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University of Washington
Abstract
Cyclically Optimized Electrochemical Processes
by Robert Louis Ruedisueli

Chairperson of the Supervisory Committee:
Professor Thomas F. Archbold
Department of Materials Science and Engineering

It has been frequently observed in experiment and industry practice that
electrochemical processes (deposition, dissolution, fuel cells) operated in an intermittent
or cyclic (AC) mode show improvements in efficiency and/or quality and yield over their
steady (DC) mode of operation. Whether rationally invoked by design or empiricaily
tuned-in, the optimal operating frequency and duty cycle is dependent upon the dominant
relaxation time constant for the process in question.

The electrochemical relaxation time constant is a function of: double-layer and
reaction intermediary pseudo-capacitances, ion (charge) transport via electrical migration
(mobility), and diffusion across a concentration gradient to electrode surface reaction sites
where charge transfer and species incorporation or elimination occurs. The rate
determining step dominates the time constant for the reaction or process.

Electrochemical impedance spectroscopy (EIS) and piezoelectric crystal electrode
(PCE) response analysis have proven to be useful tools in the study and identification of
reaction mechanisms. This work explains and demonstrates with the electro- deposition of
copper the application of EIS and PCE measurement and analysis to the selection of an
optimum cyclic operating schedule, an optimum driving frequency for efficient, sustained
cyclic (pulsed) operation.
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CHAPTER 1
Background and Introduction

Early in the evolution of electrical power systems, ac (alternating current) (av,
alternating voltage) won the dominant role, while dc (direct current) devices and
applications became the choice where portability and compactness are the primary criteria.
From the time of its invention in the late 18th century by the Italian physicist Count
Alessandro Volta to the present day dry cells, lead-acid batteries, and button-sized alkali
batteries, the voltaic cell remains the most convenient and readily available source of de
power. It is also the simplest and most common example of a device based on

electrochemical principals.

Electrochemical processes constitute a special family of heterogeneous chemical
reactions: an electrochemical process is a set of complimentary, bipolar reactions
occurring at oxidation and reduction surface reaction sites remote from each other, but
sharing a common ionic medium of reacting species and connected by an electronically

conducting path external to the reaction medium.

The natural and modern industrial worlds are full of electrochemistry from the tiny
mitochondria which produce energy in plant and animal cells, to fuel cells in space craft,
batteries in flashlights, automobiles, and submarines, while metals are electrochemically
deposited in plating process and etched away in specialized metals finishing processes.
Corrosion is an electrochemical process which yields no useful energy and costs the U.S.
alone tens of billions of dollars a year in lost or degraded metal implements and structures.
Apart from this last 'example, however, electrochemical processes while in seemingly

subsidiary roles alongside the internal combustié)n engines, the coal (oil or gas) fired



thermo-electric, hydro-electric, and nuclear power plants of the present day, play,
nevertheless, key roles in our survival and present many challenging opportunities for our

advancement.

While most electrochemical reactions are, to some extent, reversible, the devices
applying them are (like the dry cell) conventionally irreversible. They can be, and
generally are, thought of as being strictly dc. The flashlight battery is used until it is
drained below some acceptable voltage level and then it is discarded. One notes along the
way how batteries exhibit some rejuvenation between periods of usage. The flashlight

having previously grown dim appears bright again after a few hours rest.

There are some notable exceptions, however, to the electrochemical dc mode of
operation. dc is taken generally to mean steady (or constant) current (or voltage) with no
variation in polarity. Any departure from this regime pulsing (on, off) or periodic
reversing (direction of) current (PRC) or (polarity of) voltage, as well as a sinusoidal
(square or saw-tooth) variation at any dc bias (whether polarity is reversed during any

portion of the cycle or not) is taken generically as ac.

This researcher first became interested in ac electrochemical processes through a
study of the effects of ac on the passivation of stainless steel [4]. There are many
examples of processes and products that have been enhanced by the use of ac. For
example, ac has been preferred for decades for etching lithographic plates and the surfaces
of capacitor foils because the resulting etch is more uniform than with dc. Electro-
deposition (plating) processes, too, have been improved by using ac as pulsed or
periodically reversed current (PRC).‘ The resulting plate is typically finer grained, more
uniform, and exhibits better mechanical and electrical properties. Electrowinning efficiency

of some metals, such as zinc, can be improved [10]. When the process is conducted in an



ac (typically PRC) mode, there is more usable plated metal product per watt of power
used. In the area of energy production, a solid state switching device developed for the
purpose of getting ac from space craft fuel cells resulted unexpectedly in higher output
from the fuel cells. In corrosion, high frequency pulsed rectifiers are finding favor in

cathodic protection of well casings [8,9].

Another common device taking advantage of electrochemical reversibly, but with
very long cycles, is the lead-acid storage battery. Here the battery takes its place in a very
highly, cyclically optimized device as it starts the engine, then recharges as the internal
combustion engine runs. The timing cycle of the gasoline or diesel engine is a very

evolved system for energy conversion.

The internal combustion engine and its essential auxiliaries, as in an automobile or
diesel electric submarine power plant exemplify a cyclically optimized system or device.
Hydrocarbon fuel is optimally mixed with air (oxygen) to burm, to produce hot gas
expanding against a cylinder head resulting in mechanical work and motion as the desired
effect, some of which is stored in the inertial mass of a flywheel, to continue the cycle; it is
still evolving although limited by its Carnot cycle efficiency, as electronic devices permit

finer, more sophisticated system control.

Apart from electrochemical applications of PRC schedules, chemical process
engineers have been fascinated with the possibility that running at least some reactions in a
cyclic or oscillatory mode may be advantageous. Douglas and Gaitonde [12] summarize
their work on the subject of cyclic operation as follows: "The time-average conversion
obtained from an oscillating reactor is sometimes superior to the steady-state output. This
result implies that under certain circumstances, an oscillator will have a performance better

than that expected from the optimum steady-state design."



Certain chemical and electrochemical reactions that have traditionally been run in a
batch fashion have an inherently cyclical nature to them. Even when these processes have
constant inputs, they produce periodic outputs. As early as 1824 Fechner [1] noted that
under certain conditions, current oscillations occurred during the electrodeposition of
silver on iron from acidified silver nitrate. This is an early example of many inherently
oscillatory-like systems being reported and studied to this day. Another example is the
corrosion of iron, under certain conditions, in chloride solutions [3]. The mechanisms
responsible for such behavior are worthy of study in themselves. As a class, these systems
raise some very pragmatic questions which are properly addressed in engineering work:

1) Are there some general criteria for which electrochemical systems can
be expected to oscillate in a predictable manner?

2) Are there systems which while critically damped (will not oscillate) can
be run in a superposed (forced) oscillatory mode, or under a pulsed or
periodically reversed regime, cyclical mode of operation?

3) If we assume the answer to (1) and (2) is yes, certainly some at least,
then how can such systems be identified and by what means can it be
determined if there is an advantage to the non-steady or cyclical mode
of operation?

4) Finally, how can the right or optimal cyclical mode of operation be
determined?

Given the idea that cyclical operation could be advantageous, a trial and error
method of finding an ae, PC, or PRC schedule that yields satisfactory results could be
applied to any system under consideration. It is likely that such an empirical method was

utilized to arrive at many, proprietary, industrial.applications of cyclic processes currently



in use. Examples include the ac etching of capacitor foil surfaces and some electroplating

processes.

The answers to question (1) and (2) may be taken as "probably yes" and the
answer to (3) must, in any case, ultimately be found by an actual full scale test. The
answer to (4) requires the development of a rational approach or strategy which is the
object of this work: to propose a strategy to determine an optimal cyclic mode of

operation.

Fundamental to this procedure is a perspective, the idea of examining the system
not only from the conventional standpoint of its thermodynamic equilibrium states and
kinetics of reaction rates and pseudo-steady states; but to consider, as well, the dynamics
of the system: the manner and rate at which the system responds when perturbed from
equilibrium states. Does the system drift back asymptotically to some steady state, does it
tend to oscillate some before settling back into equilibrium, or does it become unstable

with oscillations growing in amplitude?

An approach to designing the cyclic optimization strategy is described over the
next several chapters. First of all, there needs to be some fundamental description of
electrochemical systems in general: what common properties do they have with other
physical systems in which cyclib behavior can be observed; mechanical, electrical; and
what properties are peculiar to electrochemical systems? All physical systems must deal
with mass and energy, changes in state with time, and shifts between potential and kinetic
energy. Mechanical and electrical systems exhibit some elasticity as they oscillate between
kinetic and potential energy states; they have inertia. One question asked here is: is there

an analogous quality in chemical and electrochemical systems?



At some point, early on, we must introduce and define optimal as it pertains to
physical system cycles in general and electrochemical processes in particular. Optimal is a
nebulous term and depends mostly upon the desires, economic objectives, and
expectations of the end users. It is easier to say what it is not: optimal is not necessarily
maximum or minimum, or even necessarily required to be the most efficient; some criteria

must be chosen

A review of mathematically defined criteria for stability and oscillations for
physical systems and the application of such criteria to electrochemical systems may be

helpful in laying a basis for the selection of an operating duty cycle.

We will consider the options available for systems that do not oscillate naturally;
those which consist of a set of competing reactions which together run asymptotically to a
critically damped pseudo-steady state. Through measurement of the time constants for the
competing reactions and judicious apportionment of cycle time between the competitors,
an optimal cycle design is sought. The cycle timing device or schedule here acts like a

traffic light apportioning the flow of traffic through an intersection.

Broad attention is given to describing the state-of-the-art electronics that make
modern electrochemical techniques and experiments possible. The backbone of most
electrochemistry experimental work is the modem, PC-supported, potentiostat-
galvanostat, which can measure the performance of a fuel cell, or the corrosion rate of a
metal sample in a given electrolyte in terms of conventional cell current vs. voltage plots.
Modern, solid-state, operational amplifier electronics, with very short pulse rise times, fast
response, and high stability make accurate control of electrochemical cells and response

measurement possible over a wide range of frequencies.



Particular attention is given to the application of the frequency response analyzer
(FRA) with the potentiostat to perform electrochemical impedance spectroscopy (EIS).
EIS is used to measure the reaction system response to a small amplitude (voltage or
current) perturbation from a given electrochemical cell equilibrium point, across a wide
range of frequencies. The resulting spectrum of ohmic (real), reactive (imaginary) and
phase angle responses can reveal the time constants for one or more of the reactions
taking part in the system. The time constants are of fundamental importance in designing

the optimal cycle.

A description is given of the relatively new and rapidly developing technique of
piezoelectric crystal electrodes (PCE's) applied to electrochemistry as an in situ quartz
micro-balance (QCM). This technique measures the real time mass flux to or ffom an
electrode surface as well as the conventional cell voltage and current. With this technique
the gain or loss of fractions of a monolayer from surface can be measured in real time and
correlated with the cell current/voltage condition producing the mass change. The effect
of current/voltage cycle tuning, therefore, can be readily observed. Additional means must
be employed, however, to confirm the quality and nature of the mass change. It is also
possible to monitor the energy to maintain the crystal's amplitude of oscillation as the

fundamental frequency drifts in proportion to its surface loading.

Finally we will see how, with some fundamental knowledge of the system of
interest and the aid of the tools and techniques described in the following chapters, a
stable, useful, optimal electrochemical process mode of operation can be designed. With
this strategy, the amplitude and frequency of the optimal duty cycle can be chosen by

rational design rather than by trial and error.



Ultimately, the factor that determines the choice of industries in terms of which
technologies to develop and what aspects of a particular technology or process favor it
over another is economics. More specifically, the basis for decision making in industry is:

return on investment,
ROI = (annual profit) / (investment) .

Whether the subject is the improvement of older, established processes such as the
reduction of aluminum ore or chlor-alkali production or the introduction of new processes
for the electrochemical production of organic molecules such as hydroquinone or

benzaldedhyde, ROI will be the ultimate criterion.

Electrochemists have been very productive in developing the inventory of
electrochemical reactions and the basic mechanistic knowledge about these reactions.
There is, however, as indicated by Beck [6] and Spotnitz, et. al. [7], a considerable lag in
the design of reactors which apply and make the electrochemical reaction technologies
industrially viable. Varjian [11] describes the array of products of electrolytic processes
from adipronitrile to zinc (of greatest importance, by quantity produced, are: chlorine,
caustic soda, aluminum, copper, magnesium, and zinc). To make the most of the
investment already in the fundamental work of electrochemical researchers, there is a
need for R&D strategies which will bring additional work to bear on reactor design details

which are most likely to lead to maximum ROL.

Beck and Spotnitz both illustrate the complexity of the task of developing
electrochemical processes at an industrial level; it is a very long road from the laboratory
flask cell to a full scale electrochemical process plant. The ROI is a function of total plant,

personnel, and material and energy costs and quantity and price of material sold. Beck



demonstrates optimization analysis functions for some of the electrochemical process cell
variables such as optimum cell current density, electrode spacing, or adjustment time

period in order to maximize ROL

Spotnitz develops a complete and general ROI model for electrochemical
processes which includes both electrochemical and associated non-electrochemical support
equipment (i.e.. mixing and separating distinct from electrochemical vat equipment) to
analyze the impact of various parameters in terms of a dimensionless optimum current
density and maximum ROL Certain assumptions, e.g., that parameter effects are generally
linear, may be over-simplifying the real casé. However, the model clearly shows what
changes in parameters realize positive effects on ROI and gives examples of which
processes are most likely to become commercially viable (based on present energy and
material costs and known technologies). For example, the model predicts that hydrogen
should be electrochemically éonsumed as in a fuel cell, but not electrolytically produced;

the production of adiponitrile would be viable, but not the production of hydroquinone.

Cell parameters which are expected to improve the ROI are: increased optimum
cell current density, current efficiency, and reaction product selectivity. Decreased cell
resistivity, and zero-current (reversible) cell voltage would also improve ROI. Thus, in
designing reactors for processes which are already commercially viable (or those which are
nearly so) the above are the parameters to improve; they all must be addressed on the

scale of the electrochemical interface.

In general, the strategy for a step-wise, key parameter analysis-based (i.e. rational)
optimization strategy for cyclical or periodically controlled electrochemical processes

entails the following:



1

2)

3)

4)

3)

6)

Obtain a general knowledge of the electrochemical reaction kinetics
and the mechanisms for the processes which fit an economic criterion
(ROI) for optimization.

Identify key parameters and "optimum" criteria necessary to arrive at
periodic control duty cycles (fraction of time on/off).

Determine the level of accuracy and precision of measurement of
parameters necessary to arrive at duty cycles.

Identify the instrumentation and methods necessary to make
measurements.

Make measurements on selected process; interpret and apply data to
arrive at an actual periodic control schedule

Test the "schedule" by running and comparing with criteria and results
of tests run "off-schedule".

10



CHAPTER 2

Electrochemical Fundamentals: Systems in Equilibrium

Electrochemical reactions are a special branch of heterogeneous chemical
reactions; the reactions occur not by species interactions within a volume but as a result of
reaction species moving to or from a surface. However complex the reaction interface
surface might be it is, topologically, two dimensional. Reaction rates therefore are not only
controlled by the activation energies for specific reactions or reaction steps, but by the
availability of reaction sites on the reaction surface and transport rates (by convection or
diffusion or electrically influenced migration) of reaction species to and from the reaction

surface.

What distinguishes electrochemical reactions form other herterogeneous reactions
is that electrochemical reactions occur as bipolar cells at complimentary pairs of oxidation-
reduction half-cell reactions proceeding at two separate but electrically connected
interfaces in a conducting medium (an electrolyte). Four elements or components

common to all electrochemical reactions are:
1) an anode or oxidation site (or electrode) where, M — Mt + ne-
2) acathode or reduction site (or electrode) where, AN* +ne- — A

3) an ionic conducting medium, an electrolyte (typically an aqueous salt
solution) and

4) an electronic conduction path between the anode and the cathode, an
external circuit.
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The oxidation and reduction processes are stated in (1) and (2) as half-cell
reactions. Typically the electrodes of the electrochemical cell (see Figure 2.1), where these
reactions occur, are metals, but they could also be semi-conductors. If these are semi-
conductors, such materials act as either the ionic (electrolyte) or the electronic (external
circuit) conducting medium. The sum of the two half-cell reactions gives the full,

electrochemical cell reaction, expressed as:
M + AT = Mt + A

Unlike other chemical reaction systems, the electrochemical cell, due to its distinct
bipolar character allows for a simple, direct electrical measure of its thermodynamic
potential. When a standard, high resistance voltmeter is connected in the external circuit
between the two electrodes (see Figure 2.2) or between one of the electrodes and a
standard reference electrode (see Figure 2.3), the measured voltage and its polarity are
used to determine the magnitude and sign of the Gibbs free energy as:

AG = -nFE

In this equation E is the measured voltage (in volts), F is the Faraday constant
(96500 coulombs) and n the number of electrons exchanged in the reaction. While this
equation gives the magnitude of the free energy, the driving force for the reaction, it is the
sign of the free energy which is the more crucial information: it determines the
spontaneous direction of reaction of the cell.

For reactions not in the standard state, where the activity of either product or

reactant is not unity, the correct half-cell potential is given by the Nernst equation:
E= E© +2.3 (RT/nF) log ( @gxid / ared )

where aj is the activity of the reacting species, oxidation and reduction, respectively.
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Figure 2.1. THE ELECTROCHEMICAL CELL consists of two sets of
complimentary, heterogeneous reactions occurring at sites which are remote
from each other:

1) ANODIC (oxidation) reaction M - M™* ne”

2) CATHODIC (reduction) reaction A* + e” = A
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Figure 2.2. THE CELL ELECTRICAL POTENTIAL can be measured with a
voltmeter in the external circuit. The process (anodic or cathodic?) at a given
electrode (E1 or E2) is not known unless the voltmeter (v) has been calibrated to
a known cell.
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Figure 2.3. THE MEASURED POTENTIAL, AV, between any two electrodes is
proportional to the Gibbs free energy of reaction occurring between them. While
potential can only be measured between two electrodes, one of the two
electrodes can be a standard reference electrode, RE, such as silver-silver
chloride or mercury-mercurous chloride (calomel).
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It is important to emphasize that this is the equilibrium condition. The measured
potential gives thermodynamic information only: the magnitude and direction of the
driving force. This information suggests only what can happen, not what will happen or
how fast. It does tell what camnot happen. This is, however, a useful starting place in
analyzing an electrochemical system. Marcel Pourbaix assembled an atlas of equilibrium
diagrams or maps for metals in aqueous solutions [2, 3]. The possible equilibrium species
(metal, metal oxide, metal hydroxides, etc.) for many metal/water systems are described in
terms of the phases within the boundaries of the potential versus pH Pourbaix diagrams.

Figure 2.4a and 2.4b show the Pourbaix diagrams for nickel and copper, respectively.

