystals. The size distribution and
orientations of the secondary crystals were reported to depend on the manner of
formation (e.g., potentiostatic, galvanostatic, potential, current density). Because
the size and shape of the crystallites appeared to be independent of the applied
potential, Briggs et al. concluded that the overall kinetics was not controlled by
the kinetics at the metal-oxide interface. SEM photographs made by this author
[B2,B4] are in general agreement with these ideas. However, we feel that some of
the fine structure (e.g., the tertiary layer and the island crystalline underlayer)
may be an artifact of the ez-sttu treatments as well as of the method of oxidation

(n.b. discussion of SEM photographs in refs. B2 and B4).

I

Detailed interpretation of spectroscopic ellipsometry has shown that the
oxide first forms as a monolayer and continues to grow initially into a uniform
multilayer. During potential-sweep measurement to low overpotentials, we have
shown [B4] that a soluble anodic product diffuses from the interface inté the solu-
tion and that the ellipsometer detects a very thin layer that may be an adsorbed
product. We believe that it may be the slow desorption of this product that

results in the formation of the uniform primary layer. The immediate nucleation
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of the secondary (crystalline) layer was not found to occur after the application
of a potential above the ‘‘nucleation potential.” Instead, the homogeneous (pri-
mary) layer thickness increases parabolically with time until a critical thickness is
reached (150-200 A) This layer was shown to be homogeneous because the
derived optical properties were thickness-independent. This finding is incon-

sistent with an island-film growth mechanism.

The thickness of the primary layer decreases sharply at the point of nuclea-
tion. The secondary crystals, which are rapidly formed from the material from
the primary layer, have an initial size comparable to the primary layer before
nucleation. If n‘ucleation occurred directly from a supersaturated solution (as
proposed by the dissolution/precipitation mechanism), no induction time should
be observed under potential-controlled conditions. The surface concentration
(controlled by the potential, as shown in equation 2.7) would not change with
time. The i’nduction time for nucleation does not represent the time necessary to
reach a given supersaturation but results from the necessity of forming a precur-

sor layer for the nucleation of the crystalline layer.

During the early stages of growth of the secondary crystals, the surface cov-
erage of the crystal is observed to decrease. We believe that this is due to the
fact the the secondary layer grows from the previously existing primary layer
(which initially covered the entire surface). Since the nucleation process is sto-
chastic in time, some growth centers will be larger than others at the same time.
As the crystals increase in size and the diffusion regions overlap, the larger cry-

stals, which exhibit a lower solubility (Gibbs-Thompson equation), will tend to
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collect material from the smaller crystals. Ostwald ripening therefore occurs.
Finally, the crystals become so large that the size effects are no longer important

and the number density becomes independent of time.

Section 2.4: Kinetics

Today, electrochemical measurements are among the easiest types of meas-
urements to perform. Modern potentiostats allow one to conveniently program a
vast variety of waveforms (e.g. sinusoidal, white noise fast Fourier transform
(FFT), current step, potential step, potential sweep). Largely because of the rela-
tive ease of such an experiment, a great deal of literature is devoted to the
interpretation of such measurements. One of the techniques most widely used
today is cyclic voltammetry (CV, also known as repetitive triangular potential-
sweep voltammetry, or RTPS). Many feel that this technique is generally useful
only for the qualitative interpretation of chemical and physical processes, while
others have made detailed calculations and interpretations based on CV results.
It is the general view of this author that CV is a very sensitive technique to both
chemical and physical processes, but that the interpretation of CV results is often
extremely difficult and ambiguous. Data for the CV of silver in alkali generally
show four characteristic anodic peaks, referred to as Al to A4. Only the first two
are associated with the initial stages of Ag,O formation. The Al peak was first
identified by Dirske and De Vries [B17], who reported a potential of formation of
about 220 mV vs Hg/HgO. They attributed the peak to the formation of a thin

AgOH film accompanied by concurrent dissolution of the electrode. This
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conclusion is supported by a number of other authors, as well as our previously
reported results. The suggestion that this peak is associated with carbonate
impurities [B18,B19] has since been rejected [B20]. The size and appearance of
the peak depends on the crystal face, with the Ag(110) face being more reactive
than the Ag(111) face [B21], as well as on the open-circuit solution contact time

and time of cycling [B22].

The A2 and A3 peaks (around +310 and +510 mV vs. Hg/HgO, respec-
tively) have been associated with the formation of bulk oxide films. Some [B23]
attribute the A2 peak to the “initial stages of oxidation.” Other explanations
include the preferential oxidation of low-coordination-number atomic planes [B4]
and the formation of different hydrates of silver oxide [B25]. Our ellipsometric
results indicated that the A2 peak is associated with the formation of the three-

dimensional Ag,O crystalline oxide film [B2,B4].

Because galvanostatic current sources were commercially available before the
more modern potentiostats, many early experiments were performed in the
constant-current mode. Typical galvanostatic  polarization  curves
[B2,B10,B16,B26-B29] show a rising potential that peaks at around +310 mV vs
Hg/HgO (see Figure 2-2). At higher current densities ( > 200 mA/cm?), a shal-
low dip in potential appears. . However, the most noticeable feature is that the
potential remains relatively constant during charging. The sharpness of the
potential peak and the depth of the potential dip increase with temperature and

decrease with current density. The steep rise in potential that occurs at later

times (greater total charge) is believed to be correlated with complete coverage of
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the surface with AQQO. The potential rises to the AgO formation-potential range.
After another plateau is reached, the potential again rises, and.oxygen is observed
to evolve from the electrode. Because the current flow is the controlled parame-
ter in these ex}periments, the surface concentration and the double-layer charge
change with time. These factors complicate the interpretation of the galvanos-

tatic experiment.

If one assumes that current associated with double-layer charging and the
potential loss due to charge-transfer irreversibility (i.e., charge-transfer overpo-
tential) are negligable, the interpretation of potentiostatic experiments is greatly
simplified. These assumptions lead to the conclusion that the potential on both
sides of the electode/electrolyte interface is the same (i.e., that the activity of
electrons is the same in both phases), and that the surface concentration there-
fore obeys the Nernst equation: the potential on the solution side of the interface
is equal to that of the electrode. Therefore, to a first-order approximation, the
concentration of electroactive species at the interface doesn’t change with time.
The boundary condition for the potential-step experiment with these assumptions
is that the surface concentration undergoes a step change at the point the poten-
tial is changed (i.e., Cottrell condition). For the silver system, current transients
generally follow a Cottrell inverse square-root time dependence, which indicates
one-dimensional diffusion control of a soluble silver species below the nucleation
potential [B2,B4,B10,B11,B19,B20,B23]. Above the nucleation potential, a tran-
sient current minimum and maximum are observed [B2,B4,B17,B31]. Many

explanations have been presented to account for this observation, and while a
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number of authors have attributed these current transient peaks to surface phase
formation, we were the first to show conclusive physical evidence that the nuclea-
tion of crystalline Ag,O was responsible for the phenomenon. We have previ-
ously preformed some calculations [B2] to show that the appearance of these
features in the current transients is consistent with crystalline oxide nucleation

and growth.

Section 2.5: Literature Summary and Conclusions

Silver is highly insoluble in alkaline solutions. The anodic formation éf a
monovalent Ag,O film and the soluble ion Ag(OH); have been observed. The
structure of the film consists of a homogeneous compact underlayer, with three-
dimensional crystals on top of the compact layer. We have shown that the
growth of the compact layer is a diffusion/migration-controlled process, and that
this layer provides the necessary material to form critical size nuclei and aids in
the nuceation and growth of three-dimensional Ag,O crystals. We have reported
that the number of growing Ag,O crystals decreases as a result of an Ostwald
ripening phenomenon [B1,B2,B4]. In this study, we are mainly concerned with

verifying our earlier findings concerning the Ag,O film-formation mechanism.
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FIGURE CAPTIONS FOR CHAPTER 2

Figure 2-1. Thermodynamic potential of various reactions of Silver in 1M KOH

versus the Hg/HgO (in 1M KOH) reference electrode.

Figure 2-2. Galvanostatic oxidation of Ag (111) in 1M KOH at 50 uA/cm? in 1M
KOH. Potential with respect to the Hg/HgO reference electrode.

Total electrode area 3.12 cm?.
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CHAPTER 3

ZINC IN ALKALINE SOLUTIONS: LITERATURE

-Section 3.1: Thermodynamics

The electrochemistry of zinc (along with hydrogen. and oxygen) is one of the
most extensively studied electrodes among metals. Zinc is a metal with a stan-
dard potential above (cathodic of) the hydrogen/water couple. The value of the

standard potential calculated from thermodynamic data [C1] is

Zn?* + 2% 2 Zn  Eyp = -0.7628 . 3.1

Experimental data are in close agreement with this calculated value. The effect
~of temperature change is small (about 0.1 mV/ C°). Potential differences of
several millivolts in the standard potential of zinc reduction for the various ery-
stal faceé have been reported [C2] and are said to result from the differences in
the atomic packing density of the crystal planes. The exchange current density

has been reported to also depend on crystal face [C3].

Section 3.2: Dissolved Zinc in Alkaline Solutions

The outer orbital electron configuration of a zinc atom is 3d'%4s? . There is
no evidence for the existence of a monovalent ion of zinc. Generally, the d orbi-
tals do not enter into bonding (and hence, zinc is not considered a transition

metal). It is the 4s® electrons that are lost when a divalent ion is formed. Thus,



Chapter $-Zinc Literature Review 60

when a zinc bond is formed with a p bonding atom (halide or oxygen), sp? and
sp® hybridized orbitals are formed. A series of soluble zinc species have been pro-
posed, and a complex equilibrium among the various zincate species has been

represented by

Zn*? +OH- & ZnOH* , 3.2
ZnOH* + OH~ 2 Zn(OH), , 3.3
Zn(OH), + OH- = Zn(OH); , | 3.4
Zn(OH); +OH- = Zn(OH);? . 35

Increasing pH tends to drive all of these reactions to the right, and therefore,
" at high pH Zn(OH);? is the most stable solution species [C1]. A calculated
species distribution diagram for the zinc hydroxidé system has been'presented
before [C1,C4]. These intermediate chemical compounds may be important
because the species undergoing charge transfer may not necessarily be the most
prevalent in solution,v According to Gerischer [C5], the charge-transfer complex
for the Zn/Zn*?, OH~ couple is neutral Zn(OH), at pH 14, despite the fact that
many investigators believe Zn(OH);2 to be the predominant complex in solution.
Farr and Hampson [C3] proposed the following for the reduction/oxidation reac-

tion of zinc on solid electrodes:

Zn(OH)[? 2 Zn(OH), + 20H" , 3.6
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Zn(OH), +e- 2 Zn(OH),4, OH™ , 3.7
Zn(OH),y +¢~ = Zn(OH)y , 3.8
Zn(OH)y < Zn+OH . 3.9

This mechanism is among many others that have been proposed [C4]. Because of
the often contradictory reports of the effects of varying OH™ concentration on the
exchange current, no general agreement as to the best mechanism for the zinc

reaction in alkaline media can presently be found.

