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Oxygen reduction on a graphite paste and a

catalyst loaded graphite paste electrode1
Dennis Michael DiMarco

Under the supervision of Robert S. Hansen
From the Department of Chemistry
Towa State University

Oxygen reduction was studied in basic solution at a
graphite paste electrode (GPE). The GPE was used as the
.disk of a rotating ring disk electrode (RRDE) and experiments
were done using the vbltage scaﬁ technique., The enhancements:
afforded by catalysts applied to the GPE were also studied.

Oxygen reduction on a GPE was shown to be a two-electron
process resulting in the formation of peroxide. The Tafel
slope (plottedvas potential versus log[iz X i/(i2 - 1)]) was
180 mv. ‘

The presence of gold, silver, or‘piaﬁinum on the GPE
" shifted the oxygeh reduction wave appfoximately 800 mV in
the anodic direction. Comparison of the data on a metal

catalyzed GPE to the solid metal electrode showed that the

' former electrode produced a greater fraction'of péroxide as

;DOE Report IS-T-886, This work was performed under

_contract W-TL05-eng-82 with the Department of Energy.



prodﬁct than did the latter. Silyer and gold catalyzed GPEs
gave Tagel slopes of aﬁout 120 mV.

The intermediate catalysis of iron and cobalt porphyrin
was also examined. While‘the cobalt porphyrin catalyzed
oxygen reduction at a more anodic potential than the iron
porphyfih,‘the latter appeared more acﬁive in reacting the

peroxide formed as the product of the disk reaction.



I. INTRODUCTION

When Sir Wiliiam Grove first éxperimented with theb
hydrogen/oxygen fuel cell, he had little knowledge of tﬁe
importance of his discovery (1). Not uﬁtil the 19608
when the consequences of Carnot's work with heat engines
were realized, was serious consideration given to direct.
electrochemical oxidation of fuels. Haber (2) and then
Nernst (3) and Bauer (4) tried to construct high temperature,
solid electrolyte fuel cells which would use coal as fuel
and air as the oxidanﬁ.~ Their problemé proved too difficult
to surmount and fuel cells were relegated to a curiosity
until the mid-1900s. Then Davtyan (5) and Bacon (6-8)
began rather extensive tests aimed at constructing a useful
fuel cell. Bacon's dévelopment ~- the bilayer electrode --
later became the basis of the NASA Apollo fﬁel cell (8);
and with this foothold fuel cell research increased. Work
was done on low temperature cells using hydrogen, hydrazine;
methanol and various other lower hydrocarbons as fuels. :In
thé intermedlate tenmperature range, 300 to 650°C; molten
carbonate salts were used as electrolyte with hydrocarbon
gases used as fuels. At even higher temperatures -- up to
1100°C -- solid électrolytes were used ﬁhich are capable of
transporting 0 ionAwithin the electrolyte matrix. Coal has
‘been used 1ﬁ these cells which convert it directly into CO2.

'For'the two higher temperature systems, catalysis is a



secondary problem,Asince rates are vastly enhanced at

these temperatures. The main problem under these conditions
is stability of electrode, electrolyte, and container
materials. From these fields, interest has branched out to
metal/air batteries and biolegical fuel cells. The former
are hybrid cells that have recently received attention for
vehicle propulsion purposes. -Lithium, zinc, and ferrous"
alloys have been used as the oxidizable "fuel" for these
cells with air, as usual, as the oxidant. Biological fuel
cells have been envisioned that could be subcutaneously
implanted and could provide power for a.pacemaker. The
device would use simple sugars as fuel'end oxygen as oxidant
directiy from the blood stream. Figure I-1 shows the
similarity between a fuei cell and a:battery} Both have an
anode and a cathode and will supply direct current when
connected across a load. Considering this‘device as'an
energy producer, oxidation occurs at the negative pole and
reduction occurs at the positive electrode. At the'cathode,
a fuel -- most simply H, -- is oxidized, giving up electrons

to-the circuit and making that electrode negative.

H, = 2H' + 2¢~ E,- = -0.25 (1)

lAll potentials llsted herein will be standard
reduction potentials referenced to the standard calomel
electrode (SCE). The SCE will be taken as +0.25 volts
versus the standard hydrogen electrode.
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Figure I-1, Fuel cell

As with a battery, energy is produced when a
substance at the cathode gives electrons up to
the substance at the anode. Ion flow through
the electrolyte retains electroneutrality



O2 is reduced at the anode, taking electrons from the

circuit, making this electrode positive..

0, + st + Lem = 2H,;0 E = +0.98 (I-2)

This picﬁure can be generalized for any material that will
combust in.02. Possible fuels other than H,
hydrocarbons, liquid hydrocarbons, coal, oxidizable metals,

include gaseous

and other inorganic materials. The cell potential is
theoretically determined by the standard reduction potentials
of the twé electrode reactions.

There afe several important advantages to this type of
energy converter. The first is that the theoretical
efficiency of a battery is AG/AH for the total reaction.

For example, the total reaction for the cell in figure 1°
is given by equation I-3.

-AH®

68.3 kcal/mole. -
0 - | (I-3)
-AG®° 56.7 kcal/mole

0, + 2H

) + 2y —> 2

2

This efficiency is generally much greater than that
Attainable in an expansivn combustion process, which is

limited by Carnot's equation

Eerp = (Tin - Tout)/Tin : (I-4)

where temperature 1s in degrees Kelvin. Another advantage .
of fuel cells i3 the multipiicity of" avallable fuels.

Finally, this battery can be mechanically recharged or



fueled just like an internal combustion powered device.
Although no electrical recharging i1s necessary, the H2/O2
cell can be used to store energy by using the cell in the
reverse mode, that is, as a praducer whereby the H2 and O2
produced can be saved until needed, vThis type of fuel_cell
would thus be useful in power storage and load leveling
applications.

With all these advantages, one might think that we have
been fools for ignoriﬁg fuel cells all these years; however,
there are yet'obstaclas in the road to deVelopmént df
practical fuel cells. The theoretical potential of a
H2/O2 fuel cell is 1.23 volts, but evan under laboratory
conditions the éero load potential difference is about
1.00 volts. Under normal load conditions, the pbténtial
drops to around 0.75 valts, or about 60% of the theoretlical
value. This results in a similar 60% decrease in
efficiency. Even this perfqrmance is achievéd using theA.
‘best'electrodes and catalysts available tbday. The
difference between‘the actuai potential and ﬁhe-theoretical
equilibrium potential is the bverpotential (n) and iIs an
indicator of the reversibility of a reactibn; The closer n
is to'zero;'the more nearly reversible is the reaction.
Sinée a battery requires two electrode reactions -~ one at
each electrode -- the n of both reactions contribute to cell

irreversibility, but one may be dominant. The basic



knowledge that the H+/.H2 electrode is-used as. a reference
potential indicates that a hydrogen electrode can be pre-
pared which is nearly reversible. Thus the large n for
operating fuel cells must be caused by irreversibility in
the oxygen electrode reaction, making it the object of fuel
cell research. As 1s common in attempts to cataiyze a
reaction, the first step is gaining an understanding of the .
principles and chemistry involved. Armed with these basics
one can then attack the problem of enhancing the catalysis

and improving efficiency.
A. Oxygen Reduction

The more recent reviews of‘oxygen-reductionAgive both
a good introduction and an indication of the volume of work
done on this tppic,(9—14). The realizatioﬁ of a re#ersible
oxygen electrode is ad?antageous for both'préctical and
theoretical reasons. In,theory, an electrdde:should act as
a source or a sink of electrons. Any participation by the

electrode in the reaction will Impugn the thermodynamic

measurements.