For the electrochemical cell in equilibrium, there is no net reaction at either
electrode, and no net current through the external circuit. This is not, however, a static
situation.  On the reversible hydrogen electrode (consisting of platinum in 1 N
hydrochloric acid solution), for example, both the reduction and oxidation reactions are
proceeding simultaneously at different points on the platinum surface, but at the same

reaction rate which is proportional to the exchange current density.

fred = Toxid = ig/nF (moles/cm2-sec)

The reversible electrode reaction can be plotted as a point corresponding to its
equilibrium potential, 0.0 volts, and its exchange current density on a log current vs.
potential plot. The exchange current density for hydrogen on different metals varies by
many orders of magnitude. For mercury, it is 10-12 amp/cm2, while for bright platinum it

is 103 amp/cm2 and ten times still greater for platinized platinum [1].
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Figure 2.4a. POURBAIX DIAGRAMS are thermodynamic equilibrium plots
showing the species of a metal that will predominate in the aqueous
electrochemical system over a range of pH and E(v) electrode potential values.
Boundary lines are derived from the Nernst equation. Above example is for
nickel. (Jones, [1], p. 61)
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Figure 2.4b POURBAIX DIAGRAM FOR COPPER, like preceding diagram for
nickel, shows regions where the metal is stable, actively corrodes, or forms

oxides. The diagrams show what can happen not what will happen or how fast;

kinetics are not known. (Jones, [1], p. 61)
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If the high resistance voltmeter between the electrodes of the cell in the
measurement set-up is replaced by a low resistance copper wire, current flows freely
through the external circuit and the cell is no longer in equilibrium as reactions proceed in
their respective spontaneous directions at both electrodes. In a cell consisting of
electrodes of zinc and platinum, the zinc is oxidized. The zinc ions go into solution,
providing electrons through the external circuit for the reduction of hydrogen ions and the
formation of hydrogen gas on the platinum electrode surface. As the electrochemical
system proceeds to a new equilibrium, the electrodes are said to polarize towards each
other: the anode (zinc) becoming more noble (more positive) and the cathode
(H/platinum) less noble (more negative). The rate, the kinetics, of this process are
dominated by two kinds of polarization: activation polarization and concentration

polarization.

Activation polarization is due to the energy required to initiate the rate
determining step (rds) in the reaction: the combination of two hydrogen atoms to form a
molecule or the gathering of some critical number of molecules to form a hydrogen gas

bubble on the platinum surface. The potential shift from equilibrium required to overcome

the activation energy barrier is referred to as the overpotential, neq (for reduction) and

ngx (for oxidation):
Nred = bred logired /ip  and, similarly, nox = box logigy / ig

The slope, b, in these expressions relating the reaction rate to the overpotential is
the Tafel constant. These constants are particularly important in this work: they are a
measure of a reactions sensitivity to potential control. The value of b typically ranges

between 0.05 and 0.15 volts and is typically about 0.10 volts.
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In the absence of a slow rds, the reaction rate will generally be limited by the
concentration polarization which is defined by the rate at which reactants (hydrogen ions,

for example) can reach the electrode surface by diffusion from the bulk electrolyte solution

across the diffusion layer. The reaction rate limit then is the limiting current density, ij_
i, = DnFCg/x

where Cp is the concentration of reacting species in the bulk solution and x is the

diffusion layer thickness. If the reaction is controlled by concentration polarization, the

overpotential is:

Neon=2.3 (RT/nF)log (1-i/if )

The reduction reaction is more likely to be controlled by concentration
polarization. In general, the reaction rate at an electrode is controlled by both activation

and concentration polarization. The resulting total overpotential then is:
PT =nred + Neon OF Nox + Mcon

i.e. Mred =bred log (i/ig) + 2.3 (RT/nF ) log (1-i/i)

is explained by the mixed potential theory of Wagner and Traud [9] and Stern and Geary
[10]. An electrode surface may be involved in several reactions simultaneously and the
resulting equilibrium potential measured at an electrode, according to mixed potential
theory, is derived from two hypotheses:

1) Any electrochemical reaction can be divided into two (or more) partial
oxidation and reduction reactions.

2) There can be no net accumulation of electric charge during an
electrochemical reaction.



21

Therefore, the total of all the oxidation reactions must equal the total of all the
reduction reactions at any electrode reaction site. This is true ‘whether the electrode
reaction sites are distributed over a single metal in an electrolyte or on two (or more)
separate reaction surfaces which are electrically connected and immersed in separate but
ionically connected electrolytes. A separate reference half-cell connected through a
voltmeter (as in Figure 2.3) to any part of the electrode (or electrically shorted electrode
system) will read the same equilibrium potential, E.or. Knowing the reversible half-cell
potential and exchange current density for the participating reactions and the electrode
metal involved, along with the respective Tafel constants, an Evans plot can be
constructed as shown here in Figure 2.5. The open circuit, equilibrium potential, Ecorr,

is at the intercept of summed reduction and oxidation reactions.

The measured Ecorr is the sum of the desired interface potential and a standard
reference half-cell electrode. A good standard reference electrode consists of a highly
reversible, non-polarizable half-cell reaction which leaks current readily and therefore has
a relatively high current density ( 103 to 10-2 amp/cm?2 ) but when used with a high
impedance electrometer draws no current. The standard hydrogen electrode is not a
convenient reference electrode to use. Examples of other good reference electrodes are:

saturated calomel, silver-silver chioride, and copper-copper sulfate.

Accurate, reproducible Ecorr measurements are essential (1) to make maximum
use of available information about a given system, (2) to aid in gauging the degree of
stability of a system and, (3) as a reference point for dynamic studies of systems
undergoing perturbation in some prescribed manner in order to meaningfully observe its

dynamic response.



22

Figure 2.5. EVANS DIAGRAM used by Stern-Geary mixed potential theory to
describe how the oxidation/reduction reactions at a single electrode are resolved
to an open circuit equilibrium (corrosion) potential, E.orr» @nd corrosion current,
icorr- Ez/z. 8nd Epg )\, are the reversible oxidation/reduction potentials for the
reactive electrolyte species, Z, and electrode metal, M, respectively; igz and
ignm are exchange currents for these reactions; and B,z , B,z and By, By are
anodic and cathodic Tafel constants.
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Reproducible Ecorr measurements require strict controls on the
electrolyte/electrode interface composition and conditions. The concentrations of
electrolyte solution species, dissolved gasses, pH, temperature, conductivity, and degree
of convection all must be maintained within strict limits along with electrode surface

oxidation condition.

Some time is required for an interface to establish a stable Ecorr. Even if all
electrolyte conditions are maintained, a stable Ecorr reading will not necessarily appear
immediately when the potentiometer is switched across the reference electrode and the
interface of interest. Ecorr can be quite stable over long periods of time (days, weeks):
immediately after the measurement is first made, however, Ecorr may appear to drift one
way or the other, a few millivolts at a time. The stable Ecorr is approached gradually over
minutes to hours and will change gradually as the cell electrolyte conditions and or
composition change. A cell open to the atmosphere will adsorb carbon dioxide from the

air. Dissolved carbon dioxide will depress the pH which in turn has an effect on the Ecorr.

Acquiring a stable Ecorr is the starting point for conducting further
electrochemical studies. The study and characterization of an electrochemical system is
accomplished by constructing the system in the form of a three-electrode cell (similar to
that shown in Figure 2.3) which includes one acting as an anode, one a cathode, and the
third a reference electrode. Typically, the interface at only one electrode is the object of
study. This electrode is the working electrode (WE); the second is the counter electrode
(CE). The external circuit to this experimental cell, shown in Figure 2.6, includes
instrumentation which not only measures but accurately controls the voltage between the

working and reference electrodes, and the current across the cell, between the working
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Figure 2.6. THE THREE ELECTRODE CELL permits not only the measurement
but the control of the potential of one electrode, the working electrode, (WE)
whose voltage/current response is to be studied. The control circuit (more
symbolic here than functional) in the external circuit applies and measures the
current required to ramp the WE-RE potential over a predetermined range and at
a specified rate.
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and the counter electrode. Ecorr is the initial set or reference point for experiments such

as, anodic polarization plots (AP-scans) or polarization resistance measurements.

The electrochemical cell is studied by measuring and recording the current which
must be applied to the cell by a potentiostat in order to attain some overpotential with
respect to Ecorr either by stepping the voltage or ramping it at a specified sweep rate
(mV/sec). The current density across the electrochemical interface as it is polarized away
from equilibrium (Ecorr) and results in a log-current versus potential plot shown in Figure

2.7 and 2.8, is described by the Butler-Volmer equation:

i=ig [ exp ((box F/RT }(E - Ecorr) ) - exp (( breq F/RT ) E - Ecorr) )

This current which can be measured as it flows through the external circuit is
equivalent to the ionic flux across the electrode/electrolyte interface which is the sum of
electric migration, diffusion, and convective terms, respectively:

N, =-2z;uFc;-DVc, +¢,V,

The cell must, in any case, obey Ohm's law:

E=iAR=IR

The mass of the species oxidized or reduced at the electrode interface is
proportional, according to Faraday's Lay, to the charge passed during period, t, of current
flow, thus:

AW =k[i(t)Adt
where, k = M/nF

Finally, the efficiency, n, of the reaction process is defined as the ratio of the
theoretical (Gibbs free energy) to actual (enthalpy change) charge passed:

n = AG/AH



|
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Figure 2.7. THE BUTLER-VOLMER equation describes the V-log i curve
generated in the operation pictured in the previous figure

i=1i, [exp(-p,®) - exp(-B.P)]

where, i, is the exchange current density, and the reaction driving force

. ®=Vgcg - Ecori B, 8nd B anodic and cathodic Tafel constants, respectively.

26
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The equations noted here all describe the electrochemical interface in a state of
equilibrium or near equilibrium as the system is gradually moved away from its initial
equilibrium Ecorr, its measured response is largely independent of time. Perturbation
study methods, to be discussed in Chapter 3, also start from the time-independent state
[5]. The dynamics of the interface are not observed on the time scale of electrochemical
equilibrium measurements. In measuring the polarization resistance, however, the slope,
AE/ A1, is noted to be a function of the rate at which AE ramp is performed. For more
detailed discussions of electrochemical equilibrium, see references [1, 4-8]. Also, see
Appendix G for details on voltmeter calibration and the interpretation of the sign of the
measured potential. At this point, the dynamics of the interface. and basis for the third
interface measurement mentioned above, the electrochemical impedance, must be

addressed.



CHAPTER 3

Perturbation Response and Relaxation in Electrochemical Systems

The strategy for electrochemical process optimization is based on the assumption
that electrochemical systems have natural frequencies for cyclic operation which
correspond to their controlling step or process relaxation time constants. The natural
frequency of a physical system (and chemical systems can be described as statistical
aggregates of micro-physical systems) is the preferred frequency of oscillation for that
system following a perturbation about some equilibium (or pseudo-steady-state
operating) point. To sustain the oscillation, the perturbing force must be of sufficient
amplitude and persistent at the right frequency to overcome the internal restoring and

damping forces of the system.

The period corresponding to the natural frequency is the relaxation time constant
of the system. The relaxation time or period is observable when the system is perturbed
sufficiently to engage all of its internal restoring and dissipative forces but not to the point
of becoming non-linear: any system hysteresis as a result of the perturbation should be
negligible on the scale of the system. The initial state should be discernible even after
indefinite repetitions of the perturbation. In this condition the system could be described as
linear and dimensionally stable. The relaxation time is that period required by some rate
determining characteristic or step such as a rate-determining reaction step. Relaxation time
is the time required for initial conditions or dimensions or new steady-state conditions to

attain following the system perturbation.
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The characteristics of an electrochemical system which determine its response to a
perturbation of the equilibium of the electrode surface/electrolyte interface by an

externally imposed electric field include:

(1) The electrode surface geometry (atomically smooth, electronically-conductive
plain to rough, tortuous, insulative, diffusion barrier) and distribution of charge transfer
sites; the heterogeneity of the surface (i.e. single crystal; few, fine grain boundaries; large

grain boundaries; multi-phased).

(2) The nature, size, magnitude of charge, concentration, distribution, and
mobilities of ionic and dipole species (and mean free path of motion) in the interface.
Also, the number and extent of the reactions these species engage in both the interface

and on the electrode surface.

(3) The state of thermal equilibrium at the interface: degree of convection due to

thermal and/or density gradients at or in the vicinity of the interface.
(4) The degree of convection at the interface by electrode rotation or stirring.

The details of the foregoing will determine how the system will respond to and
propagate a perturbation in the electric field across the interface. The interface response,

shown in Figure 3.1a and b, is measurable in terms of

(1) A voltage/current lag or phase angle (between the perturbing signal and the

response).

(2) Applied voltage to measured change in potential and/or IR drop across the

interface.
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Figure 3.1. DYNAMIC BEHAVIOR OF THE INTERFACE: ion mobility and polar
molecule orientation result in the electrolyte/electrode interface picture (a)
. before and (b) after the imposition of an electric field.
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(3) A charging of the double layer as ionic electrolyte bordering electronic metal

(or semi-conductor) lattice become opposing faces of a capacitor.

(4) Establishment of a diffusion layer thickness and concentration gradient of

active charge transport species.

(5) Evolution of reaction products at a rate proportional to charge transfer across

the interface (expressed as exchange current density).

(6) A characteristic deBye-Huckle length [5] for the diffuse charge density of the

system of interest.

(7) Accumulation of reaction intermediaries and products and occupation of active
electrode surface sites constituting a pseudo-capacitance, which may contribute
significantly in combination with the double layer capacitance (3) in producing the total

capacitive reactance of the interface.

The end point of the (interface) electric field perturbation is a fully charged,
polarized ‘interface with an increasing tendency to leak charge, i.e. pass net current (via
the external circuit) by means of actual charge transfer (of electrons) across the
electronic/ionic boundary. The charge transfer mechanism is a quantum mechanic event,
the tunneling of an electron from an ion at (or very near, within angstroms of) an active
metal (or semi-conductor) surface site into the electronic conduction band of the solid

phase lattice, (or vice verse, from metal to electrolyte species).

The positioning of the ion, which was most likely fully hydrated (wrapped in an

envelope of water or other solvent molecules), may have been the slowest in a series of
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transport and intermediary reaction steps, but this last step, actual electron transfer, is

surely very fast.

The charge transfer step, while not controlling in the timing sense, is the crux of an
electrochemical process: it permits the equilibration of external EMF's and internal Gibbs
free energies across the interface. It brings into play the bipolar nature of the process. It is
not a single isolated heterogeneous reaction surface, but two sets of complimentary
(oxidation-reduction) reactions at two interfaces connected by an external, electronically
conducting circuit. The electrical circuit laws of Ohm, Faraday, and Kirchoff must all be

satisfied:
(1) Ohm: E=IR

(2) Faraday: Gj=nF E;

The Gibb's free energy (thermodynamic statement of Faraday's Law) for a given
reaction at the interface is equivalent to the magnitude of the charge transferred and the

emf (over-potential) at the interface of exchange.
(3) Kirchoff, First Law:  (sum) Ej=0
The sum of all the EMF's must be zero around any complete (closed) circuit.

A fourth law is invoked by the response of the two (electronically connected) -

interfaces to a perturbation in the electric field,
(4) Le Chatlier's principle:

The system will react in such a way as to oppose any change exerted upon it by

external forces, in order to restore itself to its initial condition.
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A primary restoring force in the electrochemical system is the establishment of
concentration gradients of the active species in the interfacial region of the electrolyte.

This is concentration polarization.

Other factors which must be overcome and balanced with the propagation of the

perturbing electric field include:
1) dipole moment reorientation,

2) ionic charge distribution in the electrolyte (coulombic forces) which
constitute attractive and repulsive forces, and

3) existing convection due to balancing of gravitational and thermal
effects constitute inertial forces in the initial state of the system,

all react to oppose and balance the perturbation to the system.

In the balancing process, the fdregoing laws are satisfied. The sign of the sum of
the free energies, Gj's at the two interfaces will indicate whether and in which direction
there is a spontaneous (if the sum is negative) net reaction upon the establishment of an
external circuit between the two interfaces with a resulting electric field, or, that a reaction
proceeds only if the external circuit includes an externally imposed EMF (battery,
generator, etc.). (The external circuit being an electronically conductive path between two
active, complimentary, reaction sites on a single electrode surface, or, an actual external
path, wire, between to separate electrodes.)

In any case, the sum of the external EMF's, interfacial "over-potentials",

X8~ SGjeF,
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the external circuit IR (current x resistance) (voltage) drops, and electrolyte (ionic flux x
electrolyte resistance) drops is zero, 2E(i) = 0, satisfying Kirchoffs law, an electrical
equivalent of the equilibrium state in a balanced, Newtonian mechanical system, where:
Z Fj =0

While the zero-sum of forces always exists, the attainment of the final values in the
equation is not instantaneous. The perturbation is initiated, grows, to some maximum
value, propagates; all the while, the opposing, balancing forces grow in the complex
system dimensions described above, establish, and, when the external circuit is opened
(perturbing force ceases), relax. Figure 3.2 shows the progress in time at the interface as
the Jeaking charge and charge transfer results in a changing concentration gradient in
electroactive species acting in accordance with Fick's law of diffusion. The interface

response occurs, however, slowly or rapidly, in finite time.

The time required to impose a perturbation, and relax, is the system relaxation
time, or time constant. The system modulus (ratio of forcing to response function) is
dependent on the rate of perturbation. In a mechanical system, the measured response to a
perturbation is a function of stiffness, which depends on material modulus and section
geometry.  The relaxation time will depend on shape (or wave form), amplitude and
frequency of the perturbation function. Figure 3.3 illustrates an effect due to the
amplitude of the perturbation in relation to the asymmetry of the system about its
equilibrium point. Faradaic rectification as illustrated here, would not be frequency

dependent.

A metallurgical wire forsional pendulum specimen provides, by way of analogy, a

good example of the relationship between a material (or interface) modulus and the
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Figure 3.2. FICK'S SECOND LAW is a basis for time-dependent behavior of the
electrochemical interface:

C,: A+e™-=R
C, = bulk concentration of electroactive species

C,(t) = concentration of electroactive species at a distance x
from electrode surface
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relaxation time for a rate controlling internal material process. The wire torsional
pendulum is used to determine the diffusion constant of interstitial atoms moving through
the metal lattice. In this system the primary dimension of perturbation is the lattice
parameter which is worked (expanded, contracted) in a periodic fashion as the wire twists
and untwists with a perturbing torque acting against the restoring force proportional to the
torsional modulus of elasticity of the wire. The preferred period of oscillation corresponds
to the time required for mobile interstitials to make the move from one interstitial lattice
site to the next, in a succession of jumps. This interstitial movement time, or jump

frequency, is a measure of the diffusion constant.

The period of oscillation at the natural, or minimum stiffness, of the wire is a
measure of the controlling step, the movement of the interstitiais. The natural frequency
for the pendulum occurs midway between low frequencies dominated by the fully relaxed
modulus, (time for anelastic processes to take place) and high frequencies dominated by
the unrelaxed modulus (no time for anelastic processes) [7]. This is the frequency for

which the energy lost to total energy ratio is a maximum.