Raman and NMR measurements indicate that dissolved zinc exists primarily
as a tetrahédrally coérdinated complex [Zn(OH);? in concentrated alkaline solu-
tions [C6-C10]. The rate of dissolution of ZnO powder is. slow; it may take as
long as several months to reach saturation. During the discharge of zinc in
alkali, supersaturated solutions may be formed. - Therefore, because studies of
supersaturated solutions are of importance and because electrochemically dis-
solved species are more easily formed, electrochemically dissolved zinc has often
been used in solution studies. Concentrations corresponding to three times t}le
equilibrium value of ZnO can be produced in this manner. Observations made in
the 1930s indicated that after a long period of étanding, ZnO will precipitate
from a supersaturated solution (the solid hydroxides are unstable with respect to
the oxide) [C11,C12], but more recent papers have not supported this observa-
tion. Dirske reported that solutions supersaturated with zincate often will not
precipitate ZnO, even when shocked or seeded [C13]. The slow rate of precipita-

tion of ZnO may result from a slow decomposition reaction step prior to the
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incorporation of material into a lattice growth site. NMR and light-scattering
measurements have shown that even the supersaturated solution does not contain
colloidal particles [C14]. Li* and SiOz* have been found to retard the precipita-
tion process even more [C15]. Silicate has been shown to strongly influence
homogeneous nucleation over a limited range of pH and concentration and to
greatly increase the depth of discharge of anodic zinc [C16,C17]. However, these
measurements have not been confirmed, and questions remain as to the validity
of the findings at other concentrations. Despite these open questions, silicate has
been .added to slurry electrolytes of zinc/air battery systems [C18-C20] and
appears to improve cell performance. The solubility of ZnO is generally lower
than that of Zn(OH), by a factor of two. At moderate pH (lM KOH), the solu-
bilities are comparable. Data on the solubility of both ZnO and Zn(OH), are

available [C21,C22]. -

Section 3.3: The Hydrogen Overpotential of Zinc

As noted above, zinc is an electroactive metal in aqueous solutions, despite
the fact that H, reduction occurs at a potential anodic of the standard potential
of zinc. Omne would expect that zinc might rapidly corrode (dissolve) by reacting
with water. In fact, this doés happen to some extent in concentrated acid and
alkaline solutions. However, the spontaneous reaction of zinc with water (or OH~
) is effectively suppressed by the large overvoltage for hydrogen evolution on zinc.
Thus, the rate of hydrogen evolution is sufficiently slow that zinc can be reduced

at reasonable rates. Brodd and Leger [Cl] state that the large hydrogen
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overpotential is a direct consequence of the weak interactions between zinc and
hydrogen. They -calculate values for the hydrogen-zinc bond energy (-64
keal/mole) and the heat of hydrogen adsorption (-16 kcal/mole), and they con-
clude that hydride formation should not occur to any appreciable extent on zinc.
We believe that the necessity of creating a weak zinc/hydrogen o-0 bond (zinc
does not act like a transition metal, and therefore does not form the more stable
o—d bonds) results in a large hydrogen overpotential. .In fact, almost all non-

transition metals tend to exhibit large hydrogen overpotentials.

Section 3.4: Zinc Anodic Film Formation

Zinc dissolves easily near its equilibrium potential, forming divalent ziné
complexes in solution (see above). The kinetics of dis§olution from solid zinc and
zinc amalgam have been reported to be similar [C23]. Current efficiencies of near
100% can be expected (except in t'he presence of NOg, ClOg, and ClO,, where

the anions are reduced by zinc).

Galvanostatic oxidation of Zn in alkaline solutions exhibits a period of active
dissolution followed by passivation of the surface. The passivation is evident by
a sudden ‘change in the potential to positive values and the evolution of oxygen.
The necessary time (charge) for passivation reaches a maximum with increasing
alkali concentration at around 7M KOH. Dissolved zinc in solution tends to
reduce the passivation time [C1]. At sufficiently high currents, dissolution is
believed to become mass-transport limited [C24], and therefore passivation has

been associated with a dissolution/precipitation mechanism of film formation.
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The effects of the changes in the solubility and mass-transport properties of the
solution have been used to correlate the time of passivation using a relation simi-

lar to the Sand equation [25-28]:

-ttt =k . 3.10

In equation 3.10, i is the applied current density and t the time for passivation.
The adjustable parameters i, and k depend on KOH concentration and electro-
lyte low conditions. The values of the derived parameters have been a matter of
controversy. Yet, as noted by McBreen and Cairns [C4], this interrelationship
yields practically no information on the passivation mechanism. All that fhis
interrelationship (equation 3.10) indicates is that diffusion and migrét‘ion are the
primary modes of mass transfer, as well as the amount of zinc utilizaﬁién that

can be expected.

The nature of the surface film has been investiggted by a number of authors.
A white, flocculent precipitate is found on battery electrodes during discharge
[C13,C29]. SEM images of the anodized surface made by Smith and Muller [C30}
show a compact, etched surface film. During potential sweep experiments, pas-
sivation is reported to be accompanied by visible film formation; the film is said
to disappear on returning to more cathodic potentials. ‘During the active phase
of dissolution, a dense, shiny, bluish-black layer of ZnO is formed and is believed
to contain an excess of interstitial zinc. (ZnO is known to be white.) The film
tends to darken with further anodization [C31,C32]. Still, the exact nature of the

film remains unknown. ZnO has been identified as a component of the passive
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film by x-ray diffraction, but since Zn(OH), readily dehydrates to ZnO [C33], and
the x-ray measurements were made ez-situ, it is possible that a conversion of the
film from Zn(OH), to ZnO occurred. Furthermore, oxygen evolution had
occurred on these electrodes, and, as noted by Dirske and Hampson [C34] ‘it is
(therefore) not surprising that ZnO was identified.” X-ray transmission and elec-
tron diffraction measurements indicated ~ -Zn(OH), to be present on the surface.

Excess 'oxygen has been found in films formed at high current densities [C35].

Several authors have proposed structures for the anodic Zn surface layers.
These include an underlayer of Zn(OH), with an outerlayer of ZnO [C36], and a
dual layer of ZnO, the inner layer formed by a solid-state mechanism and the
outer layer formed via the solution [C29]. But Dirske and Hampson [C34] con-
cludgd from their electrochemical nieasurements thaﬁt they were not able “to
decide whether the initially-formed film of ZnO comes from the electrolyte or is
formed in situ on the lattice by direct oxidation.” Since direct tn situ measure-

ments are still very limited, the structure of the surface layers remains obscure.

Section 3.5: Literature Summary and Conclusions

Zinc is a reactive metal, with a standard potential negative (cathodic) of
hydrogen evolution. Zinc can be electrodeposited because it exhibits a high over-
potential for hydrogen evolution. A series of soluble zinc species has been pro-
posed, but the highly soluble tetrahedrally coordinated zincate ion [Zn(OH);? is
the most prevalent at pH 14. The rate of dissolution of zinc oxide to form zin-

cate is slow, but concentrations of up to three times the saturation value can be
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produced electrochemically. Silicate has been proposed to retard the precipita-
tion process and enhance the solubility of zine, but evidence for complexation or
colloidal particle formation is needed. Also, direct :n situ measurements are

needed to clarify the mechanisms of film formation, growth, and passivation.
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CHAPTER 4

THEORIES OF NUCLEATION AND GROWTH

BY ELECTROCRYSTALLIZATION

Section 4.1: Introduction

The crystallization of surface films formed electrochemically is commonly
referred to as electrocrystallization or ‘‘electrosolidification.” Even though this
topic has been discussed in some detail by this author before [D1,D2|, a short
review will be presented here, with emphasis on new developments and some

aspects not previously presented.

‘Electrocrystallization differs from cn'y;tallization from the vapor pha.;e, a
melt, or-solution, in part by the number of ways growth can dccur on the elec-
trode. Qualitatively, the concentration gradient of active species for a cathodic
process will be opposite to that for an anodic process. Some of the growth paths
have been discussed by Fleischmann and Thirsk [D3]; these paths include new
phase formation (a) on an inert or similar substrate by electrodeposition of an ion
from solution; (b) from the substrate by electrodissolution followed by precipita-
tion from solution; (c) via ions that pass from the substrate through a new phase
to the solution interface, with a portion of the ions reacting there to form an
advancing surface layer; or (d) by a transformation of an already existing surface

layer, as formed in (b) or (¢). Clearly, method (a) is generally limited to metal
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deposition and differs from processes (b) and (c) in that the nucleating species is
found only on the metal electrode surface rather than in the solution or in a sur-
face film. The dissolved ions in (b) or (c) can undergo further reactions in the
solution phase. Since in'(b) and (c) the process is not two- but rather three-
dimensional, nucleation and growth will generally proceed by the latter growth .

mechanism.

Section 4.2: The Mechanism of Crystal Growth

The crystal growth process can be rate-limited nat various stages in the
overall process. These stages include diffusion to the crystal and incorporation of
material into a crystal. At the turn of the century, the control of crystal growth
by molecular transport was the main topic of research. Noyes and Whitney's
[D4] work on the dissolution of crystals led to an early diffusion theory for
growth. With the .introduction‘of the boundaryjlayer ﬁlm. model, Nernst [D5]
was able to account for the dependence of growth on agitation rate. However,
shortly after these theoretical developments were presented, Marc [D6-D9]
demonstrated that factors other than diffusion were often more important in
crystal growth. Stranski [D10] was perhaps the first to present a theory of growth
that occurs by a sequence of lattice-building steps. Growth was believed to be
initiated on a complete crystal plane by the formation of a two-dimensional
nucleus. Volmer [D11] presented an adsorption theory of crystal growth.
Adsorbed molecules were said to be free to migrate on the 2-D surface. They can

desorb, become incorporated into a growth center, or conglomerate with other
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molecules to form a new nucleus. The equation for growth by a two-dimensional

nucleus at completed planes takes the form [D12]

%L{= Zexp[-moaQ)/(RT)In(y+1)] . 4.1

' In equation 4.1, % is the linear growth rate (distance/time), Z is a growth con-

stant, o is the surface energy of the solid/electrolyte interface, a is the thickness

of the monolayer, Q is the volume of a solute molecule, and = is the relative

(C‘Cs)

supersaturation, G
8

Equation 4.1 predicts significant growth only when

~+1 is much greater tilat 1. Since serious discrepancies between this prediction
and experimental results were found (substantial growth is often observed at very
low supersaturations), Frank [D13] presented a model based on screw-dislocation
theory. The screw-dislocation edge spirals, and hence the formation of new
growth planes is not considered necessary since a completed 2-D plane never
develops. Using these ideas, and assuming that growth is limited by the migra-
tion of an adsorbed solute molecule across the crystal face to the spiral, Burton et

al. [D14] developed a growth expression of the form

daL
dt Y 12 Ye 4.2
—— = |—}“tanh(—) ,
A, [%] (7)
with
A = A _exp[-(E4~E,)/RT] 4.3

and
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Arexpl-5 (E4-EL)/RT}4mon
RT

4.4

Yo =

In these equations, A, and A, are growth constants, and E; and E, are the
activation energies for desorption and surface diffusion of the adsorbed solute
(energy/mole), respectively. The term ~, is called the critical 'supersaturation.
L)

Equation 4.2 exhibits approximately second-order growth (with respect to —
Ye

for values of - less than 0.5 and first-order growth for values greater than 5.
Ve '

Therefore, growth characteristics can change over a wide range of solute concen-

trations.

Growth data have often been correlated by equations of the form

% = kK°(C=C.)" , 4.5

with m lying between 1 and 4. The shape of equation 4.2 is not radically
different from that of equation 4.5. Data for the growth of the [110] surface of
magnesium sulfate heptahydrate, potassium alum, itaconic acid, and citric acid

have been interpreted in terms of the theory of Burton ¢t al. [D14].

Section 4.3: The Nucleation Growth Site

Many authors of electrochemical nucleation theory have utilized the concept
of the nucleation ‘‘site” [D3,D15-D22]. These sites are envisioned as centers on

the surface where material is incorporated into a growing lattice. However,
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mostly speculation has been presented as far as the nature of these sites is con-
cerned. As discussed above, point defects or screw dislocations, as well as ledges
at different crystal planes, have been suggested as centers of nucleation and
growth. Wahile a strong relationship between surface treatment (and hence sur-
face structure) and number density of nucleation sites has been observed, defect
theory at best offers only a qualitative description of this observation. Therefore,
theoretical and experimental research aimed at a better understanding of the
relationship between surface structure and subsequent surface activity for nuclea-

tion is of considerable interest.