1. Equilibria

Initially, the potential measured at an oxygen electrode
was fouﬁd to be non-Nernstian. This meant that either
something blocked the reduction of oxygen or that another

reaction was potential controlling. Peroxide had sometimes
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been detected as a product of oxygen reduction suggesting
that the two-electron reduction of oxygen may be important

in the electrode process.

+ - =
0, + 2H  + 2e” & H,O0, E, = 0.43 (I-5)

Oxide formation was also suspected of interfering with
oxygen reduction. For example, on platinum the following:

~ reaction occurs:

o = 0.73 (I-6)

Pt(OH), + 2H' + 27 == Pt + 2H,0 E
Early investigators felt that at low current levels the
reduction'of oxygeh could be shunted by the pxidation of
platinum at the electrode surface. Other research indicated
thaﬁ oxygen slbwly'diffused into the bulk of a biétinum
electrode, Finally, the,question seemed resolved with the
work of Damjanovic et al. (15) who found that in acid
solution, oxygen-reduCtion current decfeased with time.' In
stringently purified solutioné, this decay in current was
very slow, and the revefsible potential for oxygen reduction
was achleved. .Thesé results indicated that impurities in
solutioﬁ had prévénted'the attainmentlof the reversible
potential in previous‘studies. A more recent study confirmed
this finding by determining that the deactivation'was not_
only time dependent but also dependent on the flux to the

electrode surface (16).



Despite these advances, the fact remained that the
currents measured near the reversible potential were
extremely low. The exchange current density (io) for

0710 amps/em®. Comparison

oxygen reduction on platinum is 1
of this value to the ib of'the H+/H2 couple on platinum -
10_3 amp_s/cm2 - indicétes the irreversibility of oxygen
reduction. Whatever the cause of the irreversibiiity,
investigators continued to have trouble relating the thermo-
dynamic data to a .four e  process. More investigators were
finding that’peroxide was present either as an intermediate
or an end product. A series of papers came out in the

1960s and early 1970s describing the use of a rotating

disk electrode with concentric ring for étudies of oxygen
reduction (17-26). Usinglthis téchnique, the experimentersf
were able to determlne when perox1de was formed as an .
1ntermed1ate 1n_oxygen reduction. This point had been in
controversyAsince the absence of péroxide may also have
resulted from either the further reduction of peroxide or

its degomposition at the electrode‘surface. As noted earlier,
the reversible potentials 6f the two and four eiectroh oxygen
reduction reactions ére +0.43 and‘+0.98 in aCid solutioﬁ.

The loss in cell potential of an electrode capable.qf only
the two electron,reduction is 0.55 volts. This loss can be
reduced by decomposing or further reducing the-pefoxide

formed. Using the Nernst equation, one can write the -



following for equation I-5:

P '[H+]2 _
B =g +0:059 1 %2 (1-7)
eq o g |H O ]
To obtain an Eéq of +0.98 volts using PO =1 = [H+], the
‘ ]

necessary concentration of peroxide is‘lO"18 moles/liter.

This concentration would require a most ambitilous catalyst
and recent}studies indicate that'these levels are not
attainable using presehtlcatalysts.(27). As wérk pfogressed,
the importance of the firét electron transfer was recognized,
espeéially when data Weré téken-ih higher current ranges
(14). 'Thé first electron transfer to oxygen results in fhe

formation of superoxide ion (02-).

0, + &7 =2 0, E, = -0.58  (I-8)

Formation of superoxide ion.as an intermediate would restrict
the potential of oxygen reduction.éveh more severely than |
vpefdxide formation. The éxistence of super6kide ion was
first sﬁown in‘aprotic media whére it is a stable pfodﬁct

of oxygen reduction. (28-30), ’The reduoﬁion~wave confurms

to a one electron proqess and is feveréible. Furthermdfe;
ﬁhe reduction potential (—0.80<volts)vis independent of |
électrode material. - Thé effect of protons dn<this reduc;ion
Wave is striking. With increasing concentration of water
the_wéveAshifts in a posifive directioh and'ﬁecomes |

irreversible. At aboﬁt 30% water in organic solvent,
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superoxide ion can no longer be found and peroxide is the
product (31). In this process the ultimate result is known
but the pathway is yet in doubt. As with peroxide, the

superoxide ion formed could be either reduced to peroxide,

- - - - = -
0, + H,0 +e & HO, + OH E, = -0.08 - (I-9)

or dismutation to peroxide ion and oxygen can occur.

20, + H)0 —> 0, + HO,™ + OH™ ~ (I-10)
The further reduction of superoxide ion is very slow in
aprotic media (29,32) while disproportionation is inhibited
by electrical repulsion of the superoxide iohs. These
results explain the stabilization of superoxide ion in non-
aqueéus media. Certain metals are known to catalyze the
dismutation of superoxide ion and since the oxygen formed
can be recycled at the electrode the result is a ﬁwo—
electron reduction. Dubrovina and Nekrasov (33) and

others (34) found evidence that oxygen'reduétion in basic
solutions could be halted at the one, two,.or four electron
Stage. The addition of the surfactant -- friphenyl—
phoéphine oxlde -- scavenged superoxlde ions, preventing
their decomposition and shifting the two-electron reductionA
in a negative direction. Thus depending on potential, they
were able'to separate the three oxygen reduction processes.
It is also instructive that in basic solution oxygen |

reduction begins at about -0.2 volts independent of electrode
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material'(35;37)l. Furthermore, pefOXido jon is the major
product on mercury, carbon, and gold aod is found to some-
extent on the rest of the noble metals.

‘In acld solutions othéf processes may occur which
account for the increased potential of oxygen reduction on
some noble metals. The oxide mechanism operates by
dissociatively adsorbihg oxygen on the metal electrode with
'subsequent réduotion'of-the oxide to form water. A

representative example would be-the'following'Sequence.

2M +0, —> 2MO - . (I-11)
MO + H,0 = M(OH), | | (I-12)
M(OH), + 2 HY + 2e” =M + 2 H,,0 L (1-13)

In this situation no peroxide is formed and the reduction
potential would be depeodent oh the electrode materiai, as
is generally found. In'acid solution the fate of any :
superoxide formed would also be changed due to the following

protonation (41)

HO, = 0, + ut pK. = 4.88 o (L=1l)

lThe reduction potential on -most carbons is shifted
slightly negative; a major exception to this seems to be the
basal plane of highly oriented graphite as noted in (38-40)
and also found 1n the present study on a graphite paste
electrode.
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HO2 is a strong oxidizing agent

+ ., - o : .
,HOE + H +e = H202 Eo = +1.17 (I-15)
and will also undergo dismutation according to reactions

16 and 17 (41).

2H0, —> H,0, + O

_ .45 ‘
5 505 > 'k = 7.6 x 10 (I-16)

O2 + HO2 + H2O —> H202 + O2 + OH (I-17)

k = 8,5 x lO7
The oxygen formed in these steps could be recycled as before
via reaction I-8. The dismutation of peroxide can alsol
occur resulting in .a net four-electron reduction when the

oxygen formed is recyqléd at the electrode.