In an electrical system the modulus is the complex impedance function Z=V(t)/i(t)
which consists of real (ohmic resistance) and imaginary (capacitive or inductive reactance)
components. Figure 3.4 (a, b, c) illustrates the time dependent nature of the interface
modulus and work. Electrochemical Impedance Spectroscopy (EIS) measures the
complex impedance (resistance, reactance) response spectrum of an electrochemical
interface to a specified range in frequency and amplitude of voltage (or current)
perturbations, about a specified equilibrium potential of the interface. The response
spectrum is characteristic of the set of reactions occurring across the interface at the

specified potential, [3, 4].
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The interfacial reactions and all the processes discussed above are reflected in the
impedance spectrum in the magnitude (of real, ohmic, or imaginary, reactive impedance)
and in the phase angle (between the perturbing signal and the interface response

voltage/current).

In particular, the resistance to the charge transfer step across the over-potential
of the interface, referred to as the polarization resistance, Rp, can be determined. For a
given electrode equilibrium potential, the charge transfer reactions between the interfacial
species and the electrode surface proceed at a rate proportional to the exchange current
density. In accordance with Ohm's law, the current is inversely related to the resistance
across the interface, such that

Io=B/Rp
The Faradaic current density measure of reaction rate is the object of many

conventional electrochemical experimental methods:

(1) The anodic (or cathodic) polarization/Tafel intercept method, based on the
mixed potential theory derived by Stern and Geary (wherein a projection is made on a log i
vs. E plot from a near-linear portion of the high field region of the exponential polarization

curve to the current at the intercept with the equilibrium potential).

(2) The exchange current is computed from a measurement of Rp which is the

slope of the dE/dI curve very close to the equilibrium potential, E.qpr.

Both (1) and (2) are essentially dc methods. A third method utilizes small
amplitude ac perturbation, ac impedance or EIS scans of the frequency range from near dc

(10 mHz or less) into mid audio frequencies (10 kHz or higher). It is found that
Rp = (Zloxo - Zlowe
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Experiments run with a Princeton Applied Research (PAR) 350 corrosion
measurement instrument utilizing the AP/Tafel intercept method compare quite well with

results obtained from ac impedance scans run on a Schlumberger 1260, frequency

response analyzer (FRA).

As a measuring technique, the ac impedance spectroscopy has several advantages
over the dc methods: |

1) Minimal perturbation of the system from equilibrium ensures the
condition of linearity.

2) The electrolyte resistance is readily distinguishable from the
polarization resistance.

3) The capacitive properties of the interface are measurable.

4) Electrode surface film and diffusion barrier effects can be measured.

ac measurements reveal the intrinsic time-dependent nature of the system.
Analogous to the torsional measurement on metallurgical specimens pendulum discussed
earlier, ac instrumentation can measure the anelasticity of the electrochemical system; the
interfacial properties, which are time-dependent and have relaxation time constants, are

quantifiable.

In impedance spectrum measurements, the low frequency impedance value, |Z] -,
corresponds to the fully relaxed modulus, M, of the mechanical system; while the high

frequency value, [Zlo=o, is the unrelaxed modulus, M,;.

The simplest description of the time dependent mechanism behind the behavior of

the electrochemical impedance scan is the Randles equivalent, R-C, circuit model [10]. In

this simplest case, the Rg, series resistor corresponds to the solution (electrolyte)

resistance; while the parallel resistor, Ry, is the polarization resistance and the parallel
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capacitor element, C, corresponds to the interfacial "double layer" capacitance (typically

15 to 40 pf). Many systems actually conform quite nicely to this simple model.

Other more complicated systems involving multiple reactions and time constants
and/or diffusion barrier porous film electrodes call for the addition of more R-C parallel
elements and/or Warburg (diffusion) impedance elements [11]. Still more complex circuits
are derived from network element transmission line models. It is possible to design
equivalent circuits for the fractal response of a rough-surface electrode which exhibit a

characteristic 1/f noise response to perturbation.

Equivalent circuit models, however, do not uniquely identify a particular system.
Not all researchers find them the best way to model the time dependent characteristics of a
system. (Some prefer more direct identification of electrochemical mechanisms and

associated rate constants [3].)

Taking the modeling a step further draws on the analogy between a mechanical
lumped mass (restoring, viscous damping, and inertial terms included) and the electrical R-
L-C circuit where the L is an inductor (an electrical "inertial” element). These elements in
both systems may be in parallel or series, depending on whether "through" or "across"
variables are "driving force" or "displacement". This approach can be extended to the
electrochemical interface, given that the flux, J, is a "displacement" (rate of charge
displacement) variable analogous to x (length) in the mechanical and i, current, in the
electrical system. It would appear that, J' (the temporal derivative of the flux) corresponds
to an inertial type term, possibly related to the rate of change of AC(x), the interfacial
concentration gradient...(or ion convection current/electrical field interaction). In any
case, the 'L' term introduces a special property into the system of interest: the possibility of

resonance.

All the foregoing models are readily subject to some form of frequency response

analysis, EIS; electrical, and electrochemical response, directly measured as a function of
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frequency. The results are plotted in Nyquist, complex phase diagram, (real vs. imaginary
impedance components) or Bode (frequency vs. impedance magnitude and phase angle)

format. Information revealed in these plots includes:

1) the moduli ( Zy, and Zj;; ) at the extremes of the frequency spectrum,
which give the polarization resistance value, Rp,

2) the maximum phase shift angle, 8 , a measure of lag between the
perturbing force and responding displacement, and

3) the corresponding maximum quality factor, Q.

The last two quantities, (2) and (3), occur at the frequency of the maximum
fractional energy lost. This is analogous to the logarithmic decrement damping of the wire
pendulum. The reciprocal of this frequency is the relaxation time constant ty for the
process. The relaxation time constant corresponds to the frequency at which the anelastic

properties are fully engaged.

EIS Bode plot data identifies frequencies at which impedance decreases most
dramatically, rolls off; the Nyquist plot data shows at what frequencies the impedance is
purely ohmic and what frequencies the impedance is reactive (capacitive or inductive). A
process operating at a frequency dominated by ohmic impedance would be nearly charge
transfer or activation controlled as opposed to a capacitance dominated frequency which
would indicate diffusion or double layer charging control. The initial expectation is that
the impedance roll-off (in the Bode plot of an impedance plot) occurs at the frequency
most nearly synchronized with the natural relaxation time of the dominant reaction or step
of the process. This is the frequency that is most likely a natural balance point for
competing reactions involved in the overall process as well. There may be a problem in
operating the process at this frequency in that the voltage (or current) perturbation used in
the test scans is very small and what actually occurs at a practical operating level of

voltage is considerably different.



CHAPTER 4

PCE Measurement of Electrochemical Cell Mass-Flux Response

Certain crystalline materials, barium titanate and quartz among them, are excellent
electro-mechanical transducers. Due to an asymmetric charge distribution, the dipole
moments and resulting electrical fields of these materials are altered in proportion to the
mechanical stresses on the unit cells and, visa versa, the mechanical stresses are in
proportion to the surrounding electrical field strength. Crystals with this piezoelectric
property readily convert mechanical to electrical and electrical to mechanical energy;
acoustic waves to electrical and visa versa [1]. They have found wide application in
acoustics as sonar transducers. Piezoelectric materials illustrate the case where the

balancing of perturbing and restoring forces result in sustained oscillations.

Piezoelectric crystals have also found use as nano-balances because their
fundamental frequency of oscillation is very sensitive to changes in the mass on the
surface of the crystal. They have been used in vapor deposition for some time as

indicators of the amount of material condensing on surfaces in a target area.

More recently piezoelectric crystal sensitivity to surface mass loading has been
applied to the liquid phase as well. Metallic tabs or flags plated on either side of a quartz
crystal wafer support an alternating electric field across the thickness of the crystal. A
specially designed oscillator circuit with an automatic gain controls the electric field and
excites the crystal in such a way as to allow it to oscillate at its own natural frequency but

at a constant amplitude. If one face of the crystal is sealed into an electrochemical cell, its
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flag exposed to the cell electrolyte and connected in the cell external circuit, it becomes an

electrode in the cell, a piezoelectric crystal electrode or PCE.

Typically quartz crystals used as PCE's are AT cut wafers approximately one half
inch in diameter and about 10 mils thick. The fundamental frequency of oscillation for
these crystals is typically one, two, five, ten, or twenty megahertz. As long as the surface
mass change does not produce a shift in the fundamental frequency more than one to two
percent of the initial value, the PCE response to an increase or decrease in surface mass
loading is a linear change in the crystal's fundamental frequency of oscillation which, as
shown in Figure 4.1, can be very accurately monitored (to 0.1 hertz in IMhz). A
sensitivity factor can be determined experimentally to calibrate the PCE accurately. The
surface mass (areal density) chahge is expressed as the Sauerbrey equation:

Am=-§ Af,
where S is the sensitivity factor for the monitored crystal, and Am is the areal density
(g/cm?).

Hence, the negative temporal derivative of the fundamental frequency, dfp/dt, is
directly proportional to the mass flux response of the PCE to the electrochemical cell. The
PCE adds mass flux to the conventionally monitored electrochemical cell current and
working electrode potential. Figures 4.2 and 4.3 show the felation between df,/dt and the
copper electrodeposit and iron dissolution current, respectively. Not all charge transfer
reactions result in surface mass changes. For dissolution or deposition reactions, the
current is directly proportional to the mass flux. This is simply the temporal derivative of
Faraday's Law, |

dm/dt = Kin = -S dfy/dt
where, K=M/nF is the electrochemical equivalent constant for the reaction in question and

i is the corresponding electrode reaction current density.
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The monitored cell current meanwhile is the sum of all the cell reaction current densities

multiplied by their respective active reaction surface areas,

Ieell = Zi=1. nlik Akl

Direct mass flux measurement permits the resolution of cell current due to two or
more reactions at the working electrode (PCE). In metal deposition processes, which may
also be accompanied by hydrogen reduction, the amount of current contributing to the
metal deposition will be measured as mass flux, that portion going to hydrogen reduction
will be the difference,

Ig =Igell - Im
Ideally, in metal electrodeposition, the hydrogen current is eliminated or kept to a

bare minimum, by whatever means practical.

Work by numerous researchers over the past decade verifies the effectiveness of
the PCE as an analytical method in electrochemistry, [6, 7]. Typiéally a surface mass loss
or gain of fractions of a monolayer is detectable. Hager [4] analyzed the dissolution and
passivation of iron during anodic polarization in sodium sulfate solutions, clearly
demonstrating the correlation between the time derivative of the PCE fundamental
frequency change and cell current. Buehler [2] demonstrated the application of a fast data
acquisition PCE system to the study of the pulse plating of copper. The real time mass
flux for a single pulse was successfully recorded along with the applied pulse potential and

cell current on a time scale of microseconds.

There were several significant results of Buehler's work. Mass-flux data make
possible the computation of mass-to-charge ratios for corresponding electrochemical
reactions. Resolving these data for a single pulse (5 to 20 msec duration, galvanically

controlled) made it possible to measure the efficiency of the pulse for comparison with
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pulses of different duration and current density. This charge to mass ratio efficiency may

be a very useful figure of merit in designing an optimal pulsed schedule.

Equally interesting in the resolved pulse data was the current off period during
which the mass flux decayed in an exponential manner. Reaction parameters used to fit the
decay curve supported a two-step reaction mechanism and gave strong indication as to
which was the rate controlling step. This information is of further use in arriving at the

duty cycle and pulse spacing for an optimal cycle.

The curve fit appears to be satisfactory, but does it account for all the processes
that are represented in the resolved pulse data? The model assumes the response of the
PCE to be due entirely to reaction kinetics at the interface during the decay curve
immediately following the actual current pulse. In fact the initial response of the PCE at
the very beginning of the pulse appears to be fluid dynamic rather than kinetic. There is an
initial /ncrease in crystal frequency which would be due to either mass loss (rather than the

expected mass accretion) or a decrease in the fluid viscosity at the interface.

The processes in the interface immediately before, during, and after the current
pulse are not only kinetic but electrosterric, diffusional, hydrodynamic, and convective as
well. The charging of the double layer is rapid but not instantaneous and depends on the
electrical field strength and the nature of the species at the interface. The reaction is
dependent on (although not necessarily controlled by) the diffusion of reactive species to
and from the reaction interface. Time is required to establish a concentration gradient in
the species reacting at the interface and there is a characteristic relaxation time associated
with the decay of the gradient immediately after the current pulse even if the reaction itself
ceased immediately. No current, no excess of electrons at the interface, no charge

transfer, no more reaction; but, the excess (or inventory) of participating species in the
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concentration gradient would persist, however briefly, into the post-pulse, current-off
period. The frequency of the PCE is dependent upon the density-viscosity product of the
fluid in the interface which, in turn, is determined by the concentrations of the species in
the interface. Thus the establishment of a concentration gradient has a hydrodynamic
effect. Furthermore, the PCE's own oscillatory motions might have a convective effect on

the species moving to and from the interface.

Recent work by Ivanov and Yelon [12] shows that the accuracy of the Sauerbrey
model for calculating changes in deposited crystal film mass (areal density) breaks down
for thick films. Their work with 1 micron thick films of aluminum, lithium, and nickel on
6Mhz AT-cut quartz crystals showed that, unless the film and quartz acoustic impedances
are very closely matched (as is the case for Al), the acoustic wave model must be used to

compute a composite quartz/film fundamental frequency and subsequent mass changes.

The PCE oscillates at a fundamental resonant frequency precisely because it
possesses balanced capacitive and inductive properties (as seen in the Butterworth model).
As discussed earlier the fundamental frequency varies linearly with the surface areal
density of mass loading making it a natural micro-dynamic scale. This property is
exploited by the PCE in situ measurements to obtain mass-to-charge ratios which, in
pulsed plating experiments as conducted by Buehler (1986) [2] reveal the efficiency of
individual pulses of given duration and current density. Also indicated by these

experiments are rate controlling step and interface concentration gradient relaxation times.



CHAPTER §

Electrode Surface Condition Effects on EIS and PCE Responses

A true atomically smooth plain is difficult if not impossible to achieve over any
substantial surface area even on the surface of a single crystal let alone the surface of a
polycrystalline material. While the thermodynamic equilibrium potential Ecorr discussed
in Chapter 2 is not directly affected by the geometry of the solid/liquid interface, the
kinetics of the reactions and supporting processes occurring at the interface will very likely
be affected. The simplest description of the macroscopically, uniform, plain solid
(electrode)/liquid (electrolyte) interface is roughness. Roughness is a relative measure
best expressed as the final degree of mechanical ﬁnish used to prepare the surface: a
course 120 grit, a finer 600 grit, on down to 0.1 micron (or finer) finish. Surface
roughness can be expected to effect all solid/liquid interface interactions: added or trapped
(fluid) mass, convection, double layer thickness and, hence, diffusion. Roughness
determines the actual surface area and hence the number of reaction sites. Electrically,
roughness determines the actual capacitance of the interface, the double layer. All of
which underscores the importance of consistency in electrode surface preparation
techniques in conducting electrochemical experiments. Uncontrolled surface variations can
mask variations due to other parameters or produce effects which are inaccurately

attributed to controlled parameters.

Surface roughness calls into question two of the important new techniques
discussed. It is reasonable to expect that both EIS and PCE techniques will be sensitive to
electrode surface conditions. These techniques could therefore lead to erroneous

conclusions especially in electrochemical deposition or dissolution which can result in
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substantial surface roughness changes over the course of an experiment. It then becomes
increasingly difficult to decouple electrochemical reaction mechanism effects from mass
transport and solid surface/liquid fluid dynamic interactions as the electrode surface is
altered from its initial prepared, known condition. In applications using these techniques to
determine reaction kinetics, mechanisms, and rate determining steps, they must be applied

only briefly and to freshly prepared surfaces.

Ibl [3] suggests comparing diffusion layer thickness with surface asperity height.
Thirsk [2] gives a simple relationship based on the thickness of the Nernst diffusion layer
compared with the surface dimension parameter. Roughness effects become important for
diffusion controlled reactions when :

Dt/b2 << 1, where b= surface roughness height

For example, a copper deposition / dissolution reaction on a surface with a 1 um
finish (b=10~4 cm) and Dcy = 7.6 x 10°6 cm2 / sec, roughness becomes a factor if the
time scale of the process is t << 1.32 x 10-3 seconds or at a frequency of 760 hz; for
b=10pm, the critical frequency drops to 7.6 hz. These frequencies are within the range of

frequency analyzed by the EIS technique.

To the extent that EIS and PCE techniques are surface sensitive, they might be
useful in observing electrode surface changes. Work has been reported on surface
sensitivities of both techniques. The constant phase element response of EIS to some
electrochemical interfaces suggests that some electrode/ electrolyte interfaces are fractal.
Liu [S] used a Cantor bar structure to model the interface and show that a fractal
dimension could be calculated. It is important to note whether such a model would work

as well for activation controlled as for diffusion controlled processes at such an interface.
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Bates [6], however, argued that the fractal electrochemical interface model could not be

verified experimentally.

Fractal or not the sensitivity of EIS to surface roughness variations could be
experimentally verified. A standard flat, 5/8 inch diameter (PAR K47) cell specimen of
- low carbon steel can be easily tested sequentially at three different surface polish
conditions, say: 120, 400, and 600 in the same electrolyte solution, 3% NaCl (or sea salt)
at STP. The same specimen is resurfaced for each test from course (120) to fine (600).
Then, as a check on reproducibility, the sample is resurfaced to the course condition and
retested. The resulting EIS scans (Bode plots of 0.1 to 10kHz at 5mV) are compared for
variations. If substantial variations are noted along with identical scans for the same
surface condition, additional tests could be run at finer grades of polish and on different
materials, stainless steel, and bronze. Some tests could .be run on electrochemically etched
specimens as well using AC and DC etch schedules and comparing the results. It has been
known for decades that AC produces a more uniform etch than DC. Can the differences
be detected by variations in EIS scans? Tests of this type should also be done on pure

metals iron, copper, aluminum as well as the alloys mentioned above.

The PCE is sensitive to surface roughness because the extent of hydrodynamic
coupling is dependent upon the degree of fluid trapping which occurs at the interface. The
greater the roughness, the greater the trapping. Finish is usually not an important variable
in PCE experiments as the surface condition is determined by the method of metal
deposition: either vapor or electrochemical deposition on the PCE specimen flag substrate.
The deposited test metal surface is then either accreted or dissolved depending on the

experiment and the hydrodynamic coupling can be ignored so long as the surface
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roughness is assumed to remain nearly constant. For experiments of short duration, this

assumption of near constant roughness is reasonable.