Theoretical calculations [D23,D24] show that new phase grov;rth on a sub-
strate should result in the same crystalline structure as the underlying lattice.
This is most probable when the deposition rate is slow and the deposition is ther-
modynamically controlled. An electrodeposited monolayer should be of the same
orientation as the substrate; some ez situ and recent in sttu x-ray diffraction
measurements of underpotential deposite (UPD) layers support this idea [D25].
Yet epitaxial calculations,.which ignore kinetic aspects of the nucleation and
growth problem, lead to an oversimplified model for film growth. While epitaxy
may play an important role in the embryonic stages of nucleation, Fleischmann
and Thirsk [D3] have noted that epitaxial studies and the idea of small-misfit
values have dominated the subject of nucleation more than is warranted by
experimental facts. Instead, the focus should be on models of nucleus growth and
the dynamic problems of diffusion, changes in concentration and temperature

with time, and the influence of surface forces and growth inhibition.
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In answering these important questions, different schools of thought have
developed. The most prevalent group of researchers on nucleation in the electro-
chemical literature is referred to by this author as the “geometric growth” school.
This group employs a special vocabulary (e.g. ‘“‘overlap”, ‘“‘expectation number’’)
that distinguishes them from other schools. Another distinguishing feature of
this group is their consideration of nucleation centers and later interactions.
Theories of diffusion-controlled growth and morphological stability have not been
used previously to understand nucleation phenomena. Before we present these
approaches, it is necessary to discuss the role of thermodynamics in the nuclea-

tion process.

Section 4.4: Thermodynamics of the Anodic Nucleation Process

As 'the potential of an electrode is made increasingly positive, a potential is
eventually reached at w.hich the formation of bulk oxide is thermodynamically
possible. Some metals (e.g., aluminum and tantalum) do not undergo any appre-
ciable dissolution of ions up to this poténtial [D26]. Other metals (e.g., iron and
nickel) dissolve as ions only above the thermodynamic potential of bulk 'ﬁlm for-
mation. During the initial stages of anodization of the more active metals, the
concentration of electroactive species in the vicinity of the electrode increases
until nucleated crystallites form at sites on the surface. With the possible excep-
tion of a UPD oxide layer, nucleation generally will occur only at a potential
- above that required for the formation of the bulk solid. Once nuclei are férmed,

they can act as sinks for the dissolved anodic products and will reduce the
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supersaturation that has developed at the interface [D1,D2]. The overall growth
process can be controlled at the metal/electrolyte or electrolyte/crystal boundary,

as well as by diffusion in the solution.

But how does a crystal nucleus form? Clearly, atoms and/or molecules must
reach the surface and overcome any energy barriers associated with the formation
of a new surface. Vermilyea [D26] has presented a calculation of the necessary

change in free energy for forming a circular monomolecular oxide patch. This

change is

A G =m?(0,404-0,) + 27racy+nraAG, 4.6

where r is the radius of the patch; oy, 05, and o3 are the surface free energies
(surface tensions) of the electrode-solution, electrode-film, and film-solution inter-
faces, respectively; a is the height of the 2-D patch; and AG, is the free energy

change per unit volume of film formation. The relation between AG, and over-

voltage is [D26]

4.2x10°nF pn

—AGV = M L

4.7

where p is the density, M is the molecular weight of the oxide, and 7 is the over-
potential of oxide formation. The value of AG, is in ergs/cc. Equation 4.6 can
exhibit a maximum with increasing size (i.e., increaéing r), since the last term is-
inherently negative for a spontaneous process and can often outweigh the first

term even when this term is positive. By setting the derivative of the total free
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energy of formation with respect to size to zero, the size.of-a ‘“‘critical nucleus” is
determined:

% ao3

r = . 4.8
-aAG,~(0y+03-0,)

Using this value of critical size in equation 4.6, we determine the critical free

energy of nucleation, AG":

71'320 32

= TaAG ~(0atos-0,)

AG* 4.9

While this classical model neglects atomistic and crystallographic effects, it can
be useful in understanding many important features of the nucleation event (e.g;,‘

necessity of supersaturation, and variation from metal to metal).

Section 4.5: Geometric Nucleation and Growth Models

Geometric models for nucleation processes neglect the effects of ion transport
to growth centers from the solutions. The rate of crystal growth is assumed to
be controlled at the crystal/solution interface. Therefore, the changes in growth
rate (and therefore current) are related to the crystal geometric surface area
exposed to the solution. We represent the total current density as I, the cﬁrrent
into a growth site as I, and the number density of growing crystals as N. The
simplest model would have all crystals being formed instantaneously,.growing

independently, and at the same rate (i.e., all crystals will be the same size at all
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times). To calculate the current response more accurately, more complicated
(and therefore more realistic) models must consider the basic problem of express-
ing the amount of surface area for solute incorporation as a function of time since
inception (i.e., nucleation of a given center) and the rate of formation of growth
centers with time. Various expressions have been presented to estimate these two

quantities.

Geometrical growth models often assume either 'an instantaneous formation
or a progressive increase in the number density of nucleation sites (i.e., a number
density of growth centers that is constant or increases linearly or exponentially
with time). Starting with a fixed number of sites of equal activity available for
nucleation, the probability of forming a nucleus would be uniform with time, and
the change in the number of growing centers would be proportional to the

number of unnucleated sites:

dN
T =ANN) . 410

Here, N is the number density of grow:mg nuclei, t is the time, A is a nucleation
rate constant (nuclei/area/time), and N, is the total number of available sites.

Integration of this expression leads to the progressive nucleation equation:

N(t) = N, (1-e™%) . - 4.11

Instantaneous nucleation can be viewed as the long time scale-limit of progressive
nucleation. Similarly, linear nucleation can be considered the short time scale

limit of progressive nucleation. Figure 4-1 demonstrates these ideas. As noted
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by Fletcher [D27], the number of active sites may depend strongly on potential,
and therefore he introduced the concept of a distribution of activities toward
electrochemical nucleation. O.nce again, it should be stressed that no theoretical
understanding of the relation between surface structure and site density is

offered. In this case N, must be treated as an adjustable parameter.

To calculate the current density by geometrical models, one needs an expres-
sion for the current flowing to a growing center as a function of time in addition
to an expression for the time dependence of the number density of nuclei. When
we set the origin of the time scale to the time at which the nuclei of zero size first
appear (i.e., the time since inception), it is relatively easy to calculate-the current

associated with a single growth center. This can be expressed as

I, = nFKS . 4.12

Here, S is the surface area of the growing center and K is the growth constant
(rate of incorporation of material into the crystal). By assuming various geometr-
ical forms for the growth centers and the conservation of materials, expressions
have been derived for the crystal current as a function of inception time [D3].
For example, it can be shown that the current into a growing spherical nucleus is
given by [D28,D29]

2mnFM2K 32

I(t) = ————— . 4.13
p
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Once one has an expression for both the current for a given nucleus as a
function of inception time and the change in number density as a function of
time, the total current density can be determined. The total current is just the
integral of the time-adjusted current (since inception) of the individual nuclei.

Mathematically, this can be expressed as [D27]

| t
dN(t
Iy = fIc(u)[_d—E)_]t=(t—u) dp . 4.14
0

Here, p is a dummy variable of integration representing the time since the forma-
tion of a given nucleus. This equation simplifies in the case of a constant number

density of sites (instantaneous nucleation) to

=N . .. 4.15

All of these expressions assume that the number of unnucleated sites is
unaffected by crystal growth and that ‘“‘overlap’” of erystals is not important.
Overlap occurs when two or more growth centers have expanded to such a degree
that the boundaries touch and they can no longer grow geometrically in a given
direction. In the case of metal deposition, overlap presents no real problem to
the passage of current since a new active surface is being produced all the time.
For anodic film formation, overlap eventually leads to complete coverage of the
surface with a more or less resistive film, which can result in surface passivation.
Because a growing crystal may cover an unnucleated nucleation site, the number

of available sites (referred to as the ‘‘expectation’ number) will tend to decrease
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with time. The assumption of both overlap-free growth and constant available
site density are approximations valid only during the early growth stages. Discus-
sion of the topics of overlap and expectation number have been presented in a

number of papers [D30-D32].

Section 4.8: Models for Diffusion-Controlled Nucléation and Growth

As noted before [D1], little work has been done on the modeling of crystal
growth under diffusion control. Although the mathematics of modeling this type
of growth process can be mor; difficult than that of the geometric approach, it
may still be physically reélistic to have growth controlled by diffusion. When the
rate of incorporation into a growing lattice and the rate of transport to tﬁe lat-
tice are comparable,.cirystal growth exhibits mixed control. The following discus-
sion of the literature is not offered as an exhaustive survey but rather presents

the principal physical and chemical ideas involved.

Kappus [D33] has investigated the early stages of electrode discharge of an
electrodissolution/precipitation process controlled by homogeneous nucleation
and growth. Using the classical ideas of homogeneous nucleation (see section 4,
“Thermodynamics of the Anodic Nucleation Process’” in this chapter), he calcu-
lated the free energy of a subcritical cluster of radius r in a supversat‘urated solu-

tion with respect to a zero-radius cluster in saturated solution:

47r3RTIn(C/C,)

4.16
3vpy

G = 4rmor -
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In equation 4.16, v, is the molar volume, C is the concentration (at the
crystal/electrolyte boundary), and C, is the saturation concentration of the oxide
of infinitely large crystals. The maximum in G and the critical radius (i.e., the

radius of the crystal of maximum free energy G* ) are given by

. . 167ra’3vm2
G =Gr)= : , 4.17
3[RTIn(C/C,)]?
* 2avm
r = m—/—c-s—) . 4.18
The Gibbs-Thompson relation relates the size of a crystal to its solubility:
A - 20V
) = 3 - . 4.19
E(r) = Coexpl )

A

C(r) in equation 4.19 is the surface concentratic;n of a crystal of size r. Equation
4.16 t,ogethe.r with equations 4.18 and 4.19,' demonstrates that, as the degree of
supersaturation decreases due to transport to the growing crystals, the increasing
critical radius will cause smaller crystals to disappear. Large crystals can in effect
lower the concentration in the environment around smaller crystals to a point
where the equilibrium surface concentration of small crystals is larger than that
in the bulk. Hence, small crystals will dissolve. Though it was not stated,
Kappus assumes independent spherical diffusion to each growth center when he

writes
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4.20

The characteristic boundary layer is just the radius of the growing (or shrinking)

crystal.

Kappus’ results have shown that the distribution of the crystallite size shifts
to larger average radii and becomes sharper with time under the conditions of
constant solution concentration (which might be interpreted as a zero order
approximation to a pc;tential-step process) and galvanostatic charging. He
presented results for a constant-ion-source (galvanostatic charging) case. The
pro.cess involved the solution of integro-differential equations. The results demon-
strated that “after nucleation and growth of a certain amount of crystallites the
ion sink .... exceeds the ion source ... so that the concentration as well as (the
potential) begins to decrease.” Eventually the potential becomes nearly constant

as the source and sink terms compensate each other.

Kappus assumes a form of the radial distribution of subcritical nuclei and
uses a very simple ﬁlodel of the diffusion process (i.e., independent radial
diffusion). Also, all material dissolved from the electrode is assumed to eventu-
ally end up in the growing crystals. The relaxation of these assumptions would
greatly increase the complexity of the problem, and so one can only speculate as
to their effect. These calculations are interesting and instructive, but they do not

address the specific problems associated with heterogeneous nucleation.

Recently, Barradas and Bosco [D34] have developed some electrocrystalliza-

tion models that couple diffusion and/or dissolution to the growth process. Three
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models were developed assuming different physical surface processes. All of the
models assume that film growth occurs at a fixed number density of nucleation
sites (i.e., instantaneous nucleation) and that a single average concentration for
the diffusing species in solution near the surface can be used (i.e., a uniform -
effective concentration). Using Fick’s diffusion equation with initial and boun-
dary conditions, a general nonlinear integral equation for the surface concentra-
tion is obtained, valid for all the models. One model takes cognizance of the
diffusion of the cations in solution to the interface and assumes that the growth
rate of nuclei is i‘)}oportional to the surface concentration. This model is said to
be useful for cases where the active species concentration in the electrolyte is too
low or the nucleation-growth rate is too high so that diffusion effects are
significant (e.g., for UPD deposition). A second model couples the diffusion of an
* anion from the surface and the incorporation of the'dissolved material into a
growth center. This model should be useful for interpreting data from a
dissolution/precipitation proceés. The current is attributed solely to the dissolu-
tion process, the surfaf:e being covered by oxide, which is insulating. The last
model removes any coupling of the anodic growth and diffusion processes.
Current results from both the dissolution of metal ions and the growth of the

oxide are included.