— > 0. + 2H.O | (I-18)

2 H,0 5 5

272

This reaction is catalyzed on some metals, notably platinum
and silver, while not on others, for exémple‘gold and
mercury. This may account for the difficulty in finding
peroxide on platinum and silver reported in some studies
whiie others were ablé to detect it. Under proper conditions,
peroxide is the major product atAgold, mercury, and carbon
electrodes, highlighting their inability to decomposé
peroxide. |

Thus, the rotating disk electrode with a ring seems
particularly suited to. studies of oxygen reduction, It can
be used not -only to detéct peroxide but alsd to detefmine ifA

the peroxide is further reacted on the electrode of interest.
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2. Mechanism

OXygen reduction at an electrode involves a sequencé of
steps, each of which is affected by some property of the
‘electrode. For example;4adsorption'energonf intermediates,
geometrical arrangemeht of surfacé atoms, concentration of
surface defects, and electroniec characteristics have at ohe
time or another been invoked to implicate a particular step
as rate ¢ontrolling. Depending on the reaction cqnditions
any one of the possible steps may be rate determining. It
is thus essential to know the reaction péth and the effect(
of the.eléctrode and electrolyte properties on fhe basic
steps. Thé ultimate ideal 1s to selectively vary one
parameter of the reéction ﬁo evaluate 1its effect on the
rate. In this way conclusions can be drawn about the
mechanism if the rate determining stepvhas not changedQA
Thus, it is donceptually possible to systehatically find and
catalyze the rate limiting steb. |

Few studies of oxygen reductioh have had sufficient
SCopé to achieve Lhé above objectives. The reasons for this_
deficiency are: 1) A small number of electrodes are.stable
under the éonditions of oxygen reduction, é) there are'ai
large numbervof.possiﬁlé intermediates; 3) electrode
vsurfaceé are, in_genefa;, poorly defined, and L) 1mpurit1esA
‘often obscure proper evaluations. As a solutisn to the

first problem, many different types'of materials have been
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investigated other than metals. Since oxides are commonly
formed under conditidns of oxygen redugtion, these types of
materials seemed likely candidates for investigation (42-58),
A problem of electrode conductivlity arises here since most
oxides are poor conductors. Doping is a common solution to
this which leads to an increase in conductivity as well as
complexity of thé electrode. Metal organic complexes were
also investigated due to their relationship with biological
oxygen reduction (59-70). For these electrodes, stability
is a problem as their performance‘decays with time, The
other problems can be solved onlyAby advances in techniques
and procedures. For new as well as .older catalysts,
correlations were sought between oxygen reduction'éctivity
and physical properties. Some bf the propertiles studied

L d orbital ocgupancy,l

were métal—td-oxygen<boﬁd strength,
and other electronic characteriétics of the catalysts (54,
55,64,71). Since platinum was the best oxygen reduction
catalyst, the change in activity was explained as the
difference between platinum characteristiés and the other
catalysts characteristics. For. example, the platinum-oxygen
bond strength was conéidered optimum for intermediate

stabilization and those metals with weaker oxide bonds did

not afford adequate -stabilization while those metals with

lSee reference 12, pp. U454-455,
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stronger bonds suffered from slow desorption of the inter-
mediate. In a similar ménner d-orbital occupancyAwas
optimized at an intermediate value. According to this
theory (71), oxygen will. form one sligma bond with the
sﬁrfacé and exhibit some degree of pi bonding. Accordingly,
the adsorption site should have an empty or half’emptj dz2
orbital with filled xy or yz orbitals., The dz2 orbital forms
the sigma bond while the othefs'baCk bond into the pli anti-
bonding orbitals of ﬁhe oxygen molecule. These ideas agree
with the results of oXygen binding to homogeneous metal -
macroéyclic coﬁplexes.-.

One view of ‘the mechanism that has gained recent
acceptance is that of é cataiytic redox‘mechanism. This
requires a catalyst that can both react swiftly at the
electrode and swiftly with oiygen in.solution._ This method
cén be viewed as shown in Figure I-2. The redox couplé must
have a reversible potential. less than that of oxygen so’
0Xygen can extract eléctrons from the reduced species,Abut
the potential should be as close‘ﬁo that of .oxygen as B
possible to achieve maximum efficiency. This 1dea has
already been atfempted in a fuel cellAwhere.the nitrite/
‘nitrate éouple_was used to medlate oxygen reducﬁion (72).
This concept is direétly applicable to'the’catalysis afforded
by macrocyclic metal compléxes‘and biological materials (66,

68).
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Figure I-2. Catalytic oxygen reduction:
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reduction, (b) potential diagram for involved
species :
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With the recent advent of surface modification
procedures, the concept of a surface redox catalyst has
evolved, Now metal macrocycles have been attached to the
surface which should greatly enhance electron transfer from
this épecies to the surface. ‘Surface.groups can be attached
by elther adsorption or covalent boﬂding. In this way chéap
carbon electrodes can be made into effective oxygen
reduction catalysts. Many different catalysts have been
surface attached from phthalocyanine stfudtureS'to biological.
materials. The reactiqn scheme is.the same for almost all.
The metal macrocyc;es are able to bind oxygen and, with
electrons from the surface, réduce“it._ The product is most
often perokide except with some more complex biological
materials Where direct four electron reduction to water
results (63,70,73). These materials have not yet been
éubject to studies using a rotating disk electrode with a
ring, however, to deﬁermine if peroxide is formed In the
reaction and thereafter decomposed, The éombination of'a
carbon electrode in the rotating disk configuration would
seem ideal for studies on these materials (68), The 1dea
of a surface redox couple has beeh,suggested’to extend to
materials other than metal.macrocyéles. - Its methbd fof
operation thus deserves close scrutiny,

Recently, the advantages of underpotential deposited

metals as catalysts for oxygen reduction have been realized
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(74,75). Lead ion deposited on gold in acid solution can
increase the'potential for oxygen'reduétion by +0.5 volts.
It was noted by the author that the catalysis began at the
point of underpotential deposition. Figure I-3 shows an
example of this type of catalysis using lead on gold in acid
solution. It seems likely that oxygen' could oxidize the
deposited lead which will agaiﬂ undergo underpotentiai
deposition and start the cycle again. The lead essentialiy
acts as a surface redoxlcouple described earlier,
Unfortunately, gold is such a poor oxygen“reduétion catalyst
in acid solution that even this 0.5 #olt shift in potential
is not enought to create a.useful catalyst. In basic
solution, gold is a much better oxygen electrode and the
addition of lead ion to SQlution changes the broduct of
oxygen reducﬁion from peroxidé_to water, Thus, although no
_great breakﬁhroughs have  occurred, another méthod of |
improvement has evolved, The redOX*mechaﬁism is also a
possibility on traditiqnally nonmodified electrodes. Oxygen
reduction on some noble métals (most notably platiﬁum)
occurs near the potential of oiide forhation;. It is possible
that the oxide can be formed by the reactioh-of-bxygen with
bare metal surface with reduction Qf the dxide compieting

the cycle as shown in the following equations

ZPt + 0, + 2H,0 —> 2Pt(_OH)2 - (I-19)