Schumackar, et. al.[1], however, give a quantitative description of the degree of
fluid trapping and use the PCE as a roughness gauge. This suggests some follow-up work
to the AC/DC etch experiments suggested above. The same etch schedule variations could
be used on PCE specimens and compared with the EIS results. Indeed EIS scans could be
made on the PCE specimens themselves to see if surface roughness can be resolved. The
PCE apparatus reported by Simpson [4] has an automatic gain control (AGC) to maintain
the crystal oscillations at constant amplitude. The gain level, which is really a measure of
energy required to maintain the oscillation amplitude, will be proportional to fluid trapping
at the interface, roughness. The AGC can be monitored along with frequency to give an

indication of roughness variability.

Critical frequency calculations, noted above, indicate that electrode surface
roughness must be judiciously taken into account. Depending on the approach taken, the
roughness sensitivity of EIS and PCE techniques can interfere with, or mask other
parameters of interest, or add useful information to the data base. Compared to other
factors in the experiments to be conducted, roughness may not play a measurable role,

especially if the roughness is constant throughout the experiment.



CHAPTER 6

A Cyclic-Process Optimization Approach

In the previous chapters, the motivation for finding an optimum process cycle
design, has been established. Even a small improvement in process efficiency can make it
economically practical or improve its profitability. Many processes of commercial value
which are presently conducted in a steady state (dc) mode [19], would very likely yield
better results if they were conducted in a cyclic (ac) mode. Some of the work done (1952-
1977) to apply cyclic operation to conventional chemical separation process equipment
(for distillation and liquid-liquid extraction) is described in references [1-4]. The reported
results were increased output, efficiency, and/or enhanced selectivity for the desired

product.

More recently, considerable work has been devoted to exploring the application of
cyclic operation (as av or ac, periodically controlled potential, or pulsed current, PC) to
electrochemical processes. The focus of this study is on electrochemical processes and on
the use of certain electrochemical techniques (EIS and PCE), the fundamentals of which
have been reviewed previously, as methods of obtaining cycle optimizing information on
process for the electro-deposition and -dissolution of metals in particular. References [5-
8] explore the application of pulsed plating with particular interest in its applicability to the
printed circuited board industry. Berube and Piron [9] investigated the advantages of
pulsed reversed current (PRC) in zinc electrowinning which may have implications for the
recycling of zinc galvanizing. Other applications of cyclic current control may help
prevent unwanted metal dissolution due to corrosion; references [10, 11] report the

application of pulsed current to cathodic protection in deep well casings. References [12-
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15] describe work applying cyclic current or potential control to the modification or

preparation of metal surfaces as in metal etching or passivation.

A complete description of an electrochemical process candidate for optimization
would include: the cathodic and anodic reactions and reaction mechanism steps; reaction
overpotentials, Tafel constants, and cell working electrode open circuit potential (Ecorr);
the optimal pH (for each reaction), temperature range; reaction species concentrations and
solubility products and diffusion coefficients; electrolyte solution resistivity and support
requirements; the controlling or rate determining reaction and step, whether or not the
key reactions are activation or diffusion limited and the limiting current density; also, what
by-products are likely, such as hydrogen; and, for some systems, whether or not
oscillations and perhaps resonance can occur naturally under certain conditions. In
addition to this list, which would be desirable for the design of a conventional dc process
cell, the key to optimization is a reasonable estimation or, preferably, a direcr
measurement of the controlling process relaxation times which can be used to design a

cycle for current leveling and current apportionment for improved process control.

An optimization criterion must be chosen. The optimization criterion would be
specific to a particular candidate process. It could be as simple as a maximum or minimum
factor measurement. More likely, the criterion is a combination of factors such as:
product purity and quality as well as quantity; energy efficiency; surface deposit or etch
condition, grain size and uniformity, hardness; electrical or thermal conductivity;
mechanical elasticity and yield strength. One relatively simple measure is the density of
electrodeposited material. With the optimization criterion chosen, use the electrochemical

impedance spectral (EIS) analysis and piezoelectric crystal electrode (PCE) response data



60

(or other means) to obtain critical relaxation times, those times which will most likely

control the process.

If the chosen criteria is simply energy efficiency the answer to the pulse design
problem might be given by the pulse current efficiency or mass-to-charge ratio data
obtained by Buehler, for a series of tested pulses. The true picture is however a bit more
complicated and a pulse schedule design would need to incorporate the relaxation time
and reaction mechanism data for the principal reactions involved. Where multiple
competing reactions are involved, we could envision something analogous to a Weber
traffic control model [18] to determine pulse widths and duty cycle. The EIS and PCE
data provide or lead to the time constants needed to determine pulse widths, cycle
position, and overall duty cycle (on/off and reversed current or potential periods) and also

to arrive at a pulse current density.

Once chosen, the candidate pulse schedule must be tested. The test is
accomplished by varying the pulse cycle about the chosen "optimum" and the results
compared (with dc results) against the selected criterion. For example, product purity is
checked with EDAX or other emissions spectroscopy methods; grain size and uniformity
can be appraised optically under a microscope; a method can be devised to measure
deposit conductivity or resistivity; a reverse bend flexure test can quantify elasticity; and

roughness can be evaluated optically.

The optimization approach can be demonstrated and evaluated by applying it to
one or more electrodeposition processes. Candidate materials are copper, silver, zinc, or
calcareous deposit from sea water. The dissolution of iron, copper, zinc, or aluminum also

present good illustrative cases.



CHAPTER 7

Periodic Potential or Current Control Models

Over the past two decades, researchers [1-11] have used mathematical models to
explore the effects of ac on electrochemical processes. The models, based on reaction and
mass transport limits for particular systems, can serve as a basis for comparison with
experimental measurements and later as design and operational guidelines for

electrochemical processors such as electro-platers and commercial chemical producers.

The criterion for electroplating or electrowinning of metals would typically be
purity, morphology, or alloy composition of the desired deposit. Similarly, the criterion for
chemical substance production reactions would be selectivity and productivity for a
desired product. Recent work done on certain branched electroorganic reactions, such as
the reduction of nitrobenzene [1-3], shows that enhanced productivity and selectivity for
key intermediaries can be realized under periodic potential or current control. The
advantages of periodic- over dc- control, as pointed out in reference [1], are evident
provided:

1) The sensitivity to potential change is greater for the reaction producing

the desired product. Product selectivity is greater for whichever
reaction has the greater sensitivity to potential.

2) The duty cycle length (fraction of total cycle length for which current
or voltage is high) is sufficient to allow for double layer charging and to
prevent the average electrode polarization potential from falling below
the dc polarization potential necessary to promote the desired reaction.
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3) The duty cycle length is such that the period of oscillation ¢ is
(preferably much) less than the characteristic (or relaxation) time ¢, for

the process.

4) The cell current levels can be maintained below the Hy evolution

limiting current.

5) The desired product results from a heterogeneous reaction at an
electrode surface or a homogeneous reaction in the bulk solution.

6) There is a satisfactory trade-off between desired productivity and
acceptable selectivity. (Typically, as productivity increases, selectivity
diminishes.)

The problem is to arrive at an optimal potential (or current) control profile (or
periodic control schedule) which defines the potential / current maximum (or minimum),
duty cycle, and frequency. Figure 7.1 illustrates the product selectivity problem. The
allowed reaction time determines which species dominates. Bakshi and Fedkiw [1]
developed a numerical search technique to determine the optimal potential control profile
for a general class of electroorganic batch reactions. In the class of reactions considered,
the reactant is reduced electrochemically to an intermediate. The intermediate is then
consumed by two parallel reactions: a chemical decomposition to a desired product or a

further electrochemical reduction to an undesired product.

The model employed in reference [1] assumes: (1) no mass-transfer limitations (so
species concentrations at the electrode surface are taken to be equal to bulk concentra-
tions), (2) no side reactions (such as solvent electrolysis) occur. Based on these limiting
assumptions, the state equations describing the reaction kinetics as a function of the
control inputs (potential) are applied to gradient search techniques which were developed

from optimal control theory. The theory of optimal control, as described in text
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Figure 7.1. PRODUCT SELECTIVITY for species in the reaction:
A+e -B-~-C
varies with time as the reaction proceeds. The desired product could be B or C.



books [13-17], has been previously applied in the chemical industry to reaction
temperature control. The easier, actually more promising, case of manipulating potential in
electrochemical reactions, is yet to be employed in large scale production. In optimal
control theory, the problem can be defined mathematically in terms of a functional which,
in this case, is the concentration of the desired product to be maximized at the end of the
batch reaction period. State equations describing the reaction kinetics in terms of reaction
rate coefficients and control inputs which are related to the applied cell potential are
satisfied as are restrictions on the potential. It is further assumed that reaction
irreversibility is assured by proper setting of the control parameters (e.g. sufficiently high
potential setting). The optimal potential control profile is then found by using a numerical

search technique based on the projected gradient method.

An example of this type of branched electroorganic reaction is the reduction of
nitrobenzene (NB). At the cathode of the electrochemical cell NB is reduced to
phenylhydroxylamine (PHA) and subsequently to either aniline (AN) by a further
electrochemical reaction or by chemical reaction in the bulk solution to p-aminophenol
(PAP), the desired product.

NB + ¢ - PHA
PHA (cathode interface) + e — AN  -or- PHA (bulk) -PAP

Except for cases in which the electrode processes are intrinsically slow or are at
low overpotentials, the reaction rates will be governed by the mass transport rates to and
from the electrode surface. The model prepared by the authors of [1] is instructive, but
restrictive. A more general case requires the solution of Fick's second law, convective
diffusion equation,

dC/dt=DV2C-V-VC
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Nolen and Fedkiw [3] studied the enhanced selectivity in NB reduction on a
rotating disk electrode which can result under periodic current control. In this case the
diffusion layer and hence the mass transport is a well defined function of the disk rotation
rate. The Duhamel superposition principle is used to derive the solution for the convective
diffusion equation. Mass transport and kinetic effects are coupled. Based on the fact that
the sum of the individual electrochemical reaction currents equals the total electrochemical

cell current, the model apportions the cell current to the different reactions involved.

The Nolen-Fedkiw model is based on an earlier work by Verbrugge and Tobias
[11] developed for periodic electrodeposition of metals. Unlike the earlier work, the
Nolen-Fedkiw model treats the electrochemical reactions in series rather than in parallel.
Double layer capacitance charging (not included in the Verbrugge-Tobias model) and
hydrogen evolution currents are taken into account. Cycle-averaged parameters are
determined for the stationary-state. The results of two computational models are
compared: (1) differential conversion (assuming bulk concentrations are constant); (2)
integral conversion (changes in bulk concentrations are accounted for with a series of
differential conversion calculations). One of the mdst important results of the Nolen-
Fedkiw model, because it addresses doublé layer charging current which becomes
increasingly important with frequency, is that the optimum duty cycle at constant current

is shown to be greater than zero and optimum frequency less than infinity.

Smeltzer and Fedkiw [2] treat the more commercially significant case for NB
reduction in a parallel plate reactor under periodic cell voltage control (periodic potential
control). The transient diffusion equation is solved for stationary-state conditions
(conditions prevailing after all non-periodic responses have decayed). Only mass transfer

normal to the plane of the electrode surface is significant. The boundary conditions are
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applied to the solution of the one-dimensional Laplace equation which relates the total
current at the cathode and the anode to the solvent potential,

2®/dy2 =0

The current is controlled by the ®(y) profile across the cell ( ® = &, at the

cathode to @ = @, at the anode). The potential profile is, in turn, governed by the

concentration profile for the electro-active species.

The Smeltzer-Fedkiw model then applies an iterative solution method in which: (1)
the potential in the cathodic interface is estimated as a function of time over one cycle and
applied to (2) solve the linear equations for the Fourier coefficients for the NB
concentration in the cathodic interface which is used to (3) solve the linear equations for
the PHA concentration in the cathodic interface; then (4) the NB and PHA cathodic
interface concentrations are used to solve the non-linear equations for cathodic and anodic
interface potentials for a number of points in time over one cycle; (5) convergence is
checked (if not achieved, the process iterates returning to step 2) and finally, (6) the cycle-
average selectivity and productivity for PA is calculated. (A high interfacial PA
concentration indicating that the chemical reduction to PAP is favored over

electrochemical reduction to AN.)

Preceding [1-3, ], MacDonald [12] derived in detail a Laplace solution to the time-
dependent behavior of the most basic electrochemical case which can serve as a
foundation for more complex models. A quiescent system with a well supported
electrolyte results in minimal electromigration of electroactive species in a cell whose
dimensions are sufficiently large to ensure that electroactive species concentrations at the
cell boundaries are constant over the time frame of the experiment. These conditions rule

out forced convection, rotating disk electrodes, vibrating electrodes, or thin layer systems.
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The only mode of mass transport is diffusion under ;semi-inﬁnite conditions. Two
simplifying assumptions are made: (1) the convection term, V = 0 and (2) only diffusion
through the plane of the electrode is of concern. The Laplace transform is used to convert
this second order partial differential equation into a total differential equation whose
solution is a function of a single independent variable. A new concentration variable
representing the extent of perturbation of the system from equilibrium, C*(x,t) = Cb - C,
is introduced, reducing the equations for three of the common electrode geometries
(planar, spherical, and expanding plane) to the same general form of the transformed
equation:

d2C*/ds2- (p/D)C*=0
for which the general solution is

C*=AgeS + Bgeds

where s = x, r, z for the planar, spherical, and expanding planar diffusion cases,
respectively, and C* is the Laplace transform of the time-dependent concentration
perturbation.

(The complexity of the solution for cylindrical geometries discourages the use of
microcylindrical electrodes in experimental work. When the radius is large compared to
the diffusion layer thickness, as would be the case with a macrocylindrical electrode or if
the experiment is limited to short times, the cylindrical diffusion may be approximated by

the planar case. This approximation would apply as well to a macrospherical electrode.)

Initial and boundary conditions which express mathematically the physical
restraints on the experiment are applied to refine the general solution to fit the particular
case in question. These conditions define the state of the system parameters, at specified

boundaries, just prior to the initiation of the experiment and after the experiment has been
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running for some period of time:

t=0, x>0, c=cb

Prior to the start of the experiment the concentration is uniform up to the electrode
surface (assuming that the potential drop across the double layer has negligible effect on
the distribution of electroactive species within the layer). Then, some time after the

experiment has been initiated:
t>0, s(xrorz)—>w C —~cb

This is the case for "semi-infinite" diffusion, the bulk concentration at some distance from
the electrode surface can be taken as time independent. (Otherwise, an evaluation of the

time dependency of the concentration at the wall of the vessel must be made.) For "semi-

infinite" diffusionat t>0, s - o, C* — 0, and therefore, Bg must also be zero.

Meanwhile, at the other system boundary, the electrode surface, where the concentration
depends on the relationship between reaction kinetics (reversible or irreversible), current,

and mass fluxes; for

t>0, s=0, C*= C*(s=0), and therefore the coefficient, Ag=C*(s=0).

The general equation for the Laplace transforms of the time dependent concentration

perturbations at a distance, s, from the electrode surface now reduces to:
C*=C*(s=0)e-as
where a=(p/D )12 In terms of the Laplace transformed concentration variable this is:

C=Cb/p+[C(s=0)-Cb/p]e-as
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where p is the Laplace variable (chosen sufficiently large to force convergence of the
Laplace transform integral). This equation may now be inverse transformed to obtain

concentrations as functions of distance and real time.

Many systems of interest involve coupled electrochemical and chemical reactions.
While the foregoing may adequately describe the change in concentration of species
resulting from charge transfer reactions at the electrode surface, which are controlled by
pure diffusion, additional terms must be included for mass fluxes due to chemical reactions
in the vicinity of the electrode. The added terms account for forward and reverse reaction

rates, for example, in the simple case

X & O with forward and reverse coefficients, k| and k.1, respectively.

The product O from this reaction is electrochemically reduced in the reaction:

O + ne” <> R with forward and back reaction coefficients, kf and kp, respectively.

The concentration changes for X, O, and R in the vicinity of the electrode surface (but not
x = 0) can be expressed in the following equations:
dCy /dt = Dy (d2Cy/ds2 ) - k) Cx + k.1 Co
dC, /dt = Dg (d2Co/ds2) + ki Cx - k.1 Cq
dCR /dt = DR (d2Cg/ds?)

The reaction coefficients k¢ and ki, are not considered in this set of equations because they

are involved only in the charge transfer reaction which occurs only on the electrode

surface and must therefore be considered in the equations for the boundary condition

t>0, x=0). The charge transfer reaction parameters kg kp, and
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P(E) = exp[(nF/RT) (E - E;)] are all dependent on the potential at the electrode and

hence on the form of the potential input signal at t > 0.

The coupled process equations are of the general, partial differential form
dC /dt = D (d2C/ds? ) +/- kC
the Laplace transform for which is the total differential equation
d2C/ds? - [(k +-p)/ D] C+Cb/D=0

for which the general solution is

C = Aexp(-bs ) + B exp ( bs) + Cb/(p +/-k)
where b = [(p +/- k) / D]1/2 . Applying the boundary conditions as in the foregoing case
for pure diffusion, the Laplace transformed solutions are of the form

C = CY/( p+/-k ) + [C(s = 0) - Cb/( p+/-k )] exp~bs .

MacDonald [12] gives the foregoing derivation in greater detail and tabulates
reaction/diffusion rate expressions for a number of coupled charge transfer/diffusion
processes. The Laplace transformed solutions can be inverse transformed (using known
inverse transform functions and the convolution theorem) to reintroduce the time variable.
It is further pointed out in [12] that in some cases, when the inverse transformation cannot
be performed or the inverse form handled by approximation, and since the Laplace
transformed current is often simpler anyway, it may be more convenient to analyze the

data in Laplace space.

Another model, based on a reaction-limited case, is presented by Hager [4]
considering the role of the pseudo-capacitance due to reaction intermediaries on thickness
leveling in certain pulsed-current controlled electroplating processes. In this view, the
reaction intermediary inventory, like the double-layer, constitutes a capacity for charge

storage. The final step in a multi-step deposition reaction is rate determining in the process
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which occurs on a poorly conducting substrate; the electrolyte solution resistance is

negligible, and the reaction pseudo-capacitance, Cp, is large relative to the double-layer
capacitance, Cq), which is assumed to be constant over the potential and electroactive
species concentration range for the system. Cp is strongly potential dependent and varies
with the surface coverage fraction and is an order of magnitude greater than Cgj to values

much smaller than C4j as the surface coverage approaches unity. The disk electrode in this

case is modeled as a continuum of concentric rings. The rate of reaction (or reaction
velocity) across the rings is proportional to the availability of electroactive surface sites,
expressed as a fraction of electrode surface coverage. Determining the pulse duration, and
current level and subsequent current-off time, now becomes a matter of balancing the
reaction rate against the reaction intermediary inventory and double-layer discharge rates.
The task is complicated by the nature of the current distribution which varies across the

electrode with the local impedance, a function of radial position on the electrode.