Current transients predicted by these models are presented in Barradas and
Bosco’s paper [D34]. Though the model that deals with cation diffusion to the
surface is interesting, it has little relation to the work to be presented in this

thesis, and so it will not be discussed further. The potentiostatic current
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transients predicted by the anodic diffusion/growth coupling model show charac-
teristic monotonically decaying currents at small values of the adjustable parame-
ters. The curves start to develop a hump as the parameters are increased, and
they eventually exhibit a local current minimum and maximum at high parame-
ter values. These current trends are similar to those calculated before by this
author using a far simpler model, and the shape of the current transients are
quite similar to those measured for the silver/silver oxide system [D1,D2]. Most
notably, Barradas and Bosco’s paper also presents a calculation of the surface
coverage of nuclei as a function of time. These coverages are also similar in mag-

nitude to those previously observed by in situ spectroscopic ellipsometry [D1,D2].

The model that decouples the dissolution and the nuclei-growth steps also
shows monotonic current decays at low parameter values and a small inflection at
moderate values, but at larger parameter values the dissolution current becomes
masked by the much. larger surface growth proce;s. Eventually the monotonic
decay of the current due to d-issolut'ion disappears altogether. A curve similar to
those associated with geometric growth is observed where the current does not

exhibit an initial declining period.

While the Barradas/Bosco calculations have some serious limitations because
of some simplifying assumptions, their results can be useful in the qualitative
interpretation of potentiostatic data. However, these calculations give no insight
into the nature of the nucleation event and of the morphological stability of the
surface. Some of these issues have been addressed by authors interested in the

morphological stability of the surfaces during the solidification of metal from
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melts and by electrodeposition.

Section 4.7: Electrocrystallization Growth Stability

The ability to form smooth electrodeposits at high rates has been a goal of
electrochemists for many years. Because anodic surface products can be electri-
cally insulating, a material that forms a porous or rough surface due to individu-
ally nucleated centers would be preferred for many battery applications. Some
anodic films form as homogeneous planar films (e.g., most valve‘ metals), while
others do not (e.g., silver oxide). The interaction of solution and surface processes
plays an important role in determining the type of surface film formed. Yet an
understanding of the morphological stability of electrodeposition, _ﬂwhile of great
practical importance, has largely eluded scientists. A more complete review of
the literature of the stability ofv metal electrodeposition has been presented by
Barkey, Muller, and Tobias [D35]. Here we only present aspects pertinent to

anodic nucleation and growth.

Wagner [D36] has found the general form (particular solution) of the solution
for the primary current distribution to a low-amplitude sinusoidal surface. These

solutions can also be applied to the case of diffusion-controlled deposition. For a

profile defined by

z = A sin(wx) , 4.21

where z is the height of the surface at position x, A is the amplitude of the sine

wave, and w is the frequency of the wave. The solution to the primary current
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distribution for the profile with wavelength (>\=-2—7r- ) is
w

i-layg
i

= w A sin(wx) , 4.22

where i is the local current density and i,,, is the average current density over
the profile. Equation 4.22 predicts that preferential growth will occur at the
peaks. The current distribution given by equation 4.22 predicts that the rate of
change of the aspect ratio will be inversely proportional to the square of the
profiles wavelength. Sharp features (short wavelengths compared to amplitudes)

are predicted to grow faster.

A number of theories of morphological stability of metal 4depos'ition have
been presented in the literature. Most of these theories make use of a perturba-
tion analysis. This involves the analysis of small (Fourier component) perturba-
tions on the steady-state solution of the electrodeposition problem. Af)y arbi-
trary contour can be described by a series of Fourier components, and so the goal
of the perturbation analysis is to determine at which wavelength t_he Fourier
components exhibit positive (unstable) growth constants. Mullins and Sekerka
treated the case of diffusion-controlled growth of a sphere from a dilute solution
[D37]. To find the range of stable wavelengths in this problem, perturbations of
spherical harmonics were used, taking into aCCoﬁnt the effect of radius of curva-
ture (surface energy) on the solubility. The effect of capillarity is inversely pro-
portional to the square of the wavelength and tends to stabilize a smooth surface.

Spherical diffusion tends to favor exposed features on a surface and hence is a



Chapter 4-Nucleation Theory 89

destabilizing influence on growth. For wavelength (spatial periods) very much
smaller than the curvature of the surface, the solution should be similar to that
obtained from the perturbation on a plane. Mullins and Sekerka's results show
that for perturbations greater than about sevén times the critical radius (see
Thermod&namic section of this chapter), the perturbations will tend to grow.

Smaller radii are unstable and tend not to grow.

A more recent treatment of the diffusion-controlled stability to a planar sur-
face has been presented by Aogaki et al. [D38] . These authors were concerned
with the striking transition from planar to ‘‘powdered crystal’ deposition. A per- '
turbation analysis of the diffusion and surface-reaction problem was performed.
Perturbations in the concentration of the cation in the electrolyte, local flux,,
overpotential, ohmic resistance, and shape of the surface were considered. The
result of these calculations yields an equation for the magnitude and sign of the

exponential growth constant:

vuw[RTJ, 4+ nFDvoC*W?
D(nF)3C* ) 4.23
K

+nFRT
In equation 4.23, k is the growth constant of a perturbation of frequency w , Vo is
the molar volume of the deposit, Jz‘ is the z component of the steady-state
current density (average current density), D is the diffusion coefficent, o is the
surface energy of the deposit/electrolyte interface, C' is the surface concentration
of the depositing material, and & is the conductivity of the electrolyte. From this

equation, the wavelength of the maximum rate of growth can be derived:
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-nFDv6C
RTJ,

2

Amax = 2V3n 4.24

Plots of equation 4.24 show that the growth rate falls off very rapidly and
becomes negative for wavelengths smaller than \,,. Therefore, this \}alue can
be used to determine the size of stable versus unstable perturbations. Aogaki et
al. |D38] have said that their results point to the conclusion that all morphologi-
cal developments for cathodic processes are unstable, since a positive growth con-
stant can always be found fpr cathodic processes in equation 4.23. However,
while equation 4.23 indicates that a positive growth constant can always be
obtained for some arbitrarily large wavelength for cathodic d;zposition, the forma-
tion of such a -long—range disturbance becomes less likely due to physical con-
straints. For example, the local instability in the concentration field would have
to be sustained over a much larger region of space, and this becomes highly
unlikely. Also, the approximation of a linear expansion of the perturbation field
over large distances méy become invalid. Because the two terms in the numera-
tor of equation 4.23 can be of opposite sign for an anodic process both stable

planar or hemispherical growth can occur.

Section 4.8: Literature Summary and Conclusions

There are a number of possible growth paths by which electrocrystallization
can occur. Crystal growth can be controlled by a diffusion or lattice-building
step. The nucleation of a new phase is envisioned to occur at a ‘‘nucleation site.”

Surface defects are believed to be such sites. Thermodynamic calculations show
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that growth of a nucleus can occur only after a nucleation energy barrier (and its
associated critical nucleus size) is surpassed. Geometrical growth models for the
growth process assume that the lattice building (i.e., the rate of incorporation of
material into the growing lattice) is rate-controlling. Diffusion models assume
that the transport of material to the growth center is rate-controlling. The
Gibbs-Thompson relation shows that small crystals are less stable than larger
ones. Perturbation stability analysis shows that above a certain size and period,
surface roughnesses w'{ll tend to grow. These theoretical results may in part help

to explain why anodic films are formed with so many different structures.
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FIGURE CAPTION FOR CHAPTER 4

Figure 4-1. Representative functionality of the number density of growing nuclei
as a function of time for instantaneous, linear, and progressive nuclea-

tion.
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CHAPTER 5

REVIEW OF ALKALINE BATTERY SYSTEMS

USING ZINC, COPPER, AND SILVER

Section 5.1: Energy Storage in Electrochemical Systems

A study of the oxidation and reduction of metals in alkaline solutions is of
practical interest since these reactions commonly occur in both primary and
secondary alkaline batteries. The manner in whicﬁ energy is converted by oxida-
tion reactions varie‘.s from system to system, and it depends largely on the physi-
cal mechanism of film formation associated with the particular process. These
reactions can be classified into two limiting-case mechanisr;s for which the
storage of electrochemical energy can be discussed. The first me;lldnism involves
a transfer of charge at the .electrode/electrolyte interface, accompanied by the
production of a soluble species that diffuses from the electrode. Energy conversion
occurs by a change in the concentration of a reducible species in the electrolyte.
I refer to this class as the soluble-material mechanism. The second mechanism
involves the storage of energy at or near the metal interface as an oxide surface
film or homogeneous colloidal suspension. In this case, energy is stored in the

form of a solid material. I refer to this mechanism as the solid-film mechanism.

The soluble-material mechanism has a potential advantage over the surface-
film mechanism in that, in principle, the total cell capacity is limited only by the

total electrolyte volume. One can enhance the inherent capacity of a solubilized-
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mechanism cell by choosing an anion that will result in a highly soluble metal
salt or oxide and by operating the cell at a high temperature (if solubility
- increases with temperature). In some cases, most of the electrolyte is not stored
in the reaction vessel at all but rather in a storage tank. The electrolyte is circu-
lated though the electrochemical chamber, where the active species is either oxi-
dized or reduced. Circulating the electrolyte through the cell and storing it in an
external vessel helps in maintaining a more constant cell voltage by keeping the
changes in electrolyte concentration to a minimum. An example of one such sys-
tem is a porous.met,al flow-through zinc cell under development as a potential
electrical vehicle power source [E1-E4]. The potential problem with this type of
cell is that the overall reaction rate and efficiency are tied to a diffusion process
that is inherently slow and irreversible (entropy-generating). For a process to
occur at a reasonable rate by the solubilized-material mechanism, the concentra-
tion at the interface must be considerably higher (or lower) than the concentra-
tion in the fll;ulk of the solution. This results in a concentration overvoltage, and
the product of the concentration overvoltage and the current density is a measure
of the lost work associated with the diffusion process. These ideas can be
expressed by an equation that represents the entropy of diluting a solution:
ﬁl—;{zm—g = ;Xj2ln(7j2xj2) - JZleln(’Ynsz) : 5.1
* In equation 5.1, AS i is the entropy of mixing, R is the ideal gas con-
stant, j is a solution component index, ~; is the activity coefficient of the j** com-

ponent, and the subscripts 1 and 2 correspond to the solute concentration at the
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interface and in the bulk solution, respectively [E5,E6]. Equation 5.1 shows that
any diffusion process will result in lost work. The maximum current, and there-
fore the maximum total power is also limited by the rate of diffusion of active
ions to and from the interface. Studies in this and other laboratories have shown
that very high rates of electrodissolution and electfodeposition can be obtained
using extreme agitation, but that thése high rates often result in adverse effects
on thé macro- and micromorbhology of the electrodeposit [E7]. Non uniform ter-

tiary (diffusion-controlled) current distributions tend to limit cell life [ES8].

During anodic operation of an electrode, precipitation of a surface film can
occur when the 1surfa¢e concentration exceeds the solubility limit. For a cell
which that uses soluble material for energy storage, this precipitation can prove
to be disastrm;s because film formation often leads to the passivation of the elec-
trode. Generall;y, the upper limit for the rate of discharging a solublized-material

cell is associated with film formation.