Pt (OH), + oHT + 2" = Pt + 2H,0 B, = +0,73(I-20)
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Figure I-3. Catalysis by underpotential deposit :current/
voltage scans on gold in acid solution ‘
a) with only oxygen in solution, b) with only
Pbt+ (10-% M) in solution, and ¢) with both
- Pb** and oxygen in solution
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It is therefore possibie to discuss most cases of oxygen
reddction catalysis in terms of a surfacé redox mechaﬁism.
As can be imagined, there is more than one way to view
the catalysis of_oxygen reduction. Evans (42) first
introduced the advantage of two site -- or side on -- oiygen‘
adsorption. Platinum, which is by no means inert to oxygen,
is thought to adsorb oxygen in this manner., In the gas
phase,<platinﬁm adsorbs oxygen dissociatively above 150°K
(76). This indicates that two adjacent platinum sltes are
needed to adsorb oxygen. This two-site adsorption theh
results in scission of the 0-0 bond. In this'mechanism,
supefoxide ion and peroxide are both avoided as well as
their concomitant potentiai limitations. Evidence for this
pathway on platinum has been obtaihed only in strenuously
purified solutions (15). This side on ﬁechaniém as-
visualized by Evans, and 1aterlGoldste1n and“ééeung (4u),
took place primarily 1n basic solution as shown in Figure
I-4. According tO'Evahsf views 1n basic solﬁtion; hydroxyl
ions were good candidates for surface specles, Ile also
considered it likely that surface exchange of these ions
was very fast. Since‘fhe transfer of protoﬁs is normally
considered to be'very fast, the whole reactién'is éoncerted
and limited only by adsorption of oxygehfat a locatlon where
' two sites are adjacent and available for bonding. The

resulting four electron reaction is shown in equation I-21.
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Figure I-4. Two-site oxygen adsorption:

a) shows the site necessary for adsorption and
the approaching oxygen

b) adsorption occurs with possible charge.
transfer '

c) proton switching occurs

d) bond is broken and surface hydroxides ‘
‘are formed
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0, + 2H0 + he” == 4OH = E_ = +0.15 (1-21)
This view is supported by electrochemical and fuel cell
studies which indicate a rate of oxygeﬁ'reduction _ _li
proportional to the square root of oxygen pressure, Note
that in this case adsorption of oxygen cannot be the slow
step, this step.must happen after the 0-O0 bond is broken. A
series of papers by Tseung et al. related this mechanism to
magnetic properties of transition metai oxide electrodes.
These authors found that 1n concentrated base and. at high
temperatures (v 220 C) electrodes catalyzed with nickel
okide operated reversibly with respect to oxygen (45). An
interesting feature found in:thisbwork'was the iﬁcrease'of
the reversible potential with increasing temperature, coh—
trary to thermodynamic predictions. Note was made here of
the change of NiOlfrom antiferromagnetie to paramagnetic at
about 230 C. The idea of'paramagnetic'materiels having an
effect on catalysis was not unknown (77) and since oxygen
is paramagnetic, they decided to investigate this phenomena
further, The continuing serles of experiments tesﬁed
electrode catalysts known to be paramagnetic at room
temperature. Eventually, a catalyst was found whose oben
circuit potential equalled the oxygen reversible potential
at room temperature (U47). Although this material showed
low currents at room temperature; at.l7Q C its performance

surpassed that of a platinum black electrode (52). Other
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work on these materials gave different results (53) and the
nonreproducible nature of the electrode precluded proper
kinetic analysis. Thus, at this point i1t 1s impossible to
say if this catalysis is due to magnetic properties or to
other changes in the bonding of oxygen at the'surfatea

These and other studies attempted to relate charatteristics
of the oxides toAcatalytic activity}but offered only
generalizations with respect to bathway determination.

Oxygen reduction was also evaluated as.a'function.ofAmagnetic
properties of ceftainjmetal macrocyclic compounds (60).

One characteristic of/these-catalysté.was the need to.
deposit them on a conductive substrate of wire mésh or
carbon. The effect of the substrate was cénsidered |
negligible but this is not necessarily thé case (59). This
problem is especially‘significant for darbon electrodes
where the cataiyst does not completely'cover-the'substrate'
as 1is the case with a Wire mesh support.

These two concepts converged in recent work involving
catalysts with more thar one metal‘macroqylic entity,
similar to biological materials., Electron trénsfer 1n;
biological systéms iskVery fast. Even S0, oxygen reduction
is irreversible (probably as much to regulate metabolism as
for other reasons). Recent work done with cytochrome é;‘
oxidase determined that the active site for oxygen reductidn‘

was a bimetalliec site (73). The process was described by
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'the following equations:

+ +2 . 5 +

AyT - Cut +e = A - Cu (I=22)
A3+ —cut e = Ay - cut (I-23)
+ R = +2
A3 - Cu + 02 = A3 - O2 - Cu | (I-24)
At o0 -t et =t - Hom -t (I-25)
3 2 3 2
A3+ - HO,” - cut? + 3u" + 2¢” L28Y 5 Sroducts  (I-26)
. where A3+ - Cu+2 describes'the_functional unit of cytochrome

3

electrons transfer one at a time to the complex, their

transfer to oxygen in adsorptibn is almost simultaneous

A,. The main points 1in this mechanism are that 1) although

)

2) two metal centers are necessary for complete reduction

to water, and 3) a bridged structure seems necessafy to

promote the metal-to-oxygen interaction required to cleave

the oxygen double bond. Similarly, studies of oxygeﬁ”
reduction in homogeneous solution obtain the following

reaction scheme (78):

> Fe(II)POLOQ + L

> (Fe(III)P‘L)2

O2 + Fe(_II)P-L2

Fe(II)P+L+0, + Fe(II)P-L

2 2

-02 + L

= +

(Fe(III)P'L)2002 + H

> (Fe(III)P»L)2~H02‘

(Fe (III)P+L),-HO - +'3H+ + 2e” fast

5 > products

where P stands for a porphyrin complex. Accordingly,

complete reduction 6f oxygen'happens only from the

(I-27)

(1-28)
(I-29)



25

(Fe(III)P-L)2-02=

the first step is prohibited from addition of another

(u - oxo) structure. If the product of

porphyrin, oxygen will not be reduced to water. This
restriction can be accomplished three ways: 1) by

' sterically blocking the second sité; 2) by rigidly
supporting the complexes -~ prevenﬁihg interaction; and
3) by reducing the temperature. Theée oxygen reduction
studies gave an order of two with respect to the metal
centers; thus, it seemed worthwhile to test synthetic
éafalysﬁs with two bridged metal macrocycles. Collman
et al, (70) synthésized several face-to-face porphyrin
complexes for this exact: purpose. The.resulting.oxygen
reduction was dépendeﬁt'not only on the metal used but
also on the distance between tﬁe two centers. Cobalt
provided effective catalysis while palladium did not,
and a four atom doubly bridged complex was a‘muéh more
effective catalyst than a seven atom déubiy-bridged
cbmplex.' Further étudies indicated that two separate
redox waves occurred in the curfent/voltage scan of the
catalyst alone. The peak in oxygen reductlion overlapped
the foot of the second reduotion.wavé of the cobalt,kz
indicating thét the complex had to be in thé doubly
reduced state before oxygen adsorption:and subéequent‘
reduction could ﬁake place. This corresponds to fhe

earlier work with bilological materials -and the mechanism
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given was very CIése'to that éhown in equations I-22+I-26.
The result was four-electron reduction of 6xygen with very
little peroxide detected. It thus appears that for oxygen
to undergo diréct four-electron reduction, a dual-site
catalyst must be availéble that éan simultaneously adsorb
oxygen and transfer two electrdns. The catalyst must then
stabllize the two species fofmed by‘cleavage_of the 0-0
bond,

Though there have been many attempts to describe'oxygen
'reduction-in terms of properties 6f*e1ec£rocatalyéts, few
have endeavored to first scrutinize the'charécteristics of
the oxyéen molecule. This deficlency was alleviated ﬁy
dedard in a very‘lucid<des¢ription'of'simple oxygen inter-
actions (79). Figure I~5 shows a simple pictﬁre of tﬁo
oxygen atohs Joining tb fofm:an'oxygenrmolecple. The
characteristic double bond has been replaced by a sigma bond
and two pi 5onds céntaining three electrons each. This
~makes each oxygén'a-diradical with the radicals held
90 degrees to each other, On'adéorptién the radical cenﬁers
will interact with the surface, A simple example of this 1is
given in Figure I-6 in which §Xygen reacts ‘with an olefin.
‘The first step is simple with.interaction of two radicgl
_centers; however, the éedond,step'involves a straln energy
'.required to rotate the secoﬁd radical center by 90 degreés.

