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electrodes, particularly the use of controlled hydrodynamics, In order ic
provide new diagnostic criteria for elucidating complex electrode processes,
Another goal was to to apply solld electrode structures to analytically
lmporfanf préilfwiy
Underpotential metal deposition studles at polycrystalline gold and platinum
have led to a thermodynamlc Interpretation of the Isotherm for the
underpotential deposition (UPD) of lead and silver. The relatlonships between
the underpotential, work function, point of zero charge, and coverage have teen
obtained in the absence of specific adsorption. Preliminary studies of the
change of point of zero charge with underpotential coverage of silver on gold
confirm the theoretical predictions, and demonstrate that there Is a double
layer charging current that accompanies the change in point of zero charge with
change of UPD coverage. The thermodynamics and kinetics of the the
underpotential deposition of silver on gold have been successfully interpreted
v using the Isotherm and ring shielding currents obtalned at a rotating ring-disk
‘electrode to separate the double layer charging currents from the instantaneous
flux of UPD specles at the disk electrode.

A study of the electrocatalysis of the oxidation of formic acid by the UPD of
lead, bismuth of thalllum on polycrystailine platinum has shown that the ihird
body hypothesis Is a satisfactory expianation. It is necessary, however, tc
take Into account the selective UPD of these metals and the uncatelyzed
oxldation process on the various crystal planes of platinum, The lack of
catalysis of the formic acld oxidation process by UPD silver and copper has
been shown to caused by the selective UPD of these metals on the platinum plane
which contributes least to the uncatalyzed oxlidation process.

The theory of hydrodynamlc modulation at a rotating disk electrode was extended
to the electron transfer and preceding homogeneous reaction cases. Use was
made of the experimental technique in our UPD and thick film stucdies. In
particular, the formation of thick lodine films on platinum was demonstrated to
be totally under mass transfer control, The ultimate thickness of the film can
be described In terms of reversible electrode potential for the lodine/iodice
couple, the triodide equilibrium and diffuslon of lodide lon through the iodline
fiim, Hydrodynamic modulation was also applied to the interpretation of the
current-potential response of photoelectrochemical cells having "pinned
Junctions™, The approach outlined can, in principle, be used for 1lluminated,
unpinned semiconductor/electrolyte interfaces,

The analytical application of porous electrode structures to trace analysis of
aqueous sofutions led to the development of pneumatoamperometric method. In
this method a volatile, electroactive solute Is purged from solution using a
nonelectroactlive gas and the gas stream Impinged on the gas phase side of @
porous electrode held at potential to electrolyze the electroactive species.
It the solute Is not volatile, a chemical reaction Is carried out to produce a
volatile species. This technique has nanogram sensitivity, and has been, used
determine fodide, lodate, cyanide, arsenic, antimony, tin, osmlium, rhuthenium
and a wlde variety of oxidizing agents.
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SUMMARY OF WORK SINCE 15 MAY 1978

INTRODUCTION

One of the objectives of this research was to study and to Iinterpret the
behavior of flims at solld electrodes, With a sound understanding of the
characteristics of submonolayer, monolayer and thicker fiims and thelr effect
on electrochemical processes, it should be possible to apply this knowledge to
understanding Important solution heterogeneous processes, such as corroslon
and electrocatalyis (by underpotential metal deposition).

A second objective was to develop new approaches to studying
electrochemical reactions at solid electrodes, particularly the use of
controlled hydrodynamics, In order to provide new dlagnostic criteria for
elucidating complex electrode processes,

Another goal was to apply solid electrode structures to analytically
Important problems, A major faclit of this aspect of our research involved
using porous electrode structures to detect electroactive speclies orliginally
present a gas phase, or Introduced into a gas phase by purging from an aqueous
solution phase using an non-electroactive gas stream,

Summary of Solld Electrode Flim Studies
n nt tion

Our early studies of underpotential deposition (UPD) involved determining
the general characteristics of the UPD process for silver on gold [1,2]. In
these studies the rotating ring-disk electrode (RRDE) technique was valldated,
as was the sinusoidally hydrodynamically modulated rotating disk electrode
(SHM RDE) technique. These, and subsequent experimental and theoretical
underpotential metal deposition studies at polycrystalline gold and platinum
have led to a thermodynamic Interpretation of the isotherm for the
underpotential deposition (UPD) of lead and silver [19,24]. No partial charge
exlists on the adsorbed silver or lead species. The relationships between the
underpotential, work function, polnt of zero charge, and coverage have been
obtalined In the absence of speclific adsorption. Preliminary studles of the
change of polint of zero charge with underpotential coverage of silver on gold
confirm the theoretical prediction that the polnt of zero charge is a |lnear
function of UPD coverage and demonstrate that there is a double layer charging
current that accompanies the change In point of zero charge with change of UPD
coverage. Furthermore, the anomalous adsorptlion Isotherm parameters found are
due to the gradual varlation of the work functlion of the substrate with UPD
coverage. Dynamic electrosorption valency measurements show that conditions
for a priori separablllty of double layer and faradaic processes do not exlst.