Despite the potential for limited capacity associated with surface-film bat-
tery cells, these types of cells do possess sufficient capacity for many applications.
Many commercial cells use highly porous electrodes and pack powdered reactants
into the cell chamber to increase the cell capacity. Since the reaction products
are stored at or near the surface, the associated diffusion processes are much less
important, and therefore the overall processes can be, in general, much more
rapid and/or reversible. Furthermore, surface-ﬁlm cells can maintain high
currents at nearly constant potentials. Because the reaction products diffuse over

relatively short distances, the surface-film battery material maintains a nearly
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constant supply of reactants to the electrode surface. However, the problems
associated with film passivation, reactant dissolution processes (lost capacity and
short shelf life), and limited capacity need to be studied further. The solutions to
these problems are tied to a better understanding of the mechanism of film for-

mation and reduction.

Since we have focused this study on the anodic oxidation of zine, copper,
and silver in alkaline media, a brief review of the characteristics and past and
present uses of these metals in various battery systems will be presented. Some

of these characteristics are summarized in Table 5.1.

Section 5.2: The Zinc/Silver Oxide Alkaline Battery

The use of zinc/silver oxide batteries was first investigated by H. Andre in
the late 1920s. Zine/silver oxide storage batteries have been manufactured since
the 1940s and are made t.hroughout the industrial world. Cells have been pro-
duced for both low- and high-rate perforniance; with capacities ranging from 0.05
Ah (button cells) to 600 Ah (Eagle-Picher Industries Inc., USA) [E10]. As noted
before (Chapter 3), high-rate drains restilt in lower cell voltages, which
correspond to the Ag,O (rather than AgO) discharge reaction (see also [E16]).
The most favorable characteristic of these cells is the very high specific energy.
This characteristic is a result of the large amount of energy stored in the silver
electrode, the compact assembly of the electrodes in the cell container, and the
favorable .potential resulting from the zinc/silver oxide couple. Shelf-life charac-

teristics are also reasonably favorable (80-95% of original capacity after 1 year),
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as are as charge efficiencies (90%) [E9]. The overall energy efficiency is in the
70-75% range. Serious limitations for the zinc/silver oxide cell are its poor low-
temperature performance and secondary-cell cycle life (only 50-100 cycles, due to
separator problems), as well as its high cost [E9-E11,E14,E16]. Some of the uses
of the zinc/silver oxide cell include power sources for wrist watches and hearing
aids, torpedoes, mines, buoys, military communication equipment, portable radar

sets, and IR night-vision equipment [E9-E11].

Section 5.3: The Cadmium/Silver Oxide Alkaline Battery

Cadmium/silver oxide batteries have much better cycle life (up to 500 deep
cycles have been obtained) and better shelf-life characteristics than the
zinc/silver oxide cell [E16]. This difference in behavior is largely attributed to
the relatively large solubility of zinc versus cadmium in alkaline solutions (and
the associate separator problems). The overall charge efficiency is comparable to
that of the zinc/silver oxide cell. However, the specific energy of this cell is
about one-half that of the zinc/silver oxide cell (60 Wh/kg vs 180 Wh/kg). Cells
with capacities from 0.1 to 300 Ah have been manufactured [E10,E16]. Like the
zine/silver oxide battery, at high current drains the ‘Ag/Cd(OH), cell exhibits a
single discharge voltage corresponding to the reduction of Ag,O [E16]. A typical
cell voltage of 1.1 V is observed. The very high cost of cadmium (as well as of

silver) limits the use of this battery system to military applications [E14,E16].
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Section 5.4: The Zinc/Nickel Oxide Alkaline Battery

Because the cost of nickel is significantly less than the cost of silver, the
zinc/nickel oxide battery offers the potential combination of moderate cost and
high specific energy and specific power. Present development of this battery sys-
tem is centered on the zinc electrode. The separator is a crucial component in
the cell .design: it must prevent zinc dendrite penetration to the nickel electrode
_aﬁd resist swelling [E10]. Present research indicates that a specific energy of 75-
90 Wh/kg can be achieved. The cell can maintain a reasonable voltage (1.6 V)
during high rates of discharge over a wide range of temperatures (-40 to 50° C).
Recharging problems of the secondary battery, as well as limited cycle life, -
appear to be the major drawback of this system [E12]. While a certain degree of
overpotential is required to fully charge the nickel electrode, overcharging has a
disastrous effect onr the zinc electrode. Charge retention is relatively poor (only
70% of the initial charge is available after one .month). Cycle life is also poor
(200 cycles). However, more recently 800 to 1200 cycles have been obtain using

advanced separators and a novel vibrating zinc electrode.

This battery system is presently under development as a candidate for elec-
tric vehicle propulsion. Sealed cells have been used in VCR cameras, electric
shavers, tape recorders, portable tools, and calculators. Bigger vented (non-
sealed) batteries have been used to propel electric vehicles. Their use in indoor
fork lift trucks, electric cars, and golf carts is predicted to grow in the future

[E9].
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Section 5.5: The Zinc/Mercury (II) Oxide Alkaline Battery

The zinc/mercury (II) oxide cell often referred to as the Ruben cell after its
inventor, Samuel Ruben, who invented this cell in the 1940s. While most surface
film mechanism batteries exhibit very stable voltage during discharge, the
Zn/HgO cell exemplifies this characteristic under load at significant current densi-
ties. Like the zinc/silver oxide battery, the zinc/mercury (II) oxide battery has
been used as a button (e.g., watch type) cell [E19]. In the button cell, the
cathode, anode, and separator are arranged in parallél planes, and they are per-
pendicular to the axis of symmetry of the battery. Like many other zinc alkaline
cells, the zinc in this cell contains mercury to suppress the corrosion of the anode.
The battery is one-third the size of conventional dry batteries of the same capa-
city. The reactions at the anode and cathode leave the overall cell electrolyte
composition ‘unaltered. This fact is evident by looking at the individual half

reaction:

Zn + 20H™ < ZnO +H,0 + 2¢™ , 5.2

HgO + Hy,0 +2¢™ < Hg + 20H" , : 5.3

which, when added, yields

Zn +HgO « ZnO + Hg , 5.4

which does not involve the electrolyte at all. The battery characteristics include

long shelf life (90% of capacity after one year), high specific energy (surpassed
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only by the Zn/Ag,O cell), a high sustained discharge voltage under load, and a
low internal resistaﬁce. However, the battery does not perform well at low tem-
peratures, and the fact that Hg is toxic adds to the manufacturing cost (the cell
must not leak) [E19]. In addition to being used in button cells (for wrist watch
and hearing-aid applications), Zn/HgO cells have been used in cardiac pacemaker

devices [E19] and as a secondary voltage standard [E10,E11}.

Section 5.8: The Zinc/Manganese Dioxide Alkaline Battery

The earliest zinc/manganese dioxide cell, also known as the carbon-zinc bat-
tery (because of the carbon-rod current collector) or the Leclanche b;,ttery (af:ter
its French inventor, George-Lionel Leclanche, 1838-1882) used an aqueous solu-
tion of ammonium chloride as electrolyte [E17]. The first description of an alka-
line MnO, cell appeared around 1882 in a German patent of G. Leuchs. This cell
uses a gelatine filling to immobilize the alkaline electrolyte. However, the alka-
line cell received little attention in the literature until after the Second World
War. P.R. Mallory Company spent several years developing and marketing the
alkaline Zn/MnO, cell and was able to establish it in the battery industry [E11].
By the lat.e 1960s the system had established itself in the consumer battery

market.

While it was originally introduced as a primary cell, rechargeable Zn/MnO,
cells have been developed and marketed. Secondary MnO, cells retain their
charge for longer periods of time than most rechargeable systems, but these cells

have limited cycle life (about 50 cycles). The available energy decreases with
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each cycle faster than with other secondary batteries, and when used as a
rechargeable system, only one-third of the total capacity can be utilized to assure
best cycle life. The largest disadvantage of the zinc anode is the high solubility
of zinc in caustic. The migration of zinc to the cathode and the formation of zine
dentrites present major problems for further development. Despite its
deficiencies, the secondary Zn/MnO, cell remains competitive because of its low

overall cost.

The open-circuit voltage of a Zn/MnO, battery is about 1.5 V, but the vol-
tage can drop to as low as 0.8 V before the cell is completely discharged
[E11,E16]. Voltage-time curves typically decline significantly during discharge.
This behavior is different from other alkaline rsystems (e.g., Zn/AgO, Zn/HgC, o
Zn/CuQ, and Zn/air), which exhibit fairly constant cell volﬁages right up to éell
exhaustion. Thou'g.h this cell will never be ab‘le t§ reach the capaéities of systems
like the Zn/air cell, Zn/MnO, cells are inexpensive, have excellent shelf life (90%
of original energy after 1 year), and have shown some secondary cell capabilities.
Therefore, this system will continue to be a majorvconsumer battery system into

the foreseeable future [E10,E11,E186].

Section 5.7: The Zinc/Air Alkaline Battery

The zinc/air battery is perhaps the most promising electrochemical energy
source because of its combination of potentially high specific energy and operat-
ing voltage, along with relatively low material costs. The cell is a device in which

the oxidation reaction of zinc with air can be controlled to provide energy-
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efficient electrical power. As with other zinc alkaline batteries, the zinc electrode
is amalgamated to suppress the zinc corrosion reaction. The anode and cathode

are separated by an aqueous KOH solution. The half reactions

2Zn + 80H™ — 2Zn(OH);2 +4¢~ E°=-1.25 NHE , 5.5

02 + 2H20 + 4e” — 4OH— EO = 0.401 NI"IE ’ 5.6
yield an overall cell reaction tht can be written as
2Zn + O, + 2H,0 + 40H — 2Zn(OH);2 E,=1.651V . 5.7

A primary zinc/air batte;‘y is presently used as a power source for hearing aids.
While the original zinc/air cells could be used only as a low-drain device, recent
technological advances make it foreseeable that a rechargable form could be used
as a power source for electric vehicles [E13,E15]. Presently, tl;e cells exhibit both

short cycle life and low efficency.

The current collector for the oxygen-reducing cathode is generally either
nickel or carbon. The zinc/air ﬁbattery is not anode-limited, and therefore the
effectiveness of the zinc/air cell depen;is largely on the efficiency of the air elec-
trode. The reaction at the oxygen electrode occurs at the point where the three
phases meet. These are the metal solid (electron conduction), gas (oxygen), and
liquid (KOH solution) phases. A porous electrode is used to enhance the interfa-
cial area, but the electrode also must allow for a stable gas-liquid boundary in the

pores [E3,E13].
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Three types of zinc/air cell are presently being developed. The “D size pri-
mary cell performance against other “D” cells is impressive. At 200 mA drain,
the zinc/air cell operates at a constant 1.4 V for over 100 hours. This is more
than twice the time of the Zn/HgO cell (45 hours) or the alkaline Zn/MnO, cell
(40 hours). Mechanically rechargeable zinc/air cells operate on the principle of
replacing the anode and electrolyte upon exhaustion of the anode. The cathode
is used for many cycles. The secondary zinc/air cell can be viewed as a recharge-
able zinc/silver oxide system with the silver oxide electrode replaced with an air
electrode. Zinc is converted to zinc oxide (or zincate ioh) on discharge and to

" zinc on recharging. The air electrode can b’é monofunctional (two separate elec-
trodes used for charging and discharging) or bifunctional. Rechargable cells that
use porous carbox_l cafhodes must have monofunctional electrodes because the car-

bon is otherwise oxidized. .

Zinc is a relatively inexpensive metal. | Oxyg_en does not conﬁribute to the
weight of the battery and can be obtained from air without cost (except in Los
Angeles). The zinc/air battery therefore stores more electrical energy than any
other aqueous battery presently available, and a significant development effort for
this battery system is under way. A great deal of time and money is presently

being spent on the development of this battery system [E10,E11,E13].