'If the oxygen cannot overcome,the'straih energy or 1is
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Figurc I-5. Oxygen atom interaction: (a) to form an
oxygen molecule, (b) Newman projection
viewed along the 0-0 bond
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<O >

‘ Figure I-6, Oxygen-.-olefifn in’ceréction.
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otherwise denied interaction with the second site, the 0-0
bond remains intact, forming superoxide and peroxide species.
However, as shown in figure I-5, if the second interaction
fakes place, the 0-0 bond -loses all double bond character

as 1s necessary to enhance bond breakage. This interaction
is general and can be applied to other types of oxygen-
substrate interactions. Applying this to oxygen reduction,
ohezwould predict that catalysts that operate by the dual-
site adsorption would -not form any dioxygen species as
products, Similarly, those which use the slngle-site pathway
will form superoxide and peroxide and must rely on speedy
decomposition of these to obfain water as the'finai product,
This explanation also'agrees Wiﬁh the finding that oxygen
will best bind metals with empty or half empty dz° orbitals
while other interactions necessarily involve the pi anti-

bonding orbitals of oxygen.
B. Rotating Ring Disk Electrode

The rotating ring disk_electrode'(RRDE) has been used
'to study intermediates, determine end products,Aand elucidate
the kinetics of electrode reactions. Figure I-7 shoﬁs a
typical ring-disk elecfrode while Figure I~8 shows the
fluid flow tb the disk Surface. The electrolyte iIs entrained
'.from the bulk up to the electrode surface where centrifugal

force spins it out across the face, parallel to the surface,
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‘Figure I-7. Rotating ring disk electrode: a) side view,
. b) electrode face ' .
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Figure I-8. Flow patterns at a rotating disk.
a) Axial and radial flow of fluid past a
rotating disk surface, b) angular flow with
rotation as shown viewing the disk face from
a stationary position .
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and then back‘inﬁo the solution bulk. According to this
pattern, fhe,eleétroa¢tive speciés'afe first allowed to react
at the disk and are thén éwept across the cbncentric ring,
where further electrochemistry can happen. If the ring is
set at a potential‘to:reVerse'the electrochemical proéess
6ccurring at the disk, a certain fraction of the disk
product will react at the ring. Thils fraction -~ called the
ring/disk efficiency -- designéted N,‘is~a funct;on of the
geometry of the RRDE. . The characteristics and utility of
these electrodes have been reviewed in two recent
publications (80,81). ’The primary advantage of a RRDE is
the quantitativeVdescription'of mass transport to the
electrode surface. .At.a'constant‘rotation épeed (w), the
floﬁ,éf fluid past the disk surface 1is constant,. With a
conétant flow, the flui of electroactive species to the
electrode surface can'be répresentéd by two regimes; a
convectlon region, and:a diffusion rcgion,l The diffusion
region is a thin 1ayerAimmediafeiy adjacent to the electrodeA
surface where viscous forces cohtrol the flow processeé.
'Qutside this region, all flow is convective., Material flux
-through the diffusion iayer is much slower than.convective

flux up to this layer; thus, -concentration gradients develop

lThis assumes that the concentration of supporting .
electrolyte 1s 1arg§ enough -to preclude electromigration.
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only inside the diffusion layer. Material flux being slower
within the diffusion layer, the limiting process is considered
to be diffusion. The Levich equation (82) describes the

current at a rotating disk electrode.

" nFAD(CP-cS)

1 = - | (1-31)

n = number of electrons transfefred

F = Faraday constant

A = electrode area

D = diffusion coefficient of the-electroactive spécies

8§ = diffusion layer thickness

Cp = bulk concentration

c® = concentration at the electrode surface

§ 1s given by
§ = 1,61 p/3 y1/6 172 - (I-32)

‘where v = kinematic viScosity;'aﬁd w = rotation speed 1in
radians/sec. This points out another feature of the
electrode, the constant diffusion layer thickness écross the
electrode surface. Dué to this feaéure, and to the fact

-that there are no concentration- gradients outside the '
diffusion layer, the surfaye is said to‘be equally accessible.
Thus, the curfent'flow'is cdnstant écross the whole disk
electrode and under normal conditions varieé only.with bulk
concentrations and w. At a constant w, the current 1s said

to be at a limit when CS-*O{ This current 1s the mass
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transport limited current (1,

, _nFADC] ‘

2 s A S (I-33)
Since this current is related to obtainable'values, it can
be calculated. The fact that it 1is related to Cb makes iz
useful for analyticalpurposes._i2 is also a function of
w1/2 and a plot of 12 versus m1/2 is often considered a
check for proper operation of the electrode As an example
of the use of an RRDE, Figure I-9 shows current/veltage
scans of a. Fe(III)(CN)63/Fe(II)(CN) solution, In this
example, the voltage 1is scanned as a trlangular wave while
the resulting current at the disk is reeorded.
Simultaneously,‘the potential Of.the‘ring.is held atAa
value that will oxidize Fe(II)(CN)g”. The resulting scans
show the type of data recorded with'a RRDE. The~reaction

is,
Fe(CN)3 + o™ &= Fe(en)zh A (I-34)

At the point where E = E i disk should be zero and the

eq’
_ ring current is that measured with no disk current. When
the disk potential is more negative, the reduced species is
being formed and 1ts concentration in the flow stream going
to the ring is‘increased; This results‘in an increased

ring current and the increase 1s directly proportional te

the disk current. When the disk potential is higher than
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Figure I-9. Ring and disk currentsAin ferri/ferrocyanide
solution . ‘
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Eeq’
ring current decreases. The ratio between the ring and disk

less of the reduced species gets to the ring and the

currents -N- can then be calculated and compared to the
theoretical value calculated according to ref..(83). - More
on the use of the ring disk electrode will be included in

the section on theeretical'development;m
C. Carbon Paste Electrode

The carbon paste electrede, initially pioneered by
Adams (84-87) has sevefal advanteges for electrochemical
studies. The electfbde is-made-by mixing graphite with -

Nujol (spectral Quality'mineral'oil)-until3a,thick paste
.results. The paste 1s mounted into an electrode molder and
.can be used like alsolid electrode. Almost no pretreatment
is heeded unless the reactlon products form a surface film.
The sﬁrface‘is then easily renewed by 3craping-dut‘the old -
paste and depositing a new electrode.' The scan range is
‘wider than for any other'electrode exeept mercury in
alkaline solution, and similar'tO‘mereury,,the background
is very low. A stﬁdy ofbthe reiative:merits of differential
puise measurements witﬁ-respect to'scanning voltammetry :
indicated that both methods had similar detection 1limits
(88). This 1s indicative of thevlow level of background
eurremts on a carbon paste electrode.‘ Its'residuel cur:ent-

in a scanning mode 1s lower than on elther pyrolytic carbon
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or glassy cerbon (89). Carbon paste electrodee have been
adapted to nonaqueous solutions (90). Carbon paste
electrodes were quickly introduced to rotating disk
electrodes (86) and have since then been used for several
studies of oxygen reduction (91-94), Initial studies of
oxygen reduction eonsisted of comparing the change in over-
potential at'a constant current when catalysts were added
to the paste (91,92). Only recently was an attempt made-
to obtain some kinetic parametere for oxygen reduction on a
| carbon baste electrode (94), This Work‘studied activated
carbons -which are known to have different properties than
graphite. Thus, no definitive work has yet been done to
describe oxygen feductioh at a graphite paste electrode,
Oxygen reduction on most carbon electrodes exhlbits certain
general chéracteristics, A two wave reduction process is
generally observed beginning at a potential of about -0.4
volts in basic solution with .the second‘wave beginning at
about -1.0 volts. Their performance is even poorer in acid
and neutral solutions. Thls change in perfonmance is
depicted in Figure I-10 which is a Pourbalx-type diagram.
The potential plotted .is the reversible potentiél fqr
reactions while for electrodes it is the half wave potentiai.
This figure sume up a large portion of the work so far |
reporﬁed and shows the improved performenee of gold and

mercury as well as carbon in more basic solutions,. For this
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Figure I-10.
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Pourbaix diagram of oxygen electrochemistry.
Solid 1lines represent reversible potentials,
dashed lines indicate approximate half-wave
potentials (66,95), x indicates the number

"of protons transferrcd pcr unit reaction.