The semi-quantitative results of the Hager model show a weak dependence of
deposition thickness leveling on overall electrode current within a fairly wide range of the
optimal current level. The expression for the optimal on-time period while explicit in terms
of system parameters is also dependent on functions of relaxation coefficients which are
themselves dependent on the on-time period. The off-time period is the prime influence
on thickness leveling and is selected at the expense of duty cycle, on the basis of relaxation

time scales (related to Cpmax / Cdqp ) such that the ratio of off- to on-time is typically on

the order of ten.

The importance of the Hager model, even more than consistency with experimental
results, is that, based on given system parameter ranges and constraints and the selected

criterion of thickness leveling for electroplating, the model demonstrates the development
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of expressions for optimizing the operating parameters: current-on period, level, and duty

cycle. It is an approximation procedure, but is rational.



CHAPTER 8

Natural Consequences of the Dynamic Interface:

Structure, Periodicity, Fractals, and Chaos

The strategy for electrochemical process optimization will, at some point, need to
address the self-similarity of scale and structure suggestive of fractals 5, 6, 24-27] and,
at the same time, the irregularity and randomness described as chaos [4-6, 9] in the
responses of many physical systems perturbed from, or moving between, states of
equilibrium. Examples include the intricate structures observed by Barkey [2] in
electroplated copper and zinc, oscillating chemical [1, 8] and electrochemical [10-14, 17,
23] systems. surface structure-process interactions [16, 17], ocean mixing processes [3],
and bistable and noise-sensitive systems [18-22]. Such systems, Prigogine [4] would
suggest, tend to be more dissipative and irreversible (in a general sense, compressible)
than conservative and reversible (incompressible). Their time-dependent behaviors are
very sensitive to initial conditions and their trajectories in phase space [7] take the form of

strange attractors [6, 9].

The study of oscillating chemical reaction systems proves to Epstein [1] the
usefulness of the thermodynamics of irreversibility formulated by Prigogine [4] which
apply to reactions far from equilibrium either because they are in an early stage of reaction
or because they are in a system which is open to the flux of energy and/or matter from
outside its boundaries. Many systems of this type exhibit bistability, oscillating between
two (or more) stable states. The conditions prerequisite to this kind of behavior, as

summarized by Epstein are:
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1) system is far from equilibrium (as in a continuous-flow stirred-tank
reactor

2) feed back (auto catalysis)

3) bistability (a change in external conditions results in hysteresis).

Recognizing and following this criteria, Epstein was able to identify and design
oscillating reactions from three different families of systems (bromates, chlorides, and
iodates) with regular periodic behavior. Some of the systems, however, exhibited quite
irregular oscillations which, if genuinely due to dynamics inherent in the systems
themselves and not to mere experimental artifacts, serve as physical examples of what
mathematicians refer to as chaos. While some researchers [12, 28] are skeptical, others,
Hudson and Bassett [10, 11] and [13,14] maintain that the experimentally observed

behavior is real and inherent in the systems.

Hudson and Bassett studied the electrodissolution of copper in acidic (1IN HyS0y4)

chloride (0.1, 0.3, 0.5 M) solutions. They observed current oscillations starting, regardless
of fresh electrode, initial surface roughness, at potentials sufficiently high (ie., sufficiently
far from equilibrium). No oscillations were seen during film building at 250 mV (SCE),
but at 310 mV (SCE), after a brief induction period during which the film grew to
approximately 10 um, aperiodic oscillations in current commenced and continued until
the film grew to a thickness of approximately 30-70 um at which point the thick film
surface appeared uniformly cratered. They noted that if a portion of the film was removed
at any time during the process, the oscillations would cease (if in progress at the time) and
the initial film building process recommence, followed by oscillations and the final thick
film formation. Using a standard time series displacement method, a three dimensional

phase portrait is plotted for each set of oscillations. The resulting plots appear to be
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Strange attractors, trajectories recorded in phase space which are aperiodic and very

dependent on initial conditions.

Hudson and Bassett, while making careful observations with regard to current
oscillations, take the constant potential as a given, without regard for the mechanism by
which a particular potentiostat (in this case a PAR 173) maintains that potential. Herein
lies the problem in identifying or separating real system behavior from experimentally
induced artifacts. The entire phenomenon of oscillations is treated as if the working
electrode interface were isolated from the external world when, in fact, an external black
box senses the electrode potential with a half-cell reference electrode and maintains the

ordered potential with an electronic feedback circuit.

Some researchers suggest, as does MacDonald [28], that the oscillations occur
because of the negative load line of the typical potentiostat circuit (the system
voltage/current source). Electronics texts [29, 30] point out that the operating (or
quiescent) point for the coupled electronic’ component (or electrochemical cell) and its
power source will be bi-stable in cases where the characteristic (E vs. i ) curve éf the
component (such as a tunneling diode) has regions of negative resistance, particularly if
the power source (potentiostat) load line is flatter (less negative) than the component

negative resistance region.

As an example of an experimentally induced oscillation, consider the following. In
an electrochemical system that passivates (requires less current at some point along its
characteristic E vs. i curve) as a result of surface film formation, oscillations may occur
because, as the cell current begins to drop but the potential across the film increases,
partly because the film is more resistive, but also because the potentiostat applies a higher

potential at the lower current demand. The increase in potential breaks the film and the
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electrochemical reaction resumes at a higher current level, until the film rebuilds and the

process repeats.

Cattarin and Tributsch [12] noted that the oscillatory behavior of the Hy0,
reduction system depended on having a suitable resistor in the external circuit in series
with the cell working electrode. The frequency and amplitude of the observed oscillations
was influenced by the value of the external resistor as well as by the mass transport
processes internal to the cell. The three conditions they cited (after Degn [31] ) for current
oscillations were:

1) A range of negative slope in the real current-voltage curve connecting
“active" to "passive" branch of the cell characteristic curve.

2) A large enough external resistance to cause distortion in the
characteristic curve to the point where multiple states are generated
under potentiostatic control. This requires the total series resistance,
Ry > R* = -(di/dV)"l, (negative reciprocal of the slope of the

characteristic in a region of negative values).

3) A time-dependent feed-back due to concentration polarization which
shifts the instantaneous characteristic curve back and forth, causing the
system to cycle around a loop.

In the H3O, reduction study, the feed-back is due to the relative interfacial

reactivities for the two electrode states: activation, fast; passivation, slow.

Hudson and Bassett, in a later study [11], suggest that it would take a minimum of
four ordinary differential equations to construct a model which reproduces all the

dynamics observed in their copper dissolution in acidic chloride experiments.
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Hibbert and Murphy [13] take exception to the rule that oscillations occur only
because of (1) a negative resistance (either in or in series with the characteristic cell)
and/or (2) coupling between mass transport and chemical reaction processes. They show
that while a system of three equations for a two-surface oxide system taking into account
OH- diffusion, leads to a current which is three-valued as voltage becomes more positive
(an indication of bistability); the upper corrosion branch and the lower passivation branch
are stable unless perturbed by some external means. They g0 on to demonstrate, following
the work of Epelboin [32], a system of only two equations, one of which is exponentially
dependent on potential, for an oxide <> salt film system, where in "the energy of
dissolution of the surface oxide increases with increasing surface coverage and gives a
collapse in the current-voltage curve at passivation and predicts limit cycle behavior in the
current with time". A seemingly simple set of equations replicates the conditions for an

oscillating system observed experimentally.

Li, et. al. [14] studied the electrodissolution kinetics of iron in chloride solutions.
They observed current/potential oscillations recorded as time series which were later
characterized by power spectral densities, phase portraits, and correlation dimensions of
chaotic attractors. They suggest that the oscillations occurring during high-rate iron
dissolution are due to an interplay between the formation and dissolution of two types of
oxides: a thin, nonporous inner film and a porous anodic outer film layer. The latter
quickly self-destructs at a critical potential, and building begins anew. The work lends
support to the hypothesis that these electrochemical oscillations can be modeled by a set
of ordinary or partial differential equations of modest complexity. The role of the external

potentiostat/galvanostat control circuit, however, was not considered.
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It is apparent that nonlinear systems coupled with even small spatial and/or
temporal variations in control parameters (temperature, concentration, potential, or
geometry) can be inherently unstable and lead to long-term results which are not satisfied
by steady-state, continuum model solutions which assume that, in the long-term, transients
will be damped and some average state be clearly dominant. While equilibrium, steady-
state, continuum models have been useful and enlightening in studying and engineering
with many practical systems, there are many systems which would become more
understandable and serviceable and others less unpredictable and destructive if viewed

from a more appropriate far-from-equilibrium, dynamic model point of view.

Jensen and Ray [15] observe that while reaction-diffusion systems are usually
treated as macroscopic continua they are actually collections of microscopic subsystems.
Nonuniform microstructures produce long-term steady-state macroscopic behavior
inconsistent with continuum model solutions. Multiple hysteresis loops for reactions such

as the oxidation of CO or Hy on platinum are better explained by discrete or domain

models.

Prigogine [4] outlines the principles of self-organization of microstructures in non-
linear systems. These principles might apply to the intricate fern-like, branched aggregates
created in electro-deposition of copper or zinc from an electrolyte confined to a thin layer
between two transparent plates observed by Barkey [2]. The process, referred to as
morphology selection, is attributed to a cellular mixing process resulting from a coupling
of a hydrodynamic instability at the interface between the metal ion-depleted and bulk

solution with the development of the aggregate morphology.

Walgraef, et. al. [16] observed that two kinds of chemical pattemns: chemical

waves and mosaiclike structures. The waves are more likely due to “long-range
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fluctuations of the phase of the limit cycle” and a “lack of true long-range order in two-
dimensional systems” while the mosaiclike patterns result from “true self-organization of
the medium” and the “long-range phase fluctuations manifest themselves by the presence
of topologic defects, dislocations, or grain boundaries.” Jorne [17] used a linear stability
analysis applied to an electrochemical system with a thin layer of an adsorbed species to
show that coupling between diffusion and chemical reactions would lead to “chemical
oscillations and pattern formations.” The patterns could be idealized as repetitive
hexagonal, triangular, or square cells. The model, he suggests, could be a “transformation
mechanism between electrical and chemical waves, and vice versa, which might be of great

interest in biological and engineering systems.”

The discovery of electrochemical strange attractors has important implications for
the quest for a rational design strategy for electrochemical processes in general. If a
significant portion of the systems of interest fall into a category which is inherently
chaotic, are they to be excluded from the effort? What kinds of processes fall into this
category, how can they be identified, and is there perhaps some special strategy for dealing
with them as well? As an example, Epstein [1] suggests that perhaps all catalytic reactions,
on sufficiently small time scales, proceed in an oscillatory manor. Heterogeneous catalytic
reactions could alternate between active and passive states, some switching mechanism
determining just which stable state a given surface reaction site would be most likely in at
any given point in time; what surface fraction is in an on versus an off phase at any given
time under given conditions. What schemes of apportionment will most reliably describe

the switching mechanisms in time and space, must be determined.

Because of their fundamental importance to the stability of electronic devices and

memory media, phase transitions and the theory of switch stability in (electrically) noisy
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environments have been the object of considerable attention in recent years. An electrode
surface can be viewed as being in one of two states: active or passive, conductive or non-
conductive. Here the bistable system is idealized as two potential wells separated by a
local maximum or barrier. The state of the system is marked by the position of a single
particle which must be in either of the two wells, or somewhere between them. If the
system exists in a noisy environment, what level of noise can be tolerated? How stable is
the particle in either of the two wells? If the particle is at the local maximum, it is clearly
unstable and would be expected to be very sensitive to any kind of perturbation but which
of the two wells will it settle into assuming the potential field is symmetric? What model
will give a realistic distribution? Horsthemke and Lefever [18] demonstrate,
mathematically, phase transitions induced by external noise in non-linear macroscopic
systems which are far from equilibrium. Using a Fokker-Planck equation for a continuous
diffusion process, they apply an external noise to a system represented by a
phenomenological equation; "...by increasing the strength of the external noise, without
changing its mean value, the system can be made to undergo a phase transition well above
the deterministic critical point." As long as the variance in the fluctuating parameters is
large enough to place the system under non-equilibrium constraints during finite time
intervals, ..."this type of phase transition may take place in systems where the mean values

of the fluctuating parameters correspond to chemical equilibrium values."

In other work exploring the effect of microscopic fluctuations on the macroscopic
evolution of non-linear systems, van Kampen [19] asserts that, “No approximation scheme
based on a separation of macroscopic behavior and small fluctuations will be able to
handle this process of magnifying fluctuations." In particular, with regard to the
distribution of the particle in a bistable potential, he argues that "the Fokker-Planck or

diffusion approximation ... is subject to serious objections. The reason is that in many-
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body systems the only way to make the individual jumps small is by increasing the size of
the system, which, however, at the same time reduces the influence of nonlinearity on the
fluctuations. In particular, near a point of instability the master equation cannot be
replaced with a Fokker-Planck equation, because the finite size of the individual jumps is
decisive." He points out that the importance of the fluctuations in the development of the
system is that their existence "allows the system to probe the entire space of state x and
search for the lowest potential minimum." He goes on to demonstrate that a Kramers'
treatment leads to a equation of the form of a time-independent Schrodinger equation

which then yields a satisfactory distribution for the particle between two potential wells.

Smythe, Moss, and McClintock [20] use a Fokker-Planck probability function
(Stratanovic as opposed to Ito version) and an analog simulator to observe noise-induced
Pphase transitions (NIPT) in a phenomenological equation with a noisy parameter. Using a
similar technique, Moss [21] analyzes the NIPT responses of two generic switch types.
Both are first order, nonlinear, stochastic, differential equations with either parametric
(multiplicative) or additive noise. One is nonlinear in a cubic term and inherently bistable.
The other is nonlinear only in a quadratic term and its bistability is a result of the noise
itself. Both switch models predict curves which match well with their electronically
simulated performance. The S curve of the cubic, inherently bistable switch, incidently,

resembles many characteristic electrochemical system active-passive curves.

Ideally, the impedance response of the electrochemical cell is a series RC circuit
such that the complex impedance as a function of frequency is Z(o) =R - j/ oC where R
is the resistance of the electrolyte between the two electrodes of the cell and C the
capacitance of the two electrode-electrolyte interfaces one of which is the reference

electrode. In real cells, however, the impedance is more accurately described as
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Z(0) =R-A(0) "1 wherein the interface impedance is the second term, the constant phase

angle (CPA) impedance. Here, j= V=1 and A and n are constants, n< 1.

Liu [24-26] suggests that this power law impedance response is modeled fairly
well by assuming a cantor bar (self-similar) surface structure for the interface. When an
RC network is used to show the accumulation over time of charge "random walked"
(diffused) through the cantor bar interface, there appears to be a good correlation between

the fractal dimension of the surface model (the network) and the power law exponent, n.

Bates and Chu [27], however, argue that while there may be a correlation between
the RC network and a power law response, the correlation between the impedance
response and the fractal dimension of actual rough surface electrochemical interfaces is
not good. They find a much more suitable mode! in the nearly two-dimensional growth of
metal leaves (similar to fern-like structures observed by Barkey [2] ) formed by electrode
deposition which suggests a simulation of accumulated charge distribution down through
the peaks and valleys of a surface as though these features were fixed, non-growing
clusters. Basic to this model is the assumption that local regions of the electrode are
screened by protrusions on the surface; an assumption that seems justified by actual
impedance measurements. Charge distribution, flow of charge across the interface to the
electrode; ions "random walking" through this cluster-array, protrusion charge-shielded

landscape, gives an impedance response which correlates well with the n exponent.

It is interesting to note that the phenomena of oscillating states dealt with here was
first described by Joule in 1843 [23] at a time when Ohm, Fechner, and De la Rive had just
established what we know today as Ohm's Law and Joule was using the new law as the
basis for experiments to measure "the Intensities of various Voltaic Arrangements”. Joule

made very careful observations of the angle of his galvanometer needle, and the
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appearance of a white film over an iron electrode surface immersed in a sulfuric acid
solution, and then the sudden disappearance of the film followed by the rapid evolution of
oxygen from the surface. He noted the competition between processes..."we can readily
perceive that oxygen must inevitably rise from the iron, whenever the oxysulphion cannot
be produced as quickly as is demanded by the intensity of the battery." He also concluded
simply and accurately on the matter of threshold that, "In general a current of a certain
degree of intensity is requisite in order to produce the intermittent effects.” Today, with
our potentiostats and galvanostats, lock-in amps, impedance and Raman spectrographs,

the mechanisms behind these phenomena are still a curiosity and a challenge.



CHAPTER 9
EXPERIMENTAL

A Measurement-Based Model and Cycle Design

Of the many systems that might be considered for periodic control, there is hardly
a more appropriate or more promising application than the electrodeposition of thin,
laminar alloys. When applied in sufficiently thin layers (typically less than 1000
Angstroms), two metals, which may have any degree of miscibility, produce in
combination an alloy with properties of the individual metals [1-18]. A silver-lead laminar
alloy, for example, has the high conductivity of silver and low corrosivity of lead. Of
particular current interest are cyclic multilayer alloys (CMA) exhibiting magnetoresistance
and giant magnetoresistance [6, 13, 15-18] which is highly dependent on metal layer
spacing. Conventionally, these alloys are produced by vapor deposition or by alternating
between two electroplating bath compositions. Under pulsed-plating conditions, however,

it is possible to electrodeposit CMAs from a single electrolyte.

Designing a pulse schedule and electrolyte composition for a laminar alloy system
is based on the layer spacing required to achieve the desired alloy property. The pulse
schedule (simple on - off or superposition on a dc condition) takes advantage of the
difference in reduction potentials for the two metals (one being more noble than the other)
and an electrolyte composition (very much more concentrated for one than the other) such
that the deposition of metal 2 is negligible during the time required for metal 1 to be
deposited to design thickness. The dissolution (or continued deposition) of metal 1 must
be negligible during deposition of metal 2. The pulse current-off time must be just
sufficient to allow time for the relaxation to initial conditions at the interface (or return to

the dc condition which favors the plating of the more noble metal).
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The electrodeposition pulse schedules for single metals such as copper, silver, or
zinc are more likely to be designed by their interface relaxation times than deposit
thickness. The object with single metal deposits is more likely uniformity, grain size, and
elimination of hydrogen or hydroxide inclusions. Applications include copper plating on
printed circuit boards requiring increasingly fine detail and electroplating zinc for galvanic
protection on steel wire with minimum hazard of hydrogen embrittlement. The approach is
to work with the relaxation times to achieve curreﬁt leveling in order to ensure deposit

control.

A good approximation of the relaxation time can be made by calculating the
Iransition time required to attain zero concentration at the interface from the bulk
concentration of an electrodepositing ion at a given constant current density. This is the
time required to reach the steady-stéte reaction layer thickness for a given current density.
The calculation is made by using Sands equation [19] which shows that the square root of
the transition time is proportional to the bulk concentration of the electroactive species

and inversely proportional to the current density.