Section 5.8: The Zinc/Copper (II) Oxide Alkaline Battery

The Zn/CuO alkaline battery was first devised by LaLande and Chaperon in

1881 using granular cupric oxide, zinc anodes, and a caustic electrolyte. Edison
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improved the system by using agglomerated cathodes. From its inception, the
primary use of this battery system has been for low-drain applications, particu-
larly railway signaling and telephone and telegraphic communications. Its com-
mercial introduction largely displaced Daniell and wet Leclanche cells from these
markets. Various features were added to the cell to improve its performance:
copper-coated cathodes, silicate to improve electrolyte capacity, and heat- and

alkali-resistant battery jars [E11].

Despite its low operating cell voltage (about 0.7 V), the Zn/CuO cell had
found many applications where cost, capacity, flat discharge curves, and chemical
stability are requirements. The discharge curves show no inflection due to a step-
wise reduction of CuO—Cu,0 followed by Cu,0—Cu. The operating potential
appears to be related to the CupyO/Cu couple rather than to the CuO/Cu,0 cou-
ple. The interface may become a mixture of CuO and Cu,O during discharge,
and the observed cell voltage is most likely a mixed potential. While the addi-
tion of sulfur to the CuO cathode appears to enhance tl}e potential by as much

as 200 mV, the mechanism for this phenomenon is unclear [E11].

The density of the electrolyte 'increasesvduring discharge as zincate ions
accumulate in it. The rapid drop in cell voltage at the end of cell capacity
reflects both the buildup of zincate in the electrolyte and the formation of an
anodic surface film. These films are probably cryétals of Zn(OH),, but the species
Na,ZnO, and Na,Zn(OH), have also been suggested as surface products. The
very high internal cell resistance appears to be attributable to the formation of a

cuprous oxide layer, rather than to the effects of dissolved zincate on the
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electrolyte conductivity, as previously believed [E10].
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Table 5-1

ALKALINE CELLS WHICH USE
SILVER, COPPER, OR ZINC
ANODE | CATHODE OPEN-CIRCUIT EMF COMMON NAME COMMENTS
(VOLTS)
PRIMARY CELLS
Zn’ Mn(MnO,) 1.55 Zinc/Manganese Dioxide Cell Used In Small Commercial
Alkaline Cells
Zn 0, 1.40 Air Cell Very High Theoretical
Specific Energy.
Zn’ Cu(Cu0) 1.10 Copper Oxide cell Used As Low Drain
Primary Before 1960 |
SECONDARY CELLS
Zn? Hg(HgO) 1.35 Ruben Cell Very Stable Voltage
During Discharge
Zn? Ag(Ag,0) 1.60 Silver Cell High specific energy
Density And Power
Zn Ag(AgO) 1.86 Silver Oxide Cell Primarily Used For
Milit ications
Zn Ni(NiOOH) 1.74 Drumm Cell Low Material Costs-
Undergoi
cd Ag(Ag,0) 1.30 Silver Cadmium Cell 1/2 Energy Density -
Of Zn cell

* Cell can be recharged, though characteristics of rechargability are poor.
# Has been used as a primary cell

XBL 897-2669

STT
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CHAPTER 6

EXPERIMENTAL PROCEDURES FOR SURFACE

PREPARATIONS AND ELECTROCHEMICAL MEASUREMENTS

Section 6.1: Introduction

The procedures for preparing working and reference electrodes, making solu-
tions, and taking electrochemical measurements were generally the same regard-
less of the type of optical experiment performed. Therefore, in order to avoid
repeating the description of these procedures when discussing each type of experi-

ment, we describe them in some detail here.

Section 6.2: Crystal Preparation and Mounting

The single-crystal electrodes of Cu, Ag, and Zh used in our study were
" manufactured in-house using an induction furnace. The purity of the shot metals
used to make the single crystals was greater than 5 nines purity. However, due
‘to contaminations inherent in making the crystals, we feel that the final single

crystals were of no better purity than 99.999%.

The crystal rods (3/4 inch in diameter) were etched to ensure that they were
single crystals, and were then oriented and aligned by analyzing x-ray Laue
back-reflection patterns. All crystals were oriented to within about 1° of the
specified axis. The crystals were cut (by EDM) into a rectangular shape (about

1.25 ¢cm by 2.75 cm, and of various thicknesses). Some standard mounted
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crystals, along with the equipment used to mount the electrode into the cell, are
shown in Figure 6-1. A screw was mounted onto the back of the electrode with
silver-epoxy. The screw helped to seal and mount the electrode into the cell and
acted as the electrical lead to the potentiostat working-electrode lead. After the
silver-epoxy hardened, the electrodes were placed in a mold, epoxy resin was
added, and the resin was allowed to harden. (Foi' the procedure of making,
removing bubbles from, and curing the epoxy resin, see Reference F1). After the
epoxy had hardened, the electrode epoxy mount was machined to fit into our

electrode holder and cell.

The electrode holder includes a Teflon sleeve and a brass mounting bolt
(Figure 6-1). The Teflon sleeve fits into the back of all of the electrochemical
cells (ellipsometry, light scattering, and Raman cells). There is a hole in the mid-
dle .of the front of the Teflon sleeve where the electrode mounting screw is
inserted, and in the back where a mounting bolt is inserted. The mounting bolt is
inserted into the back of the Teflon sleeve, and the screw and bolt then mount
the electrode in the Teflon sleeve. An o-ring is placed on the electrode screw to

avoid electrolyte contact with the screw or brass moilnting bolt.

Section 6.3: Electrolyte Preparation

Virtually all of the electrolytes used in this study were either 1M or 6M
KOH. The electrolytes were prepared using ultrapure water (Harleco ultrapure

water, a resistivity of 10 MQ)—cm, and free of organic contaminants), and analyti-
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cal grade KOH pellets, low in chloride (J. T. Baker Chemical Corp.). The KOH
pellets contained less than 0.5% CO3“2, and less than 1 ppm of soluble Fe. Solu-
tions were generally made in two-liter batches and were titrated to ensure that
the mélar’:ty was within 1%. Prior to injection of the electrolyte into the electro-
chemical cell, the solutio;ls were pre-electrolyzed and de-oxygenated. These pro-
cedures were performed in a 1-liter Teflon separatory funnel, which contained a
Teflon (PTFE or polytetrafluoroethylene) sparging tube and two Pt screen elec-
t;jodes. First, the electrolyte was pre-electrolyzed by putting a 1.3 volt difference
between the two Pt screens. The voltage was maintained until the current had
decayed to a very small value (about 10 minutes). Next, 99.99999% pure‘Ng gas
was bubbled through the solution to reduce the dissolved oxygen content.
Though it is known that the solubility of oxygen in alkaline solutions is small,

this procedure as was preformed a precaution.

Many researchers have used HNOg to clean PTFE because it acts as a strong
oxidizing agent for the removal of organic compounds and is known to wet TFE.
Research on the underpotential dep?sition (UPD) of Pb on Pt has shown some
anomalous effects associated with HNOj; [F2], and later, residual HNO; from
PTFE was found to be the cause of these effects [F3]. It appears that HNO,
enters the pores of PTFE and may be difficult to remove (since distilled water
will still be nonwetting). Therefore, rather than wusing HNOj the
optical/electrochemical cell was cleaned with soap and water, a series of organic
solvents (methyl ethyl ketone, acetone, and ethyl alcohol), and then distilled

water. The optical/electrochemical cell was purged with N, gas prior to injection
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of electrolyte into the cell (through TFE tubing) to remove any O, from the cell

chamber.

Section 8.4: Electrode Surface Preparation

Electrode polishing is truly an art, and not a science. We tried a number of
chemical and electrochemical polishing procedures described in the literature
[F4,F5] in an attempt to create a smooth optical finish. However, we found that
either these procedures did not produce a smoother surface than mechanical pol-
ishing alone or they were unreliable. For example, a HNO3/CrO; chemical polish
was found to etch,‘ratiher than polish, Ag (111) single-crystal surfaces. There-
fore, since there is a problem associated with chemical contamination resulting
from chemical polishing, and since chemical polishing does not seem to improve

the surface smoothness, we decided to simply mechanically polish our electrodes.

The overall preparation technique of the various electrode surfaces (Ag, Cu,
Zn) used in this study was similar. The procedure represents a continued evolu-
tion of the procedures used by this research group before '[F6-F10]. After the
electrodes were placed in epoxy, a series of silicon carbide papers up to 0000 grit
were used to remove any large scratches. Sanding was preformed by straight,
parallel motions. To minimize scratching due to particle transfer from one grit
size to the next, the samples were rinsed in water and ultrasonically shaken in
water between changes in grit size. Also, when going from one grit size to the
next, the surface should be turned 90° so that the scratches from the previous

sanding step was more uniformly removed. After the sanding steps, the
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electrodes were polished with 6-, 1-, and 1/4-pym diamond paste. (This last pro-

cedure is described in detail below.)

Ag, Cu, and Zn are all soft metals, and therefore they tend to retain severe
scratches when pblished mechanically. Pits in silver are formed very easily dur-
ing mechanical polishing. We believe that the mechanism for pit formation is the
trapping of diamond particles in scratch lines, followed by the rotation of the pol-
ishing particle (hence forming a crevice). Copper tends to form a wavy surface
(we call it “‘range peel”) if care is not taken during polishing. An exact mechan-
ism for the formation of ‘‘orange peel” is unknown, although local heating of the
surface (thereby allowing the metal to ﬁéw) appears to be an important factor.

Zinc scratches very easily; we have not found pitting to be a problem for zinec.

We determined that the most critical parameters in preparing mirror-like
polished metal surfaces are (1) the type of cloth used for polishing, (2) the
amount of pressure applied during polishing, and (3) the motion of the electrode
on the polishing wheel. The procedure for mechanically polishing silver has been
investigated by this author before [F10], and we now believe that we have a
recipe for obtaining optically smooth surfaces of silver, copper, and zinc relatively

easily.

The procedure for polishing silver is as follows. We found that the commer-
cially available product, Imperial polishing cloth (Leco Corp., 3000 Lakeview
Ave., St. Joseph, MI 49085), works excellently for polishing silver. Place the
Imperial cloth on the polishing wheel and allow the wheel to rotate rapidly

(>200 rpm). Saturate the cloth with distilled water and add water some water
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as it rotates. The water aids in the removal of particles from the cloth (through
the centrifugal forces generated). Next, stop the rotation of the wheel and apply
a short ribbon (1-2 e¢m) of diamond paste to the center of the cloth. Use the elec-
trode to spread the paste evenly around the center regioﬁ of the cloth. Then
turne the whell on at a slow setting (about 60-100 RPM). With the electrode
held in your hand, carefully place it on the rotating wheel. Apply 2 minimum
amount of pressure to the electrode, because excessive pressure causes pitting.
Rotate the electrode in a figure eight pattern, taking special care to not apply too
much pressure to the surface. After about 2-3 minutes, the po]isiling for that ,
particular particle size should be complete. Make sure that the surface has not
become pitted (pitting can be observed by diffuse scattering from the surface or
by a quick observation under an optical microscope). To remove the pits, it is
generally necessary to go back to the last silicon carbide paper sanding step. If
the surface is not pitted, repeat the step above (beginning with the cleaning of

the Imperial cloth) for the next smaller diamond-paste particle size.

After the electrode is polished with 1/4 ym paste, it should be polished on
Imperial cloth with a commercially available colloidal silica particle suspension
(Buehler “Mastermet”, pH 9.8, 0.05 zm partiéles). The suspension tends to dry
and form large agglomerates of particles, so care should be taken to ensure that
no large particles of dry suspension are put onto the cloth. After this final pol-
ishing step, the electrodes should be rinsed with water, placed in a series of
organic solvents of increasing polarity (methyl ethyl ketone, acetone, and ethyl

alcohol), and then placed in distilled water again.
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The procedures for polishing Cu and Zn are basically similar to that for Ag.
However, nylon polishing cloth seems to work better at avoiding ‘‘orange peel”,
and therefore nylon cloth should be used at the 6-m'1¢ron polishing level for
copper. Nylon cloth was found to scratch zinc, and therefore only Imperial cloth
or microfelt should be used. Also, Zn tends to be etched by the ‘‘Mastermet”
solution (it contains some KOH), and therefore it can not be used. A
water/alumina slurry of 0.05 pm particles works well and should replace ‘‘Master-

met’’ as an abrasive for the final polishing stage for zinc.