The cross-hatched region . is the experimental

range for various kinds of carbon electrodes
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reason, and because more materlals can withstand oxygen
reduction in basic solution, most recent studies have been
done in this media. Thus, much has been recently |
accomplished on the préblem of oxygen reduction. There
still, however; remains many loose ends to be tied together
and many more-cataiysts’to-be tested .in the milder conditions

of basic solutions.
D. Statement of the Problem and Objectives

With the édvent of'fuel~cells and oxygen electrolysis
cells,zthe problem of oxygen reduction has been attacked with
renewed vigor. Reseéréh in'this area has frequentl& used
solid metal electrédes (thét is, platinum, goid, palladium,
etc,) and has beeﬁ‘done‘under-strict conditions of purity.
The electrodes are frequently preconditioned to establish a
particular surface. In such studies.significant strides have
been made with respect to mechanish‘determination."Equally
significant is the work done oﬁ catalysts deposited on
electrode substrates, espccially carbon., Due td the cost of
noble metals, no industrial or cémmercial procéss could use.
solid platinum or paliadium or other noble metals for oxygen
reduction electrodes. For this reason, most large scale uses
of these catalysts involve their dispersion on a conductive
subétrate, Graphite and other f@rms of* carbon are often used

because of their conductivity, low cost, and stability. The
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frequent use of graphite as an electfode and as an eiectrode
substrate necessitates a thorough study of its chafacter-
istics under the reaction conditions, This has been done
for oxygén reduction on seyeral forms of solid carbon
‘electrodes; However,.carbOn and graphite paste electrodes
have been less thoroughly studied. Thé study of oxyéen
reduction catalysis on graphite pastes (96) hgs beeh limited
to observations of potentlal and current changes as catalysts
were added. One recent study using‘an active carbén paste
in an RRDE setup has shown the utility‘of the ring electrode
in détecting the amount of peroxide formed as the final
product (94). The ability of an RRDE had previously been
'shdwn using solid electrodes (15-26) as discussed earlier,
Thus, the use of a graphite paste electrode In an RRDE
configuration shouid give additional informatién on'oxygen
reduction at this electrode. Studies of oxygen reduction

at catalyzed carbon electrodes have been published (60-71,:
97,98), but none have obtained the information available.to
an RRDE, In work done by Morcos-(972 a thin film of silver
electrodeposited on_grdphité was found to.give_greater-
currents than a solid:siIVer electrode of<£he same ‘area.
These data were explained on the basis of a'ﬁore.activé form
of silver in the deposited catalyst as opposed to the solid
silver electrode, Thus; it appears that the~cdtalysis'§f a

metal cétalyst electrodeposited on carbon may be greater
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than that of the solid metal. This phenomenon deserves
further study on é wider basis. Other electrodeposited
metals should be studied for a similar effect.

The primary purpose of this research is to increase the
qnderstanding of the'cétaljsis of oxygen reduction., Since
electrode substrates ére frequently carbonaceous materiéls,
a graphite paste electrode will be used for this study. The
advantages of the RRDE are éignificant and will be used to
hold the graphite paste. Most useful electrodes require
catalysts to>enhénce the rate of oxygen reduction. Thué,
after a thorough study of oxygen reduction on the graphite
paste, the characteristics of several known cataiysts will
be studied. These catalysts will be'in some way deposited
on the graphite paste. Their performance,fof‘oxygen
reduction will be compared to thelr respective bulk
characteristics when possible; And finally, mechanisms will

be discussed when warranted by the data.
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II. THEORETICAL DEVELOPMENT

By making models, one acquires é more éomplete undef-
standing of any phenomena. If one can.envision thé process
ﬁhat occurs, theh the thedry to describe it can be developéd.
With the theory, one can'obtain valﬁes for rate constants
Aand other dlagnostic parameters. Comparison of these
results with experimenﬁal déta1coqld be used to test the
théory.- Finally, knowledge of the proper theory~a1;ows’one
to manipulate the reaction in desired manners.

In this section the theories used in this study, along
with peftinent‘modificationé, will be described. The theory
of electron trénsfer (insqfar as 1t 1s related to this work)
will be described in the secﬁion on heterogeneous kinetics.
Then massﬂtransfer restfictions'will'be intréduced‘detailing'
the use of the Levich equation. Thils theory will then be
apﬁliéd to oxygen elecfrochemistry, and deviations and
porréctions to the basic equations will bé described eithef

- in this section or in the appropriate appendix.
A. Heterogeneous Kinetics

Consldering a first order single electron transfer

reaction such as

k_ - | |
Ox + e~ ‘__k&Lh_; Red ' (II-1)
: : anod :
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the current can be described by equation II-2

i = nFA (Net Rate) ' : (II-2)
n = number of electrons transferred
F = Faraday constant (96500 coul/equiv)

A = electrode surface area

The net rate is given by,

S

s
cath'cox - kanod'CRed (I1-3)

Rate = k
where k's are cathodic and anodic rate constants and C's
are concentrations of oxidizing and reducing species.
The superscript on the concentration terms indicate that
surface cencentrations are being used.  The rate constants
can be described by a potentilal dependent and a potential

independent term, as shown in Appendix A. Combining

equations Ii-2 and II-3 results in the followiling,

A s s -
E FA (Keatn Cox = ¥anoa Crea? (II-4)

where, by convention, cathodic current is considered

positive while anodic current is negative. Substituting
for kcat-h
obtained,

and kanod from Appendix A, the following is

. 'BF(E“Eé) s
i = FA ko exp _——TRT__-_ COX -

(1-8)F (E-E_)
exp{' RT O}C;ed] - (II-5)
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This equatioh describeé the currenﬁ as a function of the
difference between the actual electrode potentlial and the
standard eléctrode poﬁéntial. Howevér, it is often more .
convenient to relate potehtials to,tﬁe equilibrium potential.
At equilibrium the current ié equal to zero.and'surface
concentrations are equal to bulk concentrations. In this
situation, the rates of the anodic ahd cathodic currents are

equal; their value is designated the exchange current (10).

. BF(E E)
eq o b
FA.kO exp[ RT - }Cox

- (1-B)F(E -E,) |
FA_ko.exp _ CRed = io : (II-6)

RT

Solving these equations:for the. concentration terms, the.

following two equations are obtailned:

: 1 BF(E, E_) o o -
b _ o) eq i
Cox = TFA K, exP[ RT } - a-n
and _ , .
: i (l—B)F(E £ -
b _ o) eq
CRea = “FE Kk, exp[ RT } (11-8)

' By multiplying the first section of equation II~-5 by C /C

b .
and the second section by CRed/CRed equatioo IITQ is ootained.

| BF (E-E_) -
1 = FAk[exp-—{ - } gx.ch_
. . ‘ C 4

OX

(1- B)F(E-—E) A 1 ‘
-exp[' —RT ‘} Cged Cge%]- (II-9)

Red
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Using equations II-7 and II-8 in equation II-9, gives i

in terms of io and E—Eeq.