An optimal pulse plating schedule exploits the dynamic nature of the
electrochemical interface. Modern electrochemical instrumentation presents the
opportunity to base pulse plating schedules on measured, rather than calculated, time
constants.  The experiments conducted in this work utilize the information in
electrochemical impedance spectra, EIS, (impedance and phase angle versus frequency)
to obtain the relevant process time constants for a measurement-based model for cycle
optimization and control. Gabrielli [20] reported the development of a combined EIS-
QCM system to characterize electrochemical systems by their transfer functions. Work by

Hager, Ruedisueli, and Buehler [21] reported the use of the PCE (or QCM) to monitor the
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deposition and anodic polarization (corrosion and passivation) of iron. Buehler and Hager
[22] used the QCM to measure the pulse efficiency for single pulses of different durations
in copper plating. Ruedisuéli [24, 25, 26] first reported the idea to utilize EIS-QCM
specifically for the purpose of measuring time constants for the optimization of cyclic

electrochemical processes such as pulsed electrodeposition of metals.

As discussed in Chapter 3, a state-of-the-art frequency response analyzer, FRA,
with a lock-in phase amplifier, can perform complex impedance measurements at a single
frequency or sweep a range of frequencies. The complex impedance vector isZ=R +jX,

where R is the ohmic resistance, and X the reactance (capacitive or inductive), while j is

the complex unit vector, j=+~1. The absolute value of the impedance vector is
|Z| =VR*+X® Ris independent of frequency, while X varies with frequency. The
vector Z is the transfer function for an input voltage, V, to a device resulting in an output
current, I, with a corresponding phase angle, 6 , indicating the amount by which the
current /eads or lags the input voltage. This relation is expressed as V/I =Z(w) and

Tan(8) = X/R. For a purely resistive device, X and 6 = 0. For an ideally capacitive device,

R=0, X=-~ j% , and 8 = 90 degrees; the current charging a capacitor leads the voltage
o

by 90 degrees. For an ideally inductive device, R=0, X = joL, and 8 = -90 degrees; the
current carried by an electric field expanding in an inductor lags the voltage by 90 degrees.
For all practical purposes resistors, capacitors, and inductors are common place, pure
components. ( Ideally, pure components do not exist; beyond a certain voltage and
frequency range, a component becomes non-linear, and may show characteristics of other
components. A resistor, for example, at very high frequencies will show some

capacitance.)
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Choosing a simple Rg-RCy, series-parallel circuit as our impedance measurement

model, shown in Figure 9.1, we define the optimum pulse current to be that which most
nearly maintains a continuous charge on the capacitor, more precisely, maintaining it at a
pending discharge. At very low frequencies (or long pulses), ® — 0, essentially dc

conditions, the capacitor is fully charged, continuously with no discharge, Z=Rg +R. At

very high frequencies, the capacitor never fully charges, but rather appears as a short
circuit and Z = Rg. The phase angle at both these extremes approaches zero. At a certain
point between the extremes, the frequency would be just right to maintain some charge on
the capacitor, but never overcharge it, or allow it to completely discharge. At this point,
the temporal derivative of the charge on the capacitor is zero, ic = dq / dt = 0. The
average time rate of discharge equals the average time rate of charging. A steady state,
quasi-equilibrium, is reached between the extremes of the capacitor being fully charged
(engaged) continuously at low frequencies and not charged at all, in effect, by-passed at
high frequencies. At this operating level, the phase angle reaches a maximum lag (which is

also the point of maximum interface work, shown in Figure 3.4c); this is the characteristic

frequency, f=1/RCp (sec™'), where @=2nf (radians/sec).

In an FRA impedance, log ® vs. |Z|, Bode plot of a lumped component electrical
circuit of this type, the characteristic frequency is quite distinct; the phase peak is very
pronounced and the roll-gff of the impedance magnitude from a high value, Rg + R, (at
low frequencies) to a low value, R g, at high frequencies) is exponential. The reciprocal of
the characteristic frequency, f, is the relaxation time, t., required for the capacitor to
either exponentially charge from zero to a value which is exp( -t / t; ), 63%, of its fully
charged state or discharge 63% of a full charge. Note that all the FRA has actually

measured is the impedance, the resistance to current flow, to charging and discharging the

capacitor in this particular circuit. The object is to keep the capacitor charged, so the



clectrode electrolyte

Figure 9.1. THE Rs-RC, MODEL of the dynamic electrochemical interface
describes roughly, but simply, the impedance behavior of the charge transfer

process.

C is parallel capacitance (double layer and chemical inventory)
R is polarization or charge transfer or faradaic resistance
R is electrolyte solution (series) resistance

- Time constant, tr=CpR

88
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current necessary to charge it in the time, t; , must be selected. If the capacitance is
unknown, it can easily be computed from the measured values, (Rg +R), Rg and . Now,
to charge the capacitor, a constant current, i = g/t = CV/t,, is turned on at t=0, and off

at, t=tr.

As suggested earlier this on - off schedule has applications apart from exercising
the capacitor and saving power by having the current off part of the time. This simple
circuit is a precise electrical analog for the timing of energy input or throughput to any
physical system consisting of series - parallel, energy dissipative (a resistor) and energy
storage (a capacitor) components. If the timing is right, the storage, time dependent, or
anelastic element is neither over-driven or by-passed, but just fully engaged. Staying with
the electrical analog components just a bit longer, consider the ofher energy storage

component, the inductor, a simple coil of wire, wherein the voltage would lead the

current. The Rg -RL circuit would behave mathematically and, in the FRA plot, very much

like the Rg -RC circuit above, accept that it would be its mirror image. A capacitor stores

a static electrical charge, electrons, a condensed electric field; an inductor stores an
expanded electric field, a flux of electrons, a kinefic electrical charge. At low frequencies,
the inductor acts as a short circuit; at high frequencies the inductor acts as a choke, no
current gets through it. At some intermediate frequency, current flows equally through
both inductor and resistor. If the two energy storing components, capacitor and inductor,
are combined in parallel, they compliment each other in a complete cycle, passing energy
in one form to another and back again, at the right frequency, indefinitely as an oscillator,
were it not for the dissipative, resistor, element. An ohmic versus reactive (real vs.
imaginary) resistance phase or Nyquist plot of an R-L-C parallel component circuit would
result in a pair of opposing semi-circular loops, a complete circle, representing the

frequency response of the two reactive (energy storing) components. An R-L-C circuit
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tuned to some particular frequency of electromagnetic energy is the heart of a radio

receiver.

The R-L-C circuit is also the electrical analog of many mechanical oscillator
systems: a simple spring - mass system, a pendulum, or a gas expansion chamber
mechanically linked to a flywheel. It also describes the behavior of an electro-mechanical
device: the piezoelectric quartz crystal. In each of these systems energy is stored
alternately in a kind of compression or potential energy of position and then a kind of
expansion or kinetic energy of motion. The former is energy of displacement, the latter of

inertia. The general equation for motion of all these systems is:
md2x /dt2 + bdx/dt+kx = F

For the electrical circuit, this is expressed as:

Ldi/dt +Ri+cfidt = Fe

Recalling that the current through the circuit, i =dq/dt, the rate of change of charge on

the capacitor; thus,

L d2q/dt? +Rdq/dt +C q=F,

The first term is the inertia-like term which shows why it is not possible to accelerate
(expand) an electro-magnetic field through a coil instantaneously. The third term is the
displacement or Hooke-like restorative term. The middle term is the dissipative or
damping term. The sum of these terms must equal the applied electromotive force, or

voltage.
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In the conventional dc operating mode, only the final steady-state is of concern.
But in an ac (or pulsed) mode, the dynamics of a system are crucial. It is, therefore,
tempting to ask if the electrical, mechanical circuit analog could also be extended to an
electrochemical interface [24]. The double layer acts as a capacitor in storing charge as
does the pseudo-capacitive effect of the interface as an inventory of chemical
intermediaries is accumulated in multi-step reactions. The charge transfer of electrons
between electroactive species at the interface and the electrode surface is impeded by a
polarization or faradaic resistance factor. The dissipation by hydration and diffusion of
charge transfer products or their inclusion in the structure of an electrode surface film or
in the lattice of the electrode itself could be interpreted as a pseudo-inductive or inertial
process. These latter processes being storage elements to the extent that they are
reversible and therefore conservative. Charge stored in the electrochemical double layer is
recoverable as is that stored in a chemical intermediary. An electron transferred to a metal
ion subsequently incorporated as an atom in the lattice is also recoverable as are the
components of a surface film. But the hydrogen ion, the most mobile of the
electrochemical species, reduced by an electron transfer at an electrode surface to atomic
hydrogen and discharged as gas is, like species removed as insoluble precipitates, not

recoverable; the process is irreversible.

As discussed in previous sections, there are many electrochemical systems which
show oscillatory behavior. Typically they are systems involving some kind of alternate
film-building / film-dissolution mechanisms. When FRA Nyquist (phase) plots are made on
such systems they are likely to show an inductive loop, in the low frequency range, as well
as the capacitive semi-circle. But the inductive loop is quite small. It seems that most
electrochemical systems are very well damped, their inductances, vanishingly small, and

charge transfer resistances comparatively large.
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In fact, the electrochemical interface is most likely to be successfully modeled as an
R-C},RC circuit known as a Randles circuit [27), in which the Cj is in parallel with an RC

series. But for many systems the simpler RS-RCp model, pictured in Figure 9.1, has
worked quite well and will be considered here initially. In this model R; is the solution
resistance at the interface; R, the polarization resistance for charge transfer, and the
parallel capacitor C;, includes capacitance for both double layer and pseudo-capacitance of
chemical intermediaries. This model and the experimental apparatus and procedures
described hereafter will be used to arrive at the time constants and the current levels to

design pulsed current metal and metal alloy plating schedules.
Experimental Objectives

The objectives of the following experiments are fourfold:

1) Check and calibrate the FRA method(s) for obtaining electrochemical
data, such as metal dissolution and deposition rates and time constants.

2) Test the effects of cell electrolyte sparge condition and electrode
surface roughness on the Ecorr starting reference and on the FRA
spectra.

3) Obtain FRA spectra on PCE substrates in metal plating solutions for
the purpose of acquiring pulsed plating time constants, current levels,
and duty cycles.

4) Observe and measure the interface resistance-parallel capacitance
(CpR) response of the metal-electrolyte interface (PCE surface and
cell) using an oscilloscope.

5) Prepare pulse plated samples on PCE substrates to determine the
effectiveness of selected pulse plating schedules.
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Experimental Apparatus

For most of the experiments, the FRA was a Solartron Model 1260 operated with
a Princeton Applied Research (PAR) Model 273 potentiostat/galvanostat. The standard
three electrode cell configuration was used with either an 800 ml cell with a PAR K47
working electrode sample holder (which exposes 1 cm2 circular area of sample surface to
the electrolyte) and high density graphite counter electrodes or, a small 6 ml'cell with a
piezoelectric quartz crystal working electrode (PCE) holder and a platinum foil counter
electrode. Either a calomel (SCE) or a silver-silver chloride (Ag-AgCl) reference electrode
was used depending on the particular experiment. The PCE was oscillated at a constant
amplitude by a crystal oscillator board (designed by Sheldon Danniels, built by the UW
chemistry electronics shop) and its frequency was monitored by an HP frequency counter
Model 5384A. The FRA data was plotted with the 1260's onboard software on an HP
plotter, Model 7470A. The conventional dc polarography (linear polarization, Tafel
intercept corrosion rate measurement) experiments for comparison with FRA data, were
run on a PAR Model 350 with its onboard plotting software and printer. The initial FRA
measurements on the copper / cupric sulfate and gold / seawater interfaces were done on
a Solartron 1250 (very similar to the 1260) with a PAR 273 supported by Stanford
Research Institute (SRI) impedance calculation and plotting software on a MACINTOSH
computer loaned to the researcher in the electrochemistry laboratory at SRI, Palo Alto,
CA. Interface pulse response measurements were conducted using a Gould oscilloscope

Model DM3010.
Procedures

Variation in Ecorr (rest potential or polarization starting point) due to electrolyte

sparge condition was tested by stabilizing a specimen in one condition and measuring the
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change with time when a sparge condition change was initiated, A shiny platinum
electrode was placed in a nitrogen sparged 800 mL cell of 3.5 percent sea salt at 25 deg C.
Once a stable Ecorr was attained, the sparge gas was switched to air, oxygen, or CO2 and
the Ecorr shift with time monitored with the PAR 273 programmed procedure. (See
Appendix A for experiments and the results to observe the long-term platinum/seawater

interface response.)

Test impedance scans were conducted using the 1260 alone and the 1260 in
combination with the 273 on real electronic component R-R,C dummy cell circuits, per
Figure 9.2, (1) to check the measured resistive and capacitive response spectrum against
expected values, (2) to see what effect the instrument combination would have on the
measurement process, and (3) to compare the model system impedance spectra with real,

electrochemical cells.

Surface roughness effects were measured on low carbon steel, LCS, at 120 and
600 grit. The 800 mL cell was filled with 3.5 percent sea salt solution and sparged with
nitrogen gas. The cell temperature was 25 deg. C. and at a pH of 7.2. The same specimen
of 1018 LCS was resurfaced, alternating between the smooth finish 600 grit and the rough
finish 120 grit emery paper, and tested five times in this same cell. Just prior to being
placed in the sample holder each time, the freshly resurfaced sample was rinsed with
water, quickly dried with a Kimwipe towelette, then covered with a drop of ethyl alcohol
and blow dried with a hot air gun. This was done to minimize the time the sample surface
would be under a film of oxygenated water had it been left to dry naturally after wet

polishing.

Once a stable Ecorr (varying only a few mV over a half hour period) was obtained,

an impedance scan was made on the sample using the 1260/273 arrangement. The scan
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was made from 10 mHz to 10 kHz at an amplitude of 10 mV. Following the impedance
scan, an anodic polarization scan was made on the sample using the PAR 350. The AP-
scan was run from -250mV to +500mV relative to Ecorr at a scan rate of 1 mV per

second.

The 1260/273 set-up was applied to measuring electrochemical cell parameters in a
corrosivity study of several metals and metal alloys (LCS and Bronze) under various
extremes of electrolyte, temperature, and sparge condition, and the results compared with
PAR 350 corrosion measurements on the same samples. Each sample was polished to a
600 grit finish and placed in the PAR K47 holder in the 800 ml cell filled with fresh
tapwater or sea water and sparged with nitrogen, air, oxygen, or carbon dioxide and held
at 0, 23, or 50 deg C. Upon attaining a stable Ecorr, an impedance scan was run from 10
mHz to 10 kHz at an amplitude of S mV. In some cases, the sweep was run in both
directions up and down the frequency range in order to check the stability of the system
and the reproducibility of the data. Following the impedance scan on the sample, an AP-

scan was run from -250 to +1200 mV with respect to the measured Ecorr.

Impedance scans on piezoelectric crystal electrodes in the small (6 mL) cell were
performed on the 1250/273 set-up at SRI. The crystals were not oscillating. The purpose
of the tests was to measure the electrode/interface impedance response only. All scans
were conducted from 10 mHz to 10 kHz at a sinusoidal signal amplitude of 5 mV, taking
five measurement points per frequency decade. Three scans were run on a gold electrode
in aerated seawater. The first scan was run from an Ecorr of 0.063 volts (SCE); the
second was run following a linear potentiodynamic scan of 10 mV per second down to -

1.0 volts (SCE); and the third was conducted again at the Ecorr value.
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The gold piezoelectric electrode was also used to obtain copper under-potential
deposition data in a 1N cupric sulfate electrolyte; the impedance scan was made at the

PAR 273-measured rest potential, 0.323 volts (SCE).

Four scans were made on a copper electrode in cupric sulfate at three different
concentrations. The first was made at 0.02 N cupric sulfate; the second in the same
concentration after ramping down from the rest potential to -0.5 volts (SCE); the third,
was conducted at 0.2 N at the rest potential of -0.013 volts (SCE); and the final run was at

1 N at the rest potential of 0.053 volts (SCE).

FRA impedance scans were conducted, using the 1260/ 273 combination, (as
shown in Figure 9.3) on a series of PCEs under various cell, electrolyte, and operating
conditions: various electrolyte concentrations, aerated and de-aerated; with crystals
oscillating and not_oscillating; at the equilibrium potential, as measured by the PAR273,
and at potentials displaced from equilibrium by PAR273-applied potentials. The
experiments were conducted in order to determine the effects of key parameters on the
range of measured interface impedance, R and C values. The resulting RC time constants

would be the basis for pulsed deposition schedules for copper, nickel, silver, or zinc.

The oscilloscope was used (as shown in Figure 9.4) to observe and measure the
RC time constant behavior of various metal/electrolyte interfaces in the 6 mL cell. The
pre-cell resistor, R| was chosen such that its time constant would be large compared to
that of the cell and the interface charge/discharge cycle would be visible on the scope. The
perturbing signal was a square-wave ( .1 to .5 sec at .5 to 1.0 volts) generated by the
PAR273 and applied across the cell. This is a very different kind of perturbation than that
utilized by the FRA (1250 or 1260) which uses a low amplitude, single sine wave of
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varying frequency. The scope trace shows both the input step and the charge-discharge

curve of the cell response.

The PCEs were used to test the efficiency (charge-to-mass ratio, Mq) versus
electrodeposition (cell) current, under galvanostatic control by the PAR273 (setup is
shown in Figure 9.3), for (1) electrolyte concentration, under dc conditions, (2) PCE
size (frequency, and electrode diameter), under dc conditions, and (3) RC time constant-

based electrodeposition schedules.

(1) Plating solutions of 0.02, 0.2, and 1.0 N CuSO4 were prepared and test-plated
in the 6 mL cell onto a gold, 10 Mhz, 150 mil dia., PCE under dc (galvanostatic)
conditions at a series of cell currents. The PCE fundamental frequency shift and the

integrated cell current were monitored for each test.

(2) With a plating solution of 0.2N CuSO4, the plating efficiency (as Mq) was
checked for three different gold PCEs (10 Mhz 150 and 250 mil dia, and SMhz 150 mil
dia), under dc (galvanostatic) conditions at a series of cell currents. The PCE fundamental
frequency shift was recorded for each plating condition along with the integrated current

for the plating period.

(3) Using the 10 Mhz gold PCE, in a solution of 0.2N CuSOQ4, a series of plating
schedules were tested which were based on multiples of the FRA-measured RC time
constant (t =518 ms ) to obtain current on - gff and cycle durations. The PCE frequency
shifts and integrated cell current values were recorded to compute efficiency as Mq for

each of several different pulse cell current values.
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Results

Once stabilized within the fresh or seawater cell, the platinum Ecorr (Ag/AgCl)
shows rapid response to changes in sparge condition. The three curves plotting Ecorr
versus time for the experiments, on abrupt sparge changes (nitrogen to air, or oxygen, or
carbon dioxide, or air to nitrogen) show the greatest and most rapid to be that caused by
the switch from nitrogen to carbon dioxide; air to nitrogen is the slowest (see Figure 9.5).
The air-nitrogen curve suggests a fairly lengthy sparge time would be required to purge
the effects of dissolved gases (such as oxygen and carbon dioxide) on an electrode
immersed in an aerated electrolyte. (Additional results of sparge condition experiments

are shown in Appendix A.)