Generally, electrodes used in the study did not require a repeating of the sili-
con carbide sanding treatment after an electrochemical experiment. Instead, pol-
iglling can Begin using 6-pum diamond paste. However, as noted above, when the
surface became pitted, sanding with silicon carbide paper appeared to be the only

way to remove the pits.

Section 6.5: Hg/HgO Reference Electrodes

The Hg/HgO half-cell reaction was chosen as the reference electrode for this
study. This electrode was chosen over more readily available commercial elec-
trodes because (1) the potential is stable and very reproducible, (2) we can use
the same solution (IM or 6M KOH) in the reference electrode chamber as in the
cell, thereby avoiding any liquid junction potentials, and (3) it is easily manufac-
tured in-house. A discussion of reference-electrode theory and liquid junction

potentials can be found in the references [F11,F12].
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Figure 6-2 is a photograph of our Hg/HgO reference electrode. The electrode
glass housing consists of a 14/20 sleeved Pyrex test tube with its bottom replaced
by porous fritted glass. _A capillary tube, which is connected to a 14/20 glass
stopper, acts as a holder for the liquid Hg. The Hg/HgO reference couple was
made by first placing some glass wool into the bottom of the capillary tube.
. Next, HgO powder was inserted on top of the wool and some liquid Hg was
placed on top of the HgO/wool. The glass wool creates a sufficient flow barrier
to hold the liquid Hg in the capillary, but it is also sufficiently porous to allow
the electrolyte to reach the Hg/HgO interface. After the Hg metal is in place, a
Pt wire is inserted into the liquid and acts as an inert current collector. The test
‘tube sleeve is then filled with the solution, and the electrode can be placed into

the electrochemical cell.

The electrodes made in this fashion showed remarkable consistency (gen-
erally less than 1 mV difference between electrodes) and appeared to be stable
over periods of several weeks. However, the electrodes were found to give faulty
readicngs at longer times and were particularly susceptible to Zn ion contamina-
tion. Therefore, a new Hg/HgO reference electrode (fresh chemicals) was used for
each Zn experiment. Otherwise, the reference electrodes were replaced after

about one month.

Section 6.8: Electrochemical Measurements

Electrochemical measurements were made using a Princeton Applied

Research (PAR) Model 273 potentiostat. This instrument allows one to generate
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a large variety of waveforms for electrochemic#l experiments. The potentiostat
has a digital coulometer and IR compensa@or, which aids in the interpretation of
results. A range setter allows increased digital or analog sensitivity. A program
for the LSI 11/73 has been developed to send commands to the PAR 273 through
an RS-232 serial interface board [F13]. These commands are interpreted and exe-
cuted by the PAR 273 computer, and the current or potential data (depending on
the type of e.xperiment being preformed) are stored in the PAR 273 memory.
After ‘the experiment is completed the data are transfered to the LSI 11/73 com-

puter for storage and later interpretation.

The potentiostat is turned on, and the electrode potential is set to a noble
potential as soon as possible after the electrolyte is injected inpo the cell. For
silver, the pre-experiment electrode potential was set to -200 mV vs Hg/HgO.
For copper, the potential was set at -700 mV \;s Hg/HgO. In the case of ziné, the
pétential of the electrode was set to -1.450 V vs Hg/HgO. Though this last value
is more negative than the E  value for hydrogen evolution, no hydrogen bubbles
were observed. This procedure was adopted to remove any native oxides and to

provide cathodic protection to the surface.
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FIGURE CAPTIONS FOR CHAPTER 6

Figure 6-1. Electrodes and mounting equipment. Upper right corner: front of Ag
(111) electrode in epoxy mount. Lower right corner: front of Cu (111)
electrode in epoxy mount. Center: brass mounting bolt. Upper lbeft
corner: Teflon electrode holder. Electrode screw inserted from top
shown. Brass mounting bolt inserted from bottom side. Lower left

corner: back of Cu(111) electrode showing mounting screw.

Figure 6-2. The standard design of the Hg/HgO reference electrode used in this

study.
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CHAPTER 7

IN SITU ELASTIC LIGHT-SCATTERING MEASUREMENTS

MADE DURING THE ANODIZATION OF METALS

Section 7.1: Introduction

The amount of light scattered from a surface is a sensitive measure of sur-
face roughness. A surge of interest in light scattering from surfaces has been
fueled by the demand for high-quality lenses, mirrors, and optical thin films. For
‘many applications, the measurement of both the total integrated scattering (TIS)
and the angular deperidence of scattering are desirablg. ‘Tbheoretical predictions
relate these measured quantities to surface roﬁghness ‘parameters (e.g.,. the RMS
roughness, autocorfelation functibns, si)ectra’l pé\ver ‘density)[Gl;GIS]. Often,
these surfa-ce parameters can be also measured by a stylus profilometer. How-
ever, light scattering has the advantage of being a nondestructive experimental
technique, and it can be used for in situ monitoring in any transparent environ-
ment. Therefore, by making angularly resolved scattering measurements, one can
in principle measure the changes in surface roughness while a chemical process is

occurring.

Observations of the nucleation and growth of electrochemically formed sur-
face layers are of great interest to electrochemists. Few unobtrusive measure-
ments are available that are both n situ and sensitive to changes in topography

on a submicron scale. The n situ angularly resolved elastic-scattering
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observations made during the electrochemical oxidation of #'metal shown here
are the first ever to be reported. The goal of these experiments are 1) to demon-
strate the utility and limitation of the technique, and 2) to futher our under-
standing of the mechanism of nucleation, growth, and transformation of surface

layers formed on Ag and Cu in alkaline solutions.
Section 7.2: Light Scattering Principles and Theory

7.2.1 Introduction

While the optical theory for the reflection of light from surfaces with
roughnessés much larger than the wavelength of light is well established
(geometrical optics, interference, and diffraction theory)[G16-G19], a theory for
the scattering of light from a relatively smooth surfac;a wit:,h microrough features
(i.e., roughness < wavelength of light) is still undergoing refinement. Scalar and
vector scattering theories, as well as some ideas relating the scattering from
- rough surfaces to the treatment of x-ray scattering from amorphous materials, -

are presented in this section.

7.2.2 Diffraction by N Identical Apertures

The mathematical treatment of the problem of diffraction from a large
number of circular apertures randomly placed on a screen has been presented by
Stone [G20]. Beckmann and Spizzichino [G4] have presented a similar treatment

for scattering from rough surfaces. The theoretical treatment for the scattering
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associated with a large number of small particles randomly positioned on a sur-
face should be similar. We require that the particles be much smaller than the
wavelength of light. Since our purpose is to discuss some idelas pertaining to
scattering from small particles on a surface, the development that follows will be

presented along those lines.

Refer to Figure 7-1 for the coordinate system used in the development
below. The points of origin of light scattering (i.e., points O and Q ) lie in a
plane and are defined by coordinates (0,0) and (x;,y;). An arbitrary point of obser-
vation P is located at (X,Y) in a plane is parallel to the scattering plane. The
| optical-path difference between 6? and @ can be obtained by using the

Pythagorean theorem:

L? = R - (X2+Y?) = R ~(X-x;) - (Y-y,)? 71

The difference in the squares of the optical path can therefore be expressed as

R?-RZ = (R-Rp)(R;+R;) = (x’+y) - 2xX + y;Y) . 7.2

Since the interparticle spacing is much smaller than the distance to the observa-
tion point P (i.e., @ << OP and 6—6 << Q_P), xX+y? < <2(xX+yY). Also,

R;+R,~2R. Therefore, equation 7.2 can be simplified to

7.3

A=R-Ry=—m 2R R

>

Since % = sinf and %;— = sin¢, the optical-path difference A between OP and
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QF is just

A= xjsino + yjsinqS . 7.4

The relative phase difference between the light emanating from points O and Q

as observed at P is then given by

$;=-k(x;sinf + yjsin¢) _ 7.5

where k=%71. Since we consider only the case of light that is coherent and

incident normal to the plane containing O and P, the light is of the same phase
at all points on the plane (surface). In this case, the scattering problem reduces

to

B o S0 A% |
s =~ E i€ 3 . 7.6

=1

where E is the total scattered electric field amplitude at the observation point P,
A, is the scattered field strength:from the j*t scatterer, and e ¥ is the phase fac-

tor associated with the scattered field from the j*® scatterer at point P.

To simplify the problem, we consider all scatterers to be of the same size.
Therefore, A; is the same for all scattering sources. In the forward scattering
direction, ®;=0 ( since §=¢=0), and so the observed scattering intensity (I=E?)
from equation 7.5 is proportional to the square of the number of scatterers
(I ~ N?). In addition to this scattering intensity, the reflectance from the surface

as a whole (less that from the projected area of the scatterers) is also observed in
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the specular direction. Very near the forward scattering direction, the values of
®; are partially correlated, and so the intensiﬁy does not undergo rapid fluctua-
tions. Away from the specular direction the values of ¢; become random, rang-
ing from O to 27. Since even a slight movement in the observation point changes
all the &; vales differently, the intensity (which is a summation of these terms)
will also exhibit a random behavior. These changes in ®; can produce large
changes in I, and so the resulting scattering pattern shows a finely mottled
appearance. A statistical analysis of the problem [G20] shows that the intensity,

averaged over a large acceptance angle, is proportional to N.

Stone’s treatment of this diffraction/interference problem does not include
the Kirchhoff so-called obliquity factor, and therefore no angular dependence of
the scattering pattern is predicted. waevér, by including the obliquity factor

into the problem, equation 7.6 should be further modified to

j=1

| N .. | .
I, ~ cos?f [E e ] , 7.7

where 0 is the scattering angle measured between the incident normal beam and
the observation point. Equation 7.7 is more consistent with experimental obser-

vation than equation 7.6.
7.2.3 Scattering from Random and Semiordered Surface Particles

The theory of scattering of x-rays from ordered and semiordered materials is well

developed [G21]. We will use some principles developed for the scattering of x-
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rays and apply them to the scattering of visible light from small particles. The

two problems should be analogous as long as the dimensionless particle size % (

where a is the particle size and X is the wavelength of light) is much less than 1.
The scattering of electromagnetic radiation can be represented by the induc-
tion of electric dipole moments in a material. Because of their charge, electrons
are induced to oscillate with the same frequency as an incident electric field.
Since the charges undergo periodic accelerations, the electrons act as secondary
sources for the emission of light. From classical electrodynamics, the intensity of

scattered radiation from an electron in a polarized oscillating electric field is

[G21,G22]

2
fu et .
I = Io['ﬁ] [ —n ]sm2¢z . 7.8

In equation 7.8, I, is the scattering intensity ffom the electron, I, is the incident
beam intensity, R is the distance from the scattering electron to the point of
observation, and ¢, is the angle of observation with respect to the vector of
polarization in the plane of propagation. Other symbols in equation 7.8 have

their usual meanings.

Figure 7-2 shows a beam of monochromatic light of wavelength X\ incident
on a particle. Two points within the particle are separated by the vector . A
portion of the beam will be scattered in the direction ¢. The point O is an arbi-
trarily defined origin in the material. The unit vectors Tfo and K are defined as

the directions of the incident and scattered beam, and these vectors describe the
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angle ¢. If the distance between the two scattering points is much less than the
distance to the observation point from either scatterer, then the angle ¢ is the
same for both points and the optical path difference is given by?-Tc’-'r’-—R'o. The
phase difference of the light reaching an obserQation point from these two points

=t

is then given by [ 9)\ ] (k- Eo) By deﬁning the vector Q as

3= (3 )es z
=4 nd
=, sing 7.10

the phase difference can be expressed as simply T’*Q.