. |
C _BF(E-E__)
_ s oxX eq

1 10['b exP{ RT }

Cox_

c3 (1-B)F(E-E__) |
- Eed exp { e = }] : (IT-10)

CRed

Equation II-10 is the general relation between current and

. electrode potential for a one electron transfer reaction.
B. Mass Transport Limitations

The concentration of an electrqactivé species at a
surface is a function not only of its rate of use but also
of its replenishment rate. The:efore,:a relationship
between surface coneentration and bulk concentration must
: bé developed. For this general situation, the flux of
electroactive species to a surface is dependent on '
convection ahd diffusion fluxes. Appendix B shows the
method of obtaining a solution to the flux equation for a .
rotating disk electrode (RDE). Accordingly,.cathodic

current at an RDE is given by

b S
nFAD(C,, - C> )
1, = — 2% OX (II-11)

c )

where D 1s the diffusion coefficient of the electroactive

species, § is the diffusion layer thickness given by
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‘s = 1.61 vi/0 pt/3 7172 | . (II-12)
where w is the rotation rate in radians/sec and v is the
kinematic viséosity. 'All other terms have their usual

significance. A limiting current is established when c® = o,

b
nF’ADCOx

fhe T T )

Equation II-11 can be rearranged as follows:

b s A
nFADC c : :
{ = ———202X (7 _ 28X (II-14)
c ) Cb

ox

and cdmbining II-13 and. II-14 one obtains

12 c;ic zx : .
i = 3 _ - (II-15)
L,c COx

This equatlon describes gathodiC‘current'to a'RDE,'similarly

anodic current could be described by

. S :
i -1 C
Red

The final form of the one electron tranSferArelationship
can now be obtained by substituting equations II-15 and

II-16 into equation II-10
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i, -1 BF(E-E
i=1i '_&LE_iE exp - ——E——-ggl -
o} iz,c RT

i -1 (1-B)F(E-E__)
() =]

2,a

This equation is called the wave equation and is used to
describe the current versus. potential behavior of a single
electron transfer reaction at a rotatiﬁg disk electrode.
The current is thus a function of ﬁhe following: 1) the
kinetic rate as described in i , 2) the rate of mass.
transport as given by the terms (iz,c-iz)/iz,c and
(ia_iz,a)/iz,a’ and 3) the electrode potential, (E—Eeq).
The kinetlic parameters of interest in this situation are
io’ and 8. To obtain_@hese parameters let us consider é
case where only cathodic current is important, that is,

anodic current is much less than cathodic current. Then

we can rearrange equation (II-17) as follows:

i -1 BF(E-E_ ) ‘
1 =1 =1 (228 C) exp{- — =297 (II-18)
c o) 12,0 RI 4
2,e7 e © '
1ctig.c BF |
Zn(i———_i——) = 4n iO - RT (,E—Eeq ) ) (11-20)
L,c "¢ : '
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B o< RT _ RT PR
E = Eeq + gF il - F £(1) (II-21)
' Tetige v
where f(.i) =({__i—'> _.(,II-_22) ‘

L,c "¢

A plot of E vs. &n f(1i) is called a Tafel plot and has a
slope that gives B and an intercept from which io.can be
determined. For a'one electron transfer, B 1s often found
to be near 1/2 whileio varies widely depending on‘the

heterogeneous rate constant (eqn. II-6).
C.” Multi-electron Processes

Appiication-of.thisranalysis to a process with more
than one step involves more rate constants, and intermediate

species. As shown in Appendix C, B 1s replaced by a, and

(1-8) by a_, which are given by:
a =X+ rg : (I1-23)
c Vv : i ‘
and
==Y _ o : T (IT-
o, i rg _ L (II 24)

a's are called transfer coefficients, Y is the number of
electrons transferred prior to the rate determining step |
in the cathodic direction; V is the number of times the

A rate determining step occurs: per unit reaction, and r is:
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the number of electrons transferred in the rate determining
step.

An example of the use of these relationships can be
seen by examininé previous results concerning oxygen
evolution on a platinum electrode;, In basic solution,
data show Tafel slopes of -2 RT/F and ~RT/F (~120 and
-60 mV per decade f(i), reépectively). ‘A Tafel slope of
—RT/FAcorresponds to an o Qf ;.O and with B é 1/2 could
correspond to either of the following situations: 1) an
initial electron transfer step 1s followed by a rate

limiting chemical step;

OH + S = SOH + e (II-25)
SOH + OH === SO~ + H,0 ~slow - (I1-26)
2507 == 0, + 2¢” . | | (II-27)

" The proper values for equation II-24 are: n = 4, Y = 2
(? referring to the reduction process), V = 2, and r = 0;

-

. 2) an initial step which transfers two electrohs can be

fate controlling.

S+ H

,0 —> 50 + 2H+_+ 26~ (II-28)

250 —> 28 + 0, ‘ - (I1-29)
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With Yy = 0, n =14, V=2, and r = 2, a, is glven as

follows:

4 -0 o2y =1

aa >
Although these two mechaniems are not the only possibilities,
they are representative of the possible pathways for the

case of a, = 1. When_the Tafel slope is--2RT/F, a, = 1/2.
The primary ekample for this case is.tﬁe sequence of |
equations II-25 +-II-27 with the first electron transfer

now rate centrolling" For this case, the parameters in
equation IT-24 are as fdliows: n~=*4, ? =2,V - 2, r =1

and 8 = 1/2,

a, = 4 5.2 - 1/2.= 1/2

From‘these examples, the use of the Tafel slope to
differentiate between suspected mechanisms-ean‘be seen.

- For the above situations, however,.the.assumpﬁion was made
that surface coverage by adsorbed species had ne effect on
“the reaction.V.Under more common con&itions, one frequently.‘
must account for. the adsorption of reaC£ion Intermedlates on
the electrode. For these cases, oﬁe‘normally‘cqnsiders the
adsefption of a species 1n the form of‘an 1sptherm where

the concentration of:adsofbed specles (@) depends on its

bulk concentration, Thus, in equation II-25, the'forward
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rate would be dependent not ohly'on COH' but also on the
concentration of uncovered électrode sites (1-@). Suppose-
adsorption fdllows a Langmuir adsorption isotherm, and that
the hydroxyl radical is the primary adsorbed species
(designated SOH in adsorbed form). Since adsorption énd
desorption of hydroxyl radical is not 1likely to be an
impqrtant reaction (dﬁeAto its instability in solution),
equations II-25 and II-26 will be used to describe SOH
coverage. Making the initial assumption that all SO~ épecies
are rapidly used up according to II-27, the rate can be

described by:
- D - :
Ryg = Kpe@LOH™] o S (11-30)

where @ is the fractional coverage of SOH. Employing the

steady state approximation for SOH coverage, one can write:

%% = l—(\25(,l—¢)'[.OH—]>— ¢(T{.25 +'R‘26EOH-]) =0 (II-31)

and
,5[0H™]

—~ (II-32)
(o5 + kyglOl]

g -
1-¢

M =

~—

K ak
where 25 an k25

(cf. Appendix A) and the reverse of reaction II-26 1s

are electrochemical rate constants.