The 1260 FRA impedance plots for scans on the Rs-RC dummy cell models (see
Figure 9.6 a and b) show the maximum phase angle at the frequency, f=I/RC, and
R={Z|jo - |Z |pj , on the Bode plot, as expected. Note that |Z||, - |Z|;; in Figure 9.6a
corresponds to the diameter of the semicircle in the Nyquist Plot, Figure 9.6b. (Additional

dummy cell models are shown in Appendix C.)

The results of tests to measure the effects of surface roughness on frequency of
maximum phase angle, polarization resistance, and corrosion current of LCS in nitrogen
sparged seawater are summarized in Appendix B. No clear distinction can be made
between the two degrees of surface roughness tested (120 and 600 grit polishes). There is
reasonably good agreement between corrosion current measurements arrived at with the
1260/273 set up and those from the PAR350. At the same time, tests on samples having
the same surface finish have as much as an order of magnitude variation in corrosion
current though the cell conditions for successive tests is nominally the same. Ordinarily a

factor of two or three might be expected in corrosion rate measurements on the same



102

IN-HIV —
TO-TN —
TOJ-2ZN —

Wispesy ‘cLZHVd
J ST @ 1193 w008
€6/1/L 0d
€6/12/y mep 159y
tienspany

MN-dY

‘(1d-AJeSA se 313y umoys)
11007 ‘[enudjod 1531 9p0393jd winunieyd uo §1IFLHT NOLLIANOD IDUVIS 'S'6 aungyy

(d8s) swyy

0001 006 008 00¢ 009 00Ss oot 0ot

jll\

(MS) 128N %G'E
HIYS jeNuvlog 8posde)3 190y-By sA 1y

o8l

(4114

ote

ore

09z

08z

00t

oze

oye

10y-0y
AW
Id-AR0A



103

N ‘1PPows 1125 Awnunp Yy-ty ayy 10§ Kouanbayy Jo
$A ‘g ‘3)due aseyd pue ‘|7| ‘apnyudew dauepadust ‘10’14 3AOE V4 896 8.”5_..__

0052\

Alp enp
00+3 008

|Z|

| 00581




104

¢ 2t
R
<
-
-
TAGTINARY
e |
achan/dtv R
2000 L__1__. 1 . 1 . 1 . 1 . 1
1250 REA 00,50 chwe/ 18500
APLITE <o, SOE-08 Yolte 1000 it
o
8145 «0 Yolte 0 fras =100 CRO0E-08 i

Figure 9.6b. FRA NYQUIST PLOT, real vs.imaginary impedance components for the
R-RC dummy cell model.



105

sample, the actual active area of the sample involved being a likely variant from test to
test. The 800 mL cell volume may not be large enough to assume negligible changes in
composition of electrolyte over successive tests, especially if the test scan extends into
high anodic potentials. The changes seen in a separate platinum-Ag/AgCl reference
electrode system, referred to as Vgalv-pt , show the cumulative effect of changing
electrolyte composition due to corrosion of the working electrode sample over successive
tests. The shiny platinum electrode exposed directly to the cell electrolyte ordinarily would
have a potential in deaerated seawater of between 0 and 100 mV. But due to the

increasing presence of Fe2* ions, the potential drops to between -300 and -600 mV

(Ag/AgCl).

The tabulated data for the corrosion of LCS and Bronze (Cu-Ni-Al) in fresh and
seawater under various sparge conditions as measured by (1) the 1260/273 system and (2)
the PAR 350 show very good agreement (see Appendix D). In the 1260/273 system the
corrosion rate (current density) is computed from the polarization resistance which is
taken as the difference between the .impedance magnitude measured at very low
frequencies |Z| ()=]o. and that measured at high frequencies, |Z| ,=pi. The PAR 350 uses
the linear polarization/Tafel intercept method wherein the voltage vs. log current anodic
and cathodic curves are projected back from their linear high field (or Tafel) regions to
their intercepts with the current axis at the Ecorr potential to give the corrosion current
density (as shown in Figure 2.8). These corrosion measurement results, on two
independent electrochemical measurement systems, check the performance of the

1260/273 system for electrochemical measurements [23).

The SRI lab 1250/273 FRA impedance spectra data for copper in copper sulfate

solutions, gold in copper sulfate solutions, and gold in seawater are tabulated in
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Appendix E and are shown in the Bode, Nyquist, and the phase angle vs. log o plot
formats. From this data, the polarization resistance, maximum phase angle frequency,
double layer capacitance, and RC time constant data are to be derived as the basis for
pulsed-process schedule design. While the phase angle plots for these experiments,
generally, show no clear maximum values as seen in the ideal lumped-circuit model FRA
plots (Figure 9.6a), there is a clear difference in all the Bode plots between the impedance
magnitude, | Z |, at low frequencies and that at high frequencies; and the influence of the
double layer (parallel) capacitance is evident in the linear roll-off region of the Bode plots.
The polarization resistance, R, is taken as the low frequency - high frequency impedance

magnitude difference,

and, the intercept of the roll-off line with the Bode plot ordinate, log | Z |, axis, shown in

Figure 9.7, is taken as:
log 1/Cp=log | Z lintercept, @=0
Then the EIS-measured relaxation time constant for the WE interface is:
tr=CpR
And the corresponding frequency is:
f=1/CpR, 0=2nf

The time constant can also be measured, as discussed previously (Chapter 4), by
using a pulsed PCE. The time constant is taken, as shown in Figure 9.8, to be the decay

time of the crystal frequency response after the pulse is shut off. Values for both the EIS



/ CP domin ates

Z-response i
/ region befween
0.8

107

2l 1Bl | t2CeR]

Figure 9.7. TIME CONSTANT FROM BODE PLOT



108

Pce T\ | Velecfrode_
N -

I
B
|

e PUsE skt —* puise ime, & (mec)

Figure 9.8. TIME CONSTANT FROM PCE



109

and PCE techniques [22] and those obtained by calculations [8, 19] are summarized in

tables in Appendix E.

The tabulated values for the FRA (1260/273) RC time constant measurements
on PCEs of various metals in various electrolytes are shown in Appendix E. Vapor
deposited Cu PCE's (which had performed well during the SRI tests) corroded
unexpectedly in the CuSO4 solution in follow-up tests. The corrosion resistance of copper
in copper sulfate solutions is ordinarily good for wrought or cast copper (as opposed to
excellent or poor) [28]. The exact nature of the vapor deposited Cu surface is not known,
but compared to wrought or cast specimens, they are very thin and relatively granular.
Copper corrosion resistance to acids, in general, is quite good, and to sodium chloride as
well; but not in the preseﬁce of ferric or ferrous sulfate (or chloride). A small amount of
iron contamination in the vapor deposit or the solution would present a problem,

especially if the solution were aerated.

The range of values for the EIS-measured time constants for the (WE) interface

obtained from the follow-on (1260/273) tests support the method used, and values

measured, in the earlier (1250/273) tests. The measured fime constant, t=518 ms, for

Cu/CuSO4 (0.2N cupric sulfate) interface was selected as the basis for an optimized

electrodeposition schedule to be tested using the PCE method of determining mass-to-

chﬁrge ratios of candidate pulse plating schedules.

The tabulated results of the oscilloscope measurements of the RC time constants
are shown in Appendix E. The ohmic and capacitive components were clearly
distinguishable in the scope trace and further demonstrated the measurable dynamic

properties of the electrochemical interface.
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The results of the PCE ftests for optimized pulsed Cu electrodeposition schedules
are shown in Figures 9.9, 9.10, and 9.11; a plate showing the (PCE) subjects for these
tests is included in Appendix F. The figure of merit in these tests is the charge-to-mass
ratio (efficiency) as a function of cell currents for the various parameters tested cell
solution concentration, PCE diameter and crystal fundamental frequency, and pulse-
schedule). The test PCE 's were gold, providing background contrasting with the copper

deposit which aided the visual evaluation of the deposit.

The results of the dc plating tests on 10 Mhz Au PCEs in 0. 02, 0.2, and 1.0N
cupric sulfate solutions are shown in Figure 9.9 (end of chapter), indicate the best
solution concentrations would be 1N or 0.2N with the second highest Mq and a sharper

response to cell current vanation.

The results of the dc plating tests on Au (10 Mhz 150 and 250 mil, and SMh;
150 mil dia ) PCEs in 0.2 N cupric sulfate, shown in Figure 9.10 (end of chapter),
indicate that the most responsive test PCE (high Mq and variation with cell current) is the

10 Mhz, 150 mil diameter.

The results of the ac (pulsed-plating schedule) optimization tests on Au 10 Mhz )
150 mil PCE in 0.2 mil cupric sulfate in Figure 9.11 (end of chapter), indicate the
optimum plating schedule to be one time constant ON and OFF at a cell current of 2mA,

which is, approximately, the calculated limiting current density.
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CHAPTER 10

Discussion, Summary, and Conclusion

Recap and Discussion

State-of-the-art electrochemical impedance spectroscopy and piezoelectric crystal
electrode techniques, combined with conventional electrochemical potentiostatic and
galvanostatic control methods, have been used to develop a strategy for the rational
design of cyclically optimized ac electrochemical processes. The desired optimum
operating cycle in many cases is expected to lie between two conventional operating
extremes: dc approaching limiting current density and short, high frequency pulses at high
current density. The dc mode is based on steady-state equilibrium models. Other models,
based on certain restrictive assumptions about the dynamics of the interface, predict best
performance at high (exceeding limiting) current densities at pulse frequencies

approaching infinity.

In the present work the optimum apportionment of cell current among the
reactions in the interface is achieved with operating cycles based on the measured
dynamics of the fully engaged electrochemical interface. The dynamics of the
electrochemical system are analogous to those of mechanical and electrical systems and
result in natural periods corresponding to system time constants. Other approaches to the
study and control of reactions in the electrochemical interface have been reviewed. The
present study applies the electfolyte series resistance, parallel capacitor and polarization
resistance interface model to obtain measured time constant [1,2]. The time constants are

measured by electrochemical impedance spectroscopy. The periodic control, current/
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potential schedules based on these time constants are tested by the in sifu piezoelectric

crystal electrode measurement of mass-to-charge ratio.

The parameters of primary interest for periodic control schedules are the
polarization resistance, R , and the parallel capacitance, Cp, which is assumed to consist of
the double layer capacitance and an intermediary product inventory pseudo-capacitance.
The second capacitance being parallel to the double layer, the two are additive. The two
systems studied in the SRI-EIS data set, see Appendix E, copper redox, and noble metal
(gold) in natural water (seawater), each demonstrate two very different regimes of
reaction control. Systems with EIS Nyquist real vs. imaginary (R vs. X) plots which form
a semi-circle intersecting the abscissa at both high and low frequency, are reaction rate or
charge transfer controlled. Those which intersect the abscissa at low frequency but
approach linear behavior at high frequency, are mass transfer (diffusion) controlled. Note
that the three cases which exhibit the semi-circular Nyquist plots all have R values equal to
the semi-circle, are diameter which are in good agreement with the R value derived from
their respective Bode plots. In the copper redox system, at low concentrations and low
field (no or only very small, applied cell voltage), the reaction is charge transfer controlled,
while at high field or high concentration, it is more likely diffusion controlled. The noble
metal/water system, on the other hand, is most likely charge transfer controlled when a

high field (high cell voltage) is applied; diffusion controlled in a low field.

With the exception of the 0.2 and 1 N copper/copper sulfate systems, all the
measured parallel capacitances are considerably smaller than expected. The double layer
capacitance is typically 20 to 60 uF. The observed behavior of the diffusion controlled
interface systems argues for a more exact model. The Rs-RCp model may be over

simplified to assist in mechanistic explanations and is frequently replaced with an R-R-
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Zy,C where the Z,, represents the Warburg impedance which is in series with the

polarization resistance and in parallel with the double layer capacitance. However, for
present purposes, the over-riding factor in many (if not most) cases is that there is a

measurable characteristic capacitive reactance, charge-discharge (RC) time constant, t;,

which is a reasonable basis for a pulsed-process schedule.

This work has discussed but not dealt experimentally with systems where in a
pseudo inductive element has been observed. Systems with both capacitive and inductive,

properly proportioned, would be oscillatory.

The RC time constants arrived at using EIS can be compared to similar parameters
arrived at by other methods. A calculation (i.e. using Sands’ equation) based on assumed
values for the diffusion layer thickness, the diffusion coefficient and the bulk concentration
of the electro-active species can yield order of magnitude estimates of the characteristic
time constant, t. = 1/f. Values obtained from such calculations are around 0.3 Hz and in
reasonable agreement with the values in Appendix E, measured for the copper/copper

sulfate system.

The time constant measurement results of the non-oscillating crystal electrode
study can be compared with time constants derived from the Buehler [3] PCE work on
pulsed-plating of copper from copper sulfate. The same electrodes and cell were used in
the Buehler-PCE work as in the SRI-EIS work; the copper sulfate concentration was 0.2
N, but in this case the PCE was actually oscillating at 10 Mhz, and the frequency response
of the crystal to the electrode activity was recorded for single current pulses of varying
length. The oscillating electrode frequency vs. time curve (see Figure 9.8) had three
regions: (1) a non-linear, frequency-increasing indicating mass loss, or, liquid viscosity

decrease; (2) a nearly linear, frequency-decreasing, mass gain, region in which deposition
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occurred, and (3) with the current off, an exponential, frequency-decreasing region
believed to be caused by concentration gradient relaxation. This third region would
correspond to a pseudo-capacitive relaxation region. The time constants for the curve fit
to the relaxation region, depended on the pulse length, but corresponded to characteristic
frequencies varying from about 224 Hz down to about 120 Hz. In the EIS work, the
variation occurred with concentration and applied voltage, resulting in characteristic
frequencies ranging from 10.6 Hz down to 0.2 Hz. (See table comparing characteristic

frequencies in Appendix E.)

Two factors could be expected to produce differences between the impedance and
crystal oscillation measurement methods. First, the crystal oscillating in the shear mode at
10 Mhz very likely has some convective effect on the interface boundary layer; and
second, the current pulse must be carried out in a high field. The hydro-dynamic mass
transfer boundary layer thickness is inversely proportional to ® 172, where o is the
angular frequency of oscillation of the crystal surface. The typical electrochemical current
vs. potential curve is highly non-linear and the double layer capacitance potential-
dependent. The short, high current density pulses tested in the Buehler-Hager work
address a different operating regime, and present a different approach to the optimization
problem. Ideally, time constant measurements should be carried out near the actual cell
operating potential.  The length of time required to accomplish an impedance

measurement scan, by single sine FRA, however, precludes this.



118

Summary

The rationale for developing periodically controlled electrochemical processes has
been reviewed and an approach to the design of P-C process schedules has been described

and demonstrated.

1) For an Rs-RCp model, the log Z vs. log © curve tangent to the linear

capacitance dominated region, the intercept with the o=1 ordinate
yields, as expected, log (1/Cp)= log|Zly=] from which the parallel

capacitance, Cp, is computed.

2) Incases where | Z | (0=0)>10|Z| (0= the intercept-measured C is

in excellent agreement with actual measured values for C.

3) In many cases, therefore, (although not all), the Rs-RCp model can be
applied and the time constant, tr = CpR, where R = |Z| u=|5 - |Z| o=hj,
is a measure of the dynamic response of the interface across a wide
range of frequencies.

4) The oscilloscope can be used to observe and measure t;= CpR directly,
in potentiostatic control mode, in a limited range of perturbation

frequencies, as long as the pre-cell resistor, R}, is selected to be on the
order of 10 Rcelj. In such cases, the cell ohmic resistance and

capacitive voltage drop values are discernible and dependent upon the
cell electrodes and electrolyte composition.

5) The impedance, |Z|, , measured tr = CpR values for Cu, Ag, Ni, and
Zn are scattered over an order of magnitude and not as reproducible as
expected, but do support the EIS measurement method.
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6) The oscilloscope measured t; values (with a large perturbation, 1 volt)
for Cu, Ag, Ni, and Zn are in a narrower range than the EIS-measured
values, and nearly an order of magnitude shorter.

7) The time constants for copper electrodeposition from cupric sulfate
solutions as measured by EIS are one or two orders of magnitude
longer than the results obtained by the PCE method.

8) Cu plating experiments demonstrate the use of the PCE as an in situ
microbalance which, together with the PAR273 integrated current
measures the relative efficiencies as mass-to-charge (surface density)
ratios for different EIS measured, time constant, t-based pulse current
schedules: steady dc versus periodic current t/n, nt, (ON/OFF)
schedules (where n= some integer).

9) In order to achieve the desired fully engaged, dynamic interface
operating condition: the best results, the highest values for the
piezoelectric crystal electrode measured mass-to-charge ratio, were
obtained with pulse current schedules based on alternate ON, OFF
symmetric periods equal to one time constant in duration, at current
density levels approaching limiting current.

Conclusion

This work demonstrates that a periodically controlled current schedule can be
based on a time constant derived from electrochemical impedance measurements of the
properties responsible for the dynamic behavior of the interface. The dynamic behavior of

the interface is a function of its polarization resistance and parallel capacitance. The

product, CPR, is the desired time constant and, functionally, the basis for the natural cycle

of the interface. The optimality of the schedule based on the CpR time constant was

determined by the in situ piezoelectric crystal electrode measurement of the deposition
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mass-to-charge ratio, which serves as a figure of merit to compare candidate electro-

deposition schedules.

Most significantly this work proves, in principle, the method of cyclic optimization
by operating the process at current densities approaching the limiting current on schedules
allowing the alternating charge and discharge of the interface for one full, measured

interface time constant each cycle.

The present work demonstrates the effectiveness of CpR timing as a basis for

optimization of pulsed-current electrodeposition schedules for the (diffusion) limiting
current density case. This work tests one optimization scheme in a broader spectrum of
possibilities which includes conventional pulsed deposition conducted with short, high
(exceeding limiting) current density pulses on schedules which may be asymmetric as well
as symmetric and include reverse current phases. In this work, pulsed deposition schedule
optimization tests, applied to copper deposition schedules based on the EIS-measured
time constant, indicate the optimal schedule to be alternate current ON/OFF periods equal
to the measured time constant at current densities approaching the limiting current

density.

Based on the work reviewed and the experimental evidence presented here, it is
reasonable to hypothesize further that many electrochemical processes driven at current
levels approaching the mass transport limiting current density will be optimized by
operating in a pulsed current mode at the measured CpR time constant. Multiple process
time constants and asymmetry of charge versus discharge time characteristics could also

be reflected in the schedule design.