The kinetics of the underpotential deposition of silver on a gold disk
electrode of a RRDE have been successfully Interpreted using the previously
determined Isotherm, and the ring shielding currents obtalned at the rotating
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ring electrode of the RRDE. The ring shielding currents permitted the
calculation of the instantaneous flux of UPD specles at the gold disk
electrode [17,23,24]. The actual currents at the gold disk of the RRDE are
contaminated with double layer charging currents associated with the change In
point of zero charge In both potentiostatic and potentiodynamic experiments.
The rate of UPD Is under mixed control by mass transport and adsorption
coupled with charge transfer, The charge transfer coefficlent for the UPD
process Is comparable to that found at bulk silver, but the exchange current
denslty was several orders of magnitude smaller. The dependence of exchange
current and double layer capacitance upon applied potential suggests the
formation of randomly adsorbed structures at low coverages and more ordered
structures at higher coverages.

A study of the electrocatalysis of the oxidation of formic acid oxIdation
by the UPD of lead, bismuth or thallium on polycrystalline platinum has shown
that the third body hypothesis is the basis of a satisfactory explanation. It
Is necessary, however, fo take Into account the selective UPD of these metals
and the uncatalyzed oxidation process on the various crystal planes of
platinum [26]. As Is well known, the catalytic process is actually the
Inhibition of the polsoning of the platinum substrate by parallel second order
reactions that occur along with the main reaction to produce carbon dioxlde.
The specles formed by these parallel reactions are bonded to more than one
platinum site. The presence of another inert species on the electrode surface
inhibits the formation of these multiply bonded surface speclies which can
rapidly cover the entire surface and prevent the primary oxidatlion process,
We compared the Inhibitlon of hydrogen adsorption peaks by the varlous UPD
species with the crystallographlc plane assoclated with the peaks
characteristic of these planes. This comparison showed that UPD lead,
bismuth, thallium, and mercury have li1ttle or no selectivity for adsorption on
Pt(111), P+(110) and Pt(100), the princlpal planes In a polycrystalline
platinum surface. Thus they distribute randomly on the various planes and are
avallable to function as a third body on P+(100) and P+(110), the planes at
which formic acid electrooxidation proceeds most rapidly. However, UPD silver
and copper Initially adsorb preferentially on P+(111), which has the least
catalytic activity for formic acid electrooxldation, and the multiply bonded
adsorbates are free to form on P+(100) and P+(110) as if no UPD specles were
present,

Thick lodipe Films on Platinum
A current-potential curve obtained using a tinear voltage scan In
solutions containing more than a few millimolar of lodide lons shows a sudden

decrease In limiting current for iodide oxidation. The decrease is caused by
the preciplitation of solld lodine on the electrode surface. We studlied this
process under potentiostatic conditions [17,21], and the dissolution of the
flim under open circuit conditions [16] at the RRDE and the SHM RDE, These
Investigations demonstrated that the fiIm forms and dissolves under solution
mass transfer and [odine specles film diffusion control, Initially, during
the formation of the film, there Is Ilttle hinderance to the oxldation of
jodide lon, but quite suddenly the flim changes structure and the rate of
oxidation of lodlde decreases. We interpret this to represent a compacting of




an Initially porous lodine film and that the current limiting process becomes
the transport of lodide ion via a Grotthus-type chaln transfer mechanlsm.

Electrochemical Theory and Techniques

n nt

In 1972 we flrst demonstrated the analytical utility of hydrodynamic
control of rotation speed at a RDE. Slince then we have developed the theory
of the method, with a speclal emphasis on sinusoldal modulation of the
rotation speed. During an earller AFOSR grant perlcd, we developed the theory
for a reversible electrode process under conditions of hydrodynamic relaxation
and the theory for charge transfer kinetics in the absence of hydrodynamic
relaxation.

The theory of hydrodynamic modulation at a rotating disk electrode was
extended to the electron transfer and preceding homogeneous reaction cases,
taking Into account hydrodynamic relaxation [2,3,6]. Use was made of the
exper imental technique In our UPD and thick fllm studies. |n particular, the
formation of thick iodine flims on platinum was demonstrated to be totally
under mass transfer control. The ultimate thickness of the film can be
described in terms of reversible electrode potential for the iodine/lodlide
couple, the triodide equilibrium and diffusion of lodide lon through the
lodine film,

Hydrodynamic moduiation was also applied to the Interpretation of the
current-potential response of photoelectrochemical cells having "pinned
Junctions"[18,20]. The approach outlined can, In principle, be used for
Illuminated, unpinned semiconductor/electrolyte interfaces.

The use of hydrodynamic control in electrochemistry is now generally
recognized and was the subject of a symposium held at the Eastern Analytical
Symposium in New York City, November 1983.

syan n

In connectlion with the interpretation of psuedo-collection effects caused
by uncompensated ohmic potential drops at a RRDE, we investigated the primary
resistance of a ring electrode. Our initial approach was a numerical one, but
we were able to obtaln a closed form solution for the problem by using an
existing result for the analogous capacitance problem [4].