By considering the effect of the density of electrons p(F) in the scattering
material, the following equation is obtained for the electric field scattered from

the entire body:

— sing,u e _
E(Q)mEo[ — ]f s 711

The appearance of R (the distance between the scattering particle and the point
of observation) in equation 7.11 takes into account the inverse square dependence
of intensity with distance. The incident field strength E, acts as a scaling factor
with respect to the incideﬁt intensity. We therefore simplify equation 7.11 to

read
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E@Q)~ f pMe™ar . 7.12
v

We note that the intensity of the scattered wave.is determined by

IQ)=E(Q)E'(Q) . 7.13

Equation 7.12 can be simplified by making assumptions regarding the sym-
metry properties of the scattering body. When the particle is spherically sym-
metric, p{t) depends only on the magnitude of T, so that equation 7.12 simplifies

further to [G21]

o0
E(Q) ~ f47rx;esinc(Qr)dr , 7.14
. 0
where

sin(x)

sine(x) = 7.15

Integration of equation 7.14 for a spherical body of radius a of constant electron

density yields [G21]

B(Q) = [4"3‘;‘3” ]c(Qa) : 7.16

where
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dx) = 3 [sin(x)—(x)cqs(x) J _ 717

X3

The observed scattering from the body is proportional to the volume of the body
and its electron density. Figure 7-3 is a plot of the function ((x), and the square
of ¢(x) (proportional to the scattering intensity). The curve in Figure 7-3 is
compressed towards the origin with an increase in the size of the body. This
dependence implies that scattering will occur preferentially at smaller ang'les for

larger particles.

When there are a number of scatterers being irradiated at the same time in
a region of space, the total scattered field is the vector sum of the scattering from
the individual centers. In making this statement, we assume that the coherent-
superposition principle is valid and that multiple scattering is of secondary
importance. By considering the phase differences from a number of scattering
particles arranged in a two-dimensional (2-D) plane, the scattering from an

assembly of particles will be given by

Q) ~ $EAQ) + 3 3 B QE(QN(Qry) - 718
]

) k#
The first term on the right of equation 7.18 is the scattering associated with the
bodies themselves, as in equation 7.16. The second term arises from the interfer-
ence of the scattered radiation between the various particles. The zero-order
Bessel function of the first kind in equation 7.18 accounts for the phase difference

between the various scattering particles. (The Bessel function replaces the com-
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plex exponential because the problem has been posed to have 2-D symmetry.)
The scattering equation, 7.18, becomes more useful if we make the further
simplification that all particles are of the same size. When this is done, equation

7.18 can be expressed as

Q) ~ NE(Q)s(Q) , | 7.19

with

1 N N
S(Q =1+ —EEJo(Qij) . 7.20
N J ks

S(Q) is referred to as the “‘interference function”. If the assembly of particle
interactions is considered to have a uniform ‘‘average” relationship between
neighboring particles (valid for a large number of particles), then the light scat-
tered from each of the N particles will interact with the (N-1) others. There are
a total of N(N-1) identical interactions. Therefore, equation 7.20 can be further

simplified, with the result that

N
S(Q) =1+ Nkz Jo(Qry) - 7.21
=1

In equation 7.21, ry is the distance from the center of an arbitrary particle to the
kth particle. An arbitrary particle is therefore the center of the coordinate sys-
tem, and the overall arrangement of the ensemble of particles is considered to be
indistinguishable with respect to the particular particle chosen for the origin. If

the number and size of the particles are known, S(Q) can in principle be derived
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from the observed dependence of scattered intensity on the wavenumber Q.

Theb statistical relationship between the particle distribution and the
interference function can be treated by the introduction of the radial distribution
function g(r). The radial distribution function is a normalized function represent-
ing the probability of finding a particle at a ‘distance r from the origin. If we
invoke the radial distribution function to describe the interrelationship between

particle spacings, then S(Q) and g(r) are related by [G21]

S(Q) = 1+n, [ 2mrlg(r}-113,(Qr)dr . 7.22
0

The radial distribution function g(r) and the interference function $(Q) form a
transform pair. (In the 2-D case, the relation is a Bessel-Hankel transform pair

[G23)):

g(r-1= ;1: { 21Q[S(Q)-1)J,(Qr)dQ . 7.23

In principle one should be able to extract the particle radial distribution
function from the values of S(Q) calculated from scattering measurements. In
practice, however, the range of data in wavenumber space is limited (e.g., using
633-nm light and collection angles from 5° to 85° the range of Q is from 0.866
pm™! to 13.41 um'). Transform inversion of data of limited range can cause an
effect known as aliasing [G21]. This effect can cause the transformed data to show

fine structure that is not associated with the function itself.
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In addition to directly transforming scattering data, éne can propose a func-
tional form for the radial distribution function to be used in equation 7.22 in an
attempt to fit the observed scattering curve. For example, let us assume that the
radial distribution function can be represented as

AN 7.24
This functional form for g(r) is similar to the ‘“hard sphere” model used in a
modified ideal gas equation. The “hard sphere” model basically implies that par-
ticles are excluded inside a certain radius but are found with uniform probability
elsewhere. This excluded volume may be larger than the particle radius (e.g.,
crystals will be excluded from inside another crystal’s diffusion boundary layer),
and so we use the symbol ¢ to represent this distance. By combining equation

7.24 with equation 7.22, the resulting expression for S(Q) becomes

o

no
S(Q)=1- Q {QFJO(Qr)dr . 7.25

Integration of equation 7.25 yields

2mn ed (Qe)

7.26
Q

S(Q) =1

Figure 7-4A is a plot of equation 7.26 for different values of ¢. By combining
equations 7.16, 7.19, and 7.26, the predicted Q dependence of scattering based on

the g(r) hard-sphere model is given by
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1(Q)=N

4mc3p ’ 3[sin(Qa)~(Qa)cos(Qa)] 1. 2mgdi(Qe)
: }[ S ] — 191

Figure 7-4B shows a plot of the product of the last two terms of equation 7.27.
(This is the angular dispersion of scattered light without scaling the intensity for

particle size and number.)

Theories for the scattering of light from rough surfaces have been presented
in the literature and are discussed in sections 7.2.5 and 7.2.6. When surface
microroughness, rather than surface particles, is the major cause of light scatter-

ing, these theories should be superior to that developed above.

7.2.4 Surface Spectral Analysis

Since the discussion of optical-scattering theory invokes spectral-analysis
functions (autocorrelation and spectral power density), a brief discussion of these
function will be presented. The autocorrelation function has been used by this
author to analyze in situ scanning tunnelling microscopy (STM) data [G24].
These functions are generally considered to characterize wavelength-dependent
(spatial frequency) features well. Amplitude-sensitive functions, such as the
amplitude density function (ADF), are also commonly used to characterize sur-
face topograbhy [G25].

For a one-dimensional surface profile, we can define H(x,) as the height of
the surface at a position x; with respect to the average height determined over a

long distance. The autocorrelation function of this surface, G(x), is defined as
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G(x) = <H(xH(x;+x)> , 7.28

where x is the variable of spatial separation (lag distance). The special case of
zéro lag, G(0), represents the average of the square of the height profile, or the

square of the RMS value:
G(0) = (RMS)? . 729
Equation 7.28 can also be written as

L
lf (xJH(x;+x)dx, , 7.30
oLy

where L is the distance of the straight line measured along the sur:f‘ace over which
the profile is taken. In principle, the autocorrelation should becomé representa-
tive of the surface topography as a wilo]e for sufficiently large values of L. It can
be shown that the autocorrelation function G(x), and. the spectral power density

function, g(k), form a Fourier transform pair [G13,G14,G20):

[s ¢}
= f G(x)e‘ik"dx . 7.31
N L \oikx 7.32
Gx) = 5 :L g(k)e™dk .

Both the autocorrelation function and the spectral-power-density function have

the properties that G(x)=G(-x).
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7.2.5 Scalar Scattering Theory

One of the earliest theories to address the problem of scattering from a sur-
face was presented by Davies [G1]. Davies developed a model of light scattering
from randofn surface irregularities from an otherwise smooth surface using scalar
optical-diffraction theory based on Huygens’ principle [G2]. The assumptions that

Davies made regarding the properties of the surface were that:
1) the RMS roughness o is much smaller than the wavelength of light,
2) the surface is perfectly conducting,
3) the surface height distribution is Gaussian, and

4) the autocorrelation function of the surface is also Gaussian

and has a standard deviation .

Davies’ theoretical results were modified by Bennett and Porteus [G6,G7] to
account for the limited conductivity of real metal surfaces. The reflected light
(reflectance) can be divided into specular and diffuse reflectance. The expression

for specular reflectance is given by

R, (4mo)?
E = €exXp [——)\—2— . 7.33

In equation 7.33, R, is the specular reflectance from the rough surface and R, is

that from a perfectly smooth surface. The angular distribution of the diffuse
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reflectance of light from Davies’ theory can be expressed as

2, 2 . o
rq(f)dé = R 2n* [é] [%} (cosé + 1)* exp [jﬂ—ﬂ;;—nol— ]do . 7.34

In equation 7.34, ry4(f)dd is the fraction of reflected light scattered into an angle
between 6 and 64-d6 at the angle 6 from the surface normal. If a measurement of
the reflectance is made with an instrument of acceptance angle A at near nor-

mal incidence (§=0), the total measured reflectance is given by [G6]

R, | (4mo)® |, 167'8 [ o ! 2
ﬁ:_e,\p[. o | | e 735

The first term oﬁ the right of equation 7.35 is the specular-reflectance term, and
the second arises from the diffuse reflectance. Benngt’t and Porteus [G2,G3| com-
pared the measured specular-reflectance data.v’vith the prediction of equation
7.35.. They found that the observed wavelength dependence of scattgring wés in
good agreement with the theory. They also calculated the error that would result
in a reflectance measurement if one neglected the effects of surface roughness.
These calculations show that the error in the measured reflectance from a surface
with an RMS roughness as small as 100 A is around 1‘0% at optical frequencies
(when compared to an optically flat surface). Bennett and Porteus [G2] con-
cluded that the value of the RMS roughness o can be obtained with good accu-
racy from reflectance measurements. Later work by Depew and Weir [G5] helped

confirm this finding.
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7.2.6 Vector Scattering Theory

More recently, classical vector scattering theory has been under develop-
ment, principally By Elson and Bennett |[G7-G9,G13-G15]. Elson and Bennett
[G9] note that simple scalar scattering theory gives a good relation between the
total integrated scattering (TIS, which is the converse of specular reflectance) and
RMS roughness. However, vector scattering theory is more complete in that it
includes the vector nature of the incident and scattered fields and, while not per-
fect, is considerably better for predicting the angular dependence of scattered

light.

To use vector scattering theory in a predictive manner, one must know
either the autocorrelation function (ACF) or th_e spectral-power-density function
(SPDF) of the surface. One czgn either assume a form for the ACF or measure it:
directly. Elson and Bennett [GY] have compared calculated allld measured
scattering curves by measuring the ACF of a surface using a proﬁlometer, and
they showed that vector light-scattering theory can be used to determir;e the
SPDF with fair accuracy. However, as discussed before, aliasing occurs during

data transformation, and so transformation of the data back to the ACF is more

difficult.

The assumptions of vector scattering theory are basically the same as those
of Davies’ theory [G1] described above, with the exception that the form of the
roughness profile is left unspecified. The differential power dP of norma.ily

incident scattered energy per unit solid angle dw==sinfdfd¢ in the direction
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specified by the polar angle § measured from the surface normal, and the azimu-
thal angle ¢ measured from the direction of incident-beam polarization is

predicted by vector theory to be [G11,G13]

dP o o 1 11-Ve | %cos? | v|2%cos®p , ,2m\ sin%¢
= (=L +(Zlye 2209 k) 7.6
df (*){{ m | v-ige | 2 ) | v-iq | 2 )

Here, ¢ is the complex permittivity of the surface, and v, q, and K are defined as

v=1 /[ [k2—e(42>\£)2] , ) 7.37

q=(i—”)cos0 , 7.38

and

K = k(%cos¢ + ysing) . 7.39

Generally, X represent the overall change in the wa§e—vector along the sur-
face between the incident a