NOMENCLATURE
activity of species i
electrode surface area (cm? )

elctrochemical polarization resistance proportionality contstant (volts)

O W » »

capacitance (microfarads, uF), or concentration (moles/cm®)
C® bulk concentration (moles/cm’)
C: concentration of species i (moles/cm’)
diffusion coefficient (cm?/sec)
E cell potential (volts)
E° half-cell potential, standard state (volts)
Ecn electrode equilibrium potential, (volts, with respect to reference electrode)
f, piezoelectric crystal fundamental frequency of oscillation (hz, sec™)
F Faraday’s constant (charge, 96487 coulombs/equivalent)
G Gibb; free energy (joules)
H enthalply (joules)
I cell current (amperes, A)
i current density (amperes/cm?)
io exchange current density (amperes/cm®)
i limiting current density (amperes/cm?)
m electrode surface mass, areal density (gm/cm?)
M  molecular weight (gms)
n number of moles or equivalents
n electrode overpotential (volts, with respect to reference electrode)
Ni ionic flux of species i (moles/cm®-sec)

Q integrated charge passed during some time interval (coulombs)
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Q integrated charge passed during some time interval (coulombs)

r reaction rate (moles/cm?-sec)

R electrical resistance (ohms), or gas constant (8.314 joules/mole-°K)
S piezoelectric crystal sensitivity factor (gms-sec/cm?)

t time (sec)

t. relaxation time (sec)

T temperature (°K or °C)

V' velocity of cell convective fluid motion (cm/sec)

W weight (gravimetrically measured mass) of electrochemical reaction product (gm)
X electrical reactance capacitive (UF), or inductive (henrys)

z; charge of oxidation number of species i

Z electrical complex impedance (ohms)

Greek Symbols

o electrochemical reaction symmetry factor
B Tafel constant (anodic or cathodic) (volts)
A change in parameter
@ Dpotential profile
u ionic mobility, or micro-
0 phase angle

T relaxation time constant (sec)
@ angular frequency (radians/sec)
Subscripts

a anodic
b bulk



P

-

w

cathodic

species

polarization, parallel
relaxation

series, surface
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Appendix A

Sparge Condition Effects
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The range of responses of the platinum Q‘@t{) electrode and pH in uuﬁ'scml seawater (SW)
and fresh (tap) water (FW) cells is shown along with the estimated, corresponding potential of a
freshly surfaced low carbon steel a Ag/AgCl electrode in seawater.

Figure Al. Sparge Condition Effects (a) Steel. (Sandwith-Ruedisueli, OCEANS’94)
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Measured Effects of Gas Injecubn on Vgalv-Pt Electrode
and pH in SW at ~25°C (3.5% NaCl in an 800 mi cell)

P 458 mV

Gas % Saturation in SW [
vs pH, Vgaiv-Pt
Vgaiv-Pt (mV) Vgalv-Pt
(Ag/AgCI, ref)
100% i
co,
CO,
D5,
100% = 50% Na, >3
N2 100%  §0% CO,~
¢7}
= 50% Q,,
50% CO,
65 mv
N,
= 50% No, 72 %2
50% O,
’ Ewrr (Pt//Aa'Aba)

The cell pH and the potential of the platinum (V, ) electrode vary with the percent
saturation of gases bubbled (injected) into the cell. The vertices of the base triangie represent
100% saturation, at atmospheric pressure, by injecting one of three gases (nitrogen, oxygen, or
carbon dioxide). Intermediate points are the result of injecting an approximately 50/50 (mass
flow) mixture of two gases.

Figure Al. Sparge Condition Effects (b) Platinum (Sandwith-Ruedisueli, OCEANS’94)



Appendix B

Surface Roughness Effects Tests
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Appendix C

R-RC Circuit Impedance Test Models
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Table D1, continued.

PAR 350 Icorr obtained from
Potentiodynamic / Tafel intercept
polarization scans (average values)

1260 impedance spectra are used
to obtain polarization resistance,
Rp = [(Z1(lo freq) - [Z1(hi freq).

1260 Icorr = B/Rp
Where B = RT/ZF % 1000 (mV)
for I=2 , T=295 K , B=12.702

e - 8,3/ -77°k
F = J6500 C



Appendix E

Table E1
Time Constants, Measurements/Calculation
Compared by Characteristic Frequency, fc=1/tr

Source Method System Range, fc
Ruedisueli EIS Cu/SO4 [Cllo, Vlo 10.64
(SRI tests) [CImid, Vlo 1.92
[C]hi, Vhi 0.63

CwSO4 [Cllo, Vhi 0.24

[C]hi, Vio 3.77

AwSW  [C]hi, Vhi 1.01

[C]hi, Vlo 0.039t00.0

Buehler-Hager PCE (10Mhz) Cu/SO4 [Clhi, Vhi 223.7t0 1
(Ref. [9.22] pp. 91)

Bockris Calculation KI3
(Ref. [9.19] pp.1058)) I3(-)+2e(-)=>31(-)
diffusion layer, static, d=0.05cm [Clio, Vhi 0.005
for RDE, w=240 rpm, d=0.005cm 0.51

@limiting current, D=1.0x10"(-5) cm2/sec
d=2/(pi)*sqrt(Dt), tr=pi/D*(d/2)"2

Despic&Jovic C-V measured Cu(2+) [C]=0.02N
(Ref[9.8]) potential response to current puls [C]lo, Vhi 0.1t00.5
2-5mA tr=2 - 10sec

[Cl]=concentration
V=applied voltage
fctable.xls



Table E2

SRI-EIS_TIME CONSTANT MEASUREMENT RESULTS SUMMARY (4/6/89)

TEST#

CuAuFRA&
(Cu/Au/FRAO1)

CuCuFRA&
{Cu/Cu +/FRAOQ1)

CuCuFRAO
(Cu/Cu +/FRAO2)

CuCuFRA1
(Cu/Cu +/FRAO3)

CuCuFRA2
(Cu/Cu + [FRAO4)

SWFRAO1&
(SW/FRAQ1)

SWFRAO2&
(SW/FRAQ2)

SWFRAO3&
(SW/FRA03}

NOTES:

Rp
CONDITIONS k ohms
Au(160mil) 31.6
1N CuSO4/AIR
E273=-0.323V (SCE)
Cu(160mil) 9.4
0.02N CuSO4/Al (8.1}

E273=-0.013V (SCE)

Cu(150mil) 11.96
0.02N CuSO04/AIR
E273=-0.6V (SCE)

Cu(150mii} 6.68
0.2N CuS04/AIR (6.95°)
E273=-0.013V (SCE)
Cu(150mil) 2.11
1N CuSO4/AIR
£273=-0.053V (SCE}
Au(150mil) 126
sw
E273=0.063V {SCE)
Au(160mil) 16.8
SwW {17.0°)
E273=-1.0V (SCE)
Au(160mil) 100

swW
E273=0.063V (SCE)

micro Farads

C
RC(ms) freq (hz)

60.12 1683.8 0.1

17.8 94 1.69

354.8 4239.8 0.038

77.6 6184 0.31

125.9 2656 0.6
31.6 3982 0.039
10 168 1.01
31.6 3160 0.05

1) Cu(180), Au(1B60),; Cu and Au PCE, respectively, 160 mil diameter
2) SW = Seawater, salinity approx 36%
3) Polarization resistance, Rp = |Z| - |Z|w=nhi, BODE plot
4} Capacitance, C for 1/C intercept on |Z| axis of BODE plot

B} *, Rp value from Nyquist plot semi-circle diameter

6) frequency , freq = 1/{2pi T}, (hz); T = RC

149



Table E3

SCHLUMBERGER 1260 (FRA) EIS RESULTS SUMMARY, APL

150

Z {k ohms) Rp  Cimicro Farads)

TEST# CONDITIONS high low kohms Calc Meas RC{ms)

Au({150mil) 28 0.50 27.5 45.5 39 1251
12(1A-1}))  0.02N CuS04/Air
(10/11/94) E273=+0.279V (SCE)

Au{150mil) - 100 1.00 99 10 10 990
12(2A-1))  0.02N CuS04/N2
(10/11/94) E273 = +0.300V (SCE)

Au{150mii) 83 1.18 81.9 15.9 13 1302
12(3A-1))  0.02N CuS04/N2
(10/11/94) E273 = +0.298V (SCE)

Au{150mil) 10 1.00 9 125 115 1250
12(4A-1))  0.02N CuS04/N2
(10/12/94) E273 = +0.221SCE)

Au(150mil) 80 0.27 89.7 13.7 13 1229
12(2B-1)} 0.2N CuSO4/AIR
(10/11/94) E273 = +0.333V (SCE)

Au{150mil) 57 0.21 56.8 23.8 21 1352
12(2B-1)) 0.2N CuS04/N2
{10/11/94) E273 = +0.308V (SCE)

Au{100mil) 14 0.23 13.8 76.9 75 1061
12(4B-1)) 0.2N CuSO4/N2
(10/12/34) E273 = +0.279V (SCE)

Au(150mil) 43 0.20 48 19.2 20 937
12(1C-1) 1.0N CuSO4/Air
{10/11/94) E273 = +0.333V (SCE}

Au{150mil) 43 0.08 42.9 21.7 23 930
12(2C-1) 1.0N CuSO4/N2
(10/11/94) E273 = +0.340V (SCE)

Au(100mil) 27 0.09 26.9 32.3 38 868
12(4C-1)) 1.0N CuS0O4/N2

(10/12/94)

E273 = +0.301V (SCE)



Table E3 (continued)

Z (k ohms) Rp C(micro Farads)

TEST# CONDITIONS high low  kohms Calc Meas RC(ms)

Au(150mil) 200 0.19 199.8 5.88 6.2 1174
12(5B-1)) 0.2N NiSO4/N2 .
(10/12/94) E273=+0.261V (SCE)

Au(150mil) 27 0.10 26.9 50 51 1345
12(6B-1)) 0.2N AgNO3/NO2
(10/13/94) E273 = +0.607V (SCE)

Au(150mil) 30 0.12 29.9 40 42 1196
12(78-1)) 0.2N ZnS0O4/N2
(10/12/94) E273=+0.227V (SCE)}

Ag(150mil) 0.23 0.13 0.095 3571 1000 339
13({1e-1)) 0.2N AgNQO3/N2
{10/13/94) Ez73 =Ecorr= +0.472V (SCE)

Ag{150mil) 0.11 0.08 0.03 90390 600 273
13(14-1)) 0 .2N AgNO3/N2
(10/13/94) E273 =Ecorr= +0.474V (SCE)

Ni{150mil) 200 0.15 200 3.7 4.4 740
15(1a-1)} 0.2N NiSO4/N2
(10/17/94) €273 =Ecorr= +0.100V (SCE)

Ni{150mil) 80 0.15 80 4.8 5.5 384
15(1b-1})) 0 .2N NiSO4/N2
{10/17/94) E273 =Ecorr-50mv = +0.060V (SCE)

Ni{150mil) 80 0.12 80 5.9 7 472
15(1c-1)) 0.2N NiSO4/N2
(10/18/94) E273 =Ecorr-100mv = +0.005V (SCE)

Ni{150mil} 60 0.11 60 7.7 10 462
15(1d-1)} 0 .2N NiSO4/N2

10/18/954

E273 =Ecorr= +0.101V (SCE)
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Z (k ohms) Rp Clmicro Farads)

TEST# CONDITIONS high low  kohms Calc Meas RC(ms)

Cu(150mil) 2 0.12 1.88 43.5 3.3 82
15(2a-1)) 0 .2N CuS04/N2 .
(10/18/94) E273 =Ecorr= +0.047V(SCE)

Cu(150mil) 4.3 0.12 4.18 52.6 220
15(1b-1) 0.2N CuS04/N2
(10/18/94) E273 =Ecorr-50mv = +0.003V(SCE)

Cu(150mil) 3.7 0.12 3.58 6.25 22
16(1a-1) 0 .2N CuS04/N2
10/18/954 E273 =Ecorr= +0.058V (SCE)

Ag(150mil) " 0.15 0.08 0.07 4761 2300 333
16{2a-1) 0.2N AgNO3/N2
(10/19/94) E273 =Ecorr= +0.500V (SCE)

Ag{150mil) 0.51 0.082 0.428 1961 900 839
16{2d-1) 0 .2N AgNO3/N2
(10/18/94) E273 =Ecorr=+0.478V (SCE)

Au(150mii) 36 0.13 35.87 23.8 26 854
17(1-1) 0 .2N ZnS04/N2
(10/19/34) E273 =Ecorr= +0.301V (SCE}

Zn(Au){150mil) 0.13 0.083 0.047 7692 1300 362
17(3-1} 0 .2N ZnS04/N2 (90sec)
(10/19/94) E273 =Ecorr=-1.050V (SCE)

Zn(Au)(150mil) 0.17 0.065 0.125 10000 22000 1250
17(4-1) 0 .2N ZnSO4/N2 (120sec)

{10/19/94)

E273 =Ecorr=-1.050V (SCE)
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Appendix F

Co- Au 10 Mhe (200mil) PEE 6020 CuSoy
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Figure F1. PCE Pulsed Electrodeposition Optimization Test Subjects and Results.

i

ZmA P-C

T=S18 as
5 Tos /4 Toce
(180 sec



155

Six:o0p op
LL'E ol
T8¢ ]
LL'E oL L'EE z
8z S L'€01L G'L
LEL ot LEL oL L'EE z L0l 1
Lt S Lt S L'E0L Sl 8¢ 1
90v Gl 90 Gl 0S5t i €61 L
(eAe) by {vuw) | wa/Bn) by {ww) ) (ene) by {(vw) | (ba-zwio/Bn) by (vw) {
YOSND N L/ZYW 0L #0SND NZ'0/zZUnW 01
SOE'0 ol
Lo S
9z'v €S LV6°0 14
SL'S S €150 1ZL°0 ol
LL'6 S SYSL'0 LELO S
69'SL L'e 50960 vL6°0 z
9z't €S £1°'96 z £6°C Gl
€L S £€v'6L L €160 ol 1G'¢ L
69°G2 L'e 86°'L6 L S¥SL°0 S vy L
£v°'96 r4 81'9L l G096°0 z p19°'1 1
£5°'28 1 S'62 S0 £€6°C Gl 69€°1L L
LT VE 50 $0'6€ 50 LSS'E l 1GS'E £8'9 L
(ane) by — (vw) |  wo/Bn) by (vay§ (ane) by fvwy | (ba-zw5/Bn) by (vwy) |
¥0SNJ NZ'0/2uN S Y0OSND NZ0'0/Z4N 01

SISOL Od 14 lqeL



156

651 S
¥'6SE z
1
S0
(ba-zwd/B) D[ (vuij |
(HoB G / (uopn g
Z4 S
Lz g 8'99¢ 4
6'86€ 14 LEE 4
(61 { L61 1
50 50
(erR) Dy (ww) -zwa/B) by (ww) |
{33003 / (uop
8'68 S
8'68 S X AXA z
L'SET 4 661 z
662 t 662 L
50 50
{ene) by (vw) ) -Zwo/B) by (vw) |

(Hon ¢ /(uop g

6°66¢C

S|X°00p o€

N~ N W

0

{be-zwd/B) by

(vwy) )
(Hon Z / (uopr z

8€cl S
£'691 z
L'8EL z
gElL S L'1ze z
'L z €81 4
SLE 1 SIE l
L'9viL S0 L'9piL S0
(one) by (v | -Zwa/B) by (wwy) |

9P 3INA3HIS

SWgLs =1 ¥0SND NZ'0/2uN Ol

SISOL DV 74 9JqeL



Appendix G
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Appendix H
Electrochemical Sign Conventions

Various conventions (American, Stockholm, etc.) address the issue of cell polarity
and reaction sign consistency. The most generally accepted, IUPAC (International Union
of Pure and Applied Chemistry), declares that when the half cell reactions involved are
written as reduction reactions, their signs being taken consistent with the copper plus /
zinc minus convention, the potential of the half-cell on the left is subtracted from the
potential of the half-cell on the right to obtain the magnitude of the cell potential and the
sign for the direction of spontaneous reaction. [See Bockris, vol. 2, pg.1119.] Another
suggestion is to note that the more positive or noble half-cell is the reduction reaction
while the more negative, more active, is the oxidation reaction of the cell. [See Fontana,
3rd ed., pg. 452.] All well and good if a table of standard half cell reactions, clearly
identified as adhering to one convention or the other, is available, and an agreement is
reached on which is left and which is right is reached. Perhaps it is best to simply

remember three things:

1. Electrons flow from negative (a region of excess electrons) to positive (a region

of electron defficiency).

2. The cathode is a region, an interface, where reduction takes place. Here
electrons go from the external circuit, across the electrode surface, into the interface. (It is

the positive terminal on a battery.)

3. The anode is a region, an interface, where oxidation takes place. Here electrons
leave the electrode and enter the external circuit, move away from the interface. (It is the

negative terminal on the battery.)
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With a flashlight battery (whose poles are clearly marked) on hand in the
laboratory or in the field, the instrument used to measure an unknown cell can be
calibrated to determine unambiguously which electrode is the cathode and which is the

anode.

The electrochemical half-cell is a very useful concept and in electrochemical
studies the object of interest is often the reaction across a single interface. The absolute
voltage across a single interface, a half-cell, however, can not be directly measured. It
must always be measured with respect to some other half-cell. The voltmeter can only be
connected across a complete, two-electrode cell. It is possible to define a reference half-
cell reaction in the standard state and then measure other standard state reactions with
respect to it. The reduction/oxidation reaction for hydrogen at STP (standard temperature
and pressure, 25 deg C, 1 atmosphere) as hydrogen gas is bubbled over the surface of a
platinum electrode immersed in a unit activity solution of hydrochloric acid, is arbitrarily

assigned an equilibrium, reversible, half-cell potential, EO(H = H*) = 0.0 volts.

Any other half-cell may now be measured with respect to this standard hydrogen
electrode (SHE). For example, if an interface consisting of a copper electrode immersed in
a 1 normal solution of cupric ions (i.e., copper sulfate) at STP and connected to the SHE
across a semi-permeable membrane (which allows charge transfer but no mixing), the
reversible equilibrium potential for the reduction/oxidation of copper is measured by a
voltmeter across the electrodes of this cell to be EO(Cu = Cu2t) = +0.337 volts (SHE).
The EO© indicates the cell is in the standard state and the SHE indicates the measurement is

with respect to the standard hydrogen electrode.

In this same manner, other half-cell reactions may be measured; zinc, for example,

EO(Zn = Zn2%) = -0.763 volts (SHE); and so on, to construct the whole table of
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equilibrium half-cell potentials, the EMF (electromotive force) series. Both oxidation and
reduction tables are in print, however, and can lead to confusion. The copper plus, zinc
minus, reduction reactions tables give signs which are consistent with the TUPAC. If the
standard copper/SHE cell is connected to the battery-calibrated voltmeter, it will indicate a
+ potential; the copper is indeed the cathode and the Gibbs equation yields a -AG which
means the copper reduction reaction is the spontaneous direction. Replacing the copper
with the standard zinc/SHE would , on the other hand, result in a - potential on the
voltmeter, meaning the zinc is the anode of this cell, while the Gibbs free energy change
here is + (for the reduction reaction) and the spontaneous reaction direction is, therefore,

the oxidation of zinc.
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