Uniformly Accessible Electrodes

The problem of Identifying what electrode geometries are uniformly
accessible, i.e., have constant current density at all points on the electrode
surface, Is a fundamental one, Uniformly accessiblie electrodes are highly
advantageous because the theoretical treatment of electrode klinetic problems
is much simpltified. However, experimental restraints can prevent using
electrode configurations known to be uniformly accessible, and the |ilterature
has examplies of modifled geometries developed because of such experimental




problems. The questlion arises for such geometries, and others yet to be
proposed, whether unlform accessibility exists. We have outlined a simple
approach to decidling thls question without solving the convective~dIffusion
equatlon for the particular geometry [22], and give the simple geometrles that
provide uniform accessibillity.

Appllcation of Porous Electrode and Membrane Siructures

The analytical appllcation of porous electrode structures to trace
analysls of aqueous solutions lead to the develogment of pneumatoamperometric
method. In this method a volatile, electroactive solute present In solution
Is purged from solutlon using a nonelectroactive gas and the gas stream
Impinged on the gas phase slde of a porous electrode held at potential to
electrolyze the electroactive species. |f the solute Is not volatile, a
suitable chemlcal reaction Is carrled out to produce a volatile specles. This
technique has been demonstrated to have nanogram sensitivity, and has been
used to determine [odide, iodate, cyanlde, arsenic, antimony, tin, osmium,
rhuthenium and a wide variety of oxidizing agents [9-12,14,15]

Another application of a porous electrode structure was the development
of a laboratory demonstration of a minlature sensor capable of detecting
gaseous specles that are electroinactive because of kinetic reasons, but which
can react rapldly with bromine [13]. The configuration used involved a thin
layer cell, one face of which was a conventlional porous gold electrode
supported on porous Teflon and the other face was a fritted glass dlsk coated
with porous platinum. The thin layer was fitled with 4.0 molar HBr, and
bromine was electrogenerated at constant current at the platinum electrode and
then reduced to bromide at the gold electrode whose potential was held on the
ITmiting current for thls reductlon process., A third, working, electrode
behind the fritted disk completed the electrochemical ceil. A gas stream,
contalning a bromine-reactive specles such as sulfur dloxide, was Impinged on
the Teflon membrane. The sultur dioxide diffuses through the membrane to the
gold/solutlon interface and Into solutlion, reacts with bromine, and thus
reduces the current due to bromine reduction at the porous gold electrode,
This current decrease [s proportional to the sulfur dloxlde concentration In
the gas phase. The sensitivity of the detector was better than one part per
million for sulfur dioxide. Besldes providing a miniature sensor (1 cm In
dlameter and 5 cm long), this work demonstrated the practicality of applying
this variation of a constant current coulometric titration to a host of
specles that are volatlile and have been determined by a reagent that can be
electrogenerated.

A final example of the use of a porous membrane was the development of a
hand-held atmospherlc carbon dloxide monitor [21]. This device consists of a
t+hin layer cell, one face of which consists of a porous Teflon membrane. The
membrane, on the cell side, has a palr of interdigltated conductance
electrodes deposited upon i+, The cell Is filled with delionized water from a
closed loop which passes water on demand through a mixed bed ion exchanger.
On exposing the membrane to the atmosphere, carbon dioxlide diffuses Into the
thin layer cell and the conductance increases as a result of the formation of
hydronium and bicarbonate jon., Equilibrium Is reached in about 16 seconds. A




simple displacement pump Is used to replace the water In the thin layer cell
when the next determination Is required. As configured, the device Is
temperature compensated in the range 5 to 40 ©C, Is |inear in the range 0 to
1008 COp, has a sensitivity of 0.01% and a reproducibllity of $0.02%, and does
not need recallbration for weeks at a time.

1 tion

The ring electrode shielding technlique was applled to the analysis of
solutions containing Ag(l), BICIIl), Cu(ll), Ag(l), or Fe(lll), and mixtures
of Ag(l) and Cu(ll) at 0.1 to | micromolar concentration levels [5]. Linear
scan voltammetry was used at the disk electrode of the RRDE with voltage scan
rates in the range 20 to 200 mV/s. At constant ring electrode potential, the
ring electrode current response is Insensitive to the charging and surface
processes currents at the dlsk electrode, and depends only on the flux of
electroactive speclies reaching It. As the disk electrode potential changes,
the flux of a gliven speclies reaching the ring electrode changes in a well
understood way. Thus plots of ring current vs disk potential have a shape
resembling a mirror Image of the Ideal current-potential at the disk
electrode. Very high ring current sensitivities were required in thlis
application, and in order to handle the problem of residual ring current
offsetting the current-potential curve, a modification of the conventional
dual potentiostat circuitry is given.
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