considered ncgligible. To lllustrate this method, two
limiting conditions will be exaimlined, It will be assumed,

in the first case, that reactioﬂ IT-25 is in equilibrium,
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< -
- That 1is, k25 >>k26[0H-]. One can then solve equation II-32
for @, obtaining:
: K,-[OH]
-2
g = 22 — (II-33)
1-+K25[0H ]
where K25 = k25/k25. Substituting for # in equation II-30

results in the expression:

S KyglO0H 17 Kyp

Rog = (II-34)

1+ K25[0H,]

Two 1imiting cases of equation II—34 will likewise be
considered. For very low surface coverage~(K25[OH"J <<1)

equation II-34 can be rewritten:

S _ a0 - 2 | A . | " \
R26_' k26K25[OH ], N (;1-35)
where Kzsican be replaced by:
- -F(E-E__)’
- W . e :
K25 = K25 ‘exp [TL} . ‘(II-36)

<.

remembering that K25'= ﬁéS/k25 which are electrochemical

rate constants. ASsuming equatién II—35‘describes the net

rate, we can write (ef. equation II-2):

. -F(E-E__) | ;'2 | B
i =vnI?A‘k26K25.exp ———ﬁﬁ——g— [OH™] - (II53Z)

A plot of E versus &n 1 would give a SlbpeA(Tafel slbpe)-
of ~RT/F and the order with respect to hydroxide lon would
be two. For the case when surface éoverage'is very high

(K25[OH—] >>1) equation II-34 becomes:
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—

Rye = ﬁé6[OH-] ' (II-38)

and since £26 is not potential dependent1 the Tafel slope
would approach infinity. " The second example using
equation II-32 is that reaction II-25 1s the slow step

(§ES‘U<§26[OH‘])' Equation II-32 can be rewritten as:

g 2 2 '
g - k25/k26 | (IT-39)

K,e/k. |
1+ k25/k26 :

Again invoking our assumption that step II-25 is slow,

we can write:
.ﬂ = kyo/kye | . ‘ (11-41)

Substituting this relationship into equation II-30,

~one obtains:

Ryg = k25[0H'] ' (II-42)

o ~8F (B-E_ )] |
1= nFA kyg[OH ] exp{—py €4 | (LL-U3)

The Tafel slope for this equation is -RT/BF and the

" hydroxide ion order is one.

_ lActually though this reaction involves no electron
transfer, it does transport a charged species (QH™) across the
double layer. Thus, some potential dependence might be
expected. -
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These cases usedAthe-limiting conditions of Zéré and
complete surface coverage.' The intermediate situatlon can
be rigoroﬁsly'determinéd under Langmuir'ccnditioﬁs by
solving for @ inAequéﬁioﬁ IT-32 and sﬁbstituting this
@ into equation II-30. .The‘solution toAthis'problem has
also been given under'conditionslof the'Temkin isotherm
(17). These situations are more complex but examples
and tabulatilons of Tafel parameters have been compiled

for fhe oxygen reactions_(lo).
D. Slow Kinetic Step

The examples considered thus far have been,fairly ideal
in assuming mass transport limitéd curren£5'and wéll—defined
9lec£rode surfacest .In the following portions 6f this
section, perturbations’on this ideal system will be
introduced. The effect of a élow'kiﬁetic process on mass
fransport equations will be shown, Then;.the effé¢t3of;
having only a partia;iy'active electrode surface will be
discussed. Finally; fecycling at the electrode surface
will be discussed as well as new metﬁods to determine its
{occurrence, qualitatiVely and qﬁantitaﬁively,

For a kinetically controlled electrén‘transfer

reaction, one can write,

i

]

nFA k(%) N ¢ s SUED
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where u 1s the reaction order with respect to the initial
(reactant) species. The current can be characterized as
kinetically limited when Cs==Cb, that is, when further
increase in the rate of mass transport does not increase
the current. This liﬁit is given by,

. T |
i, =nFAk (C7) (II1-45)
Dividing II-44 by II-LU5, one obtains

M
. Sy . , .
i [C_b] . (II-46)
k - \C ) : . . . .
Combining this equation with equation II-15, the following

equation results

ol o R )

where the current considered is cathodic. The corresponding
equation for anodic current can be acquired by combining
equations II-46 and II-16. Taking logs, equation II-47 can

be rearranged to

' 1,-1
‘ 2
log i = log i, + u log [_T;_J (II-MS)

where a plot of log i versus log'((iz-i)/iz) yields an
intercept. of log ik and a slope of u, A simplification :
arises when u = 1. Now equation II-47 can he solved for 1

"as shown below:
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" .
1[§L~+ fL) =1,
k- TR
and
1,1 ' '
/i =37+ 7 ' (II-49)
i i, .

1/2

Since i, 1s proportional to w » a plot of 1/1 versus

l/ml/2'shou1d be linear with an intercept -of 1/ik'and»
a slope of wl/z/iz. Orders other than one do not give -

this dependenﬁe.' This relatidnship 1s sometimes mofe use-
ful than the Levich equation siﬁce when'ik is less than 12
the Levich plbt'(i.ys-wl/z) is nonlinear whereas‘the above

relationship will still yield values of 1, and 1.

_E. Partially Inactive Surface

Equal‘accessibility of the electrode surface is of'»
paramount importance to the theory of é rotating disk
eléctfode. 4A problem 1s posed when one ‘has an electrodé'
‘only paPL ol which is active. This_problem is particularly
appropriate for a carbon-paste electrode., A microscopic'
view of such a surface shows islands of cafboﬁ particles
surrounded by nonéonductive nujol. Figure II-1l shbws the
surface as described by LandSberg and Thieié (99) who
developed a theory to deal with this situation. When the

'diffusion layer thickness 1s much greater than the 1lnactive
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Figure II-1. Model for partially active electrode. Active
: sites shown with radius a are surrounded by
inactive areas of radius b
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region, the lateral diffusion length of electroacﬁive species
is much lesé than the axial diffusion length, and Levich
behavior is found. The current per actlve area is much
greaﬁer, however, than if the ﬁhole<$urface were active.
With higher current densitieé at these active sites,
kinetic 1limits are reached,at’loﬁer absolﬁte current levels
‘than in the<cése wheré the whole surface is being used. As
the diffusion iayer thickness approaches the size of the
inactive sites, nonlinear diffusion becomes appreciable and
deviations from Levich behavior éré fQund, In the limiﬁ

(8 much less-tﬁan»the‘radius~of’the inactive regions)
diffusion -occurs only over the active areasAand.little non-
linear diffusion is taking place. A solution to this |

problem is shown in Appendix D and the result 1s

" or

b .S, ' ' :
. - nFAD(C -C”) -
n
TA
1. : = P (I1-51)
i nFAD(C™-C”) nFAD(C-C”)

where EAn is a tabulated constant depending on the geometry
of the active sites and §. 1In the limiting current region

172 wiil give a Straight

v(Cs;=0); a plot of 1/1 versus w
line with a nonzero intercept. Though this théory has not
been rigorously proven; it has been‘obsefved}to apply for

model electrodes. As mentioned eariier, thls theory also
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faces trouble when § approaches b (the radius of the inactive
sites) since equal accessibility of the electrode no longer
holds. One can now see that a nonzero intercept on a l/i

l/2’plo‘c can be thought of in two ways: 1) a

versus w
kinetically limited process, or 2) an electrode with a

partially blocked surface.
F. Recycling

The'use of the fing electrode in conjunction with the
disk can be very informative with respect to end products
and intermediates.' It is possible to monifor the conéen—.
tration of an electroacti?e product by settiﬂg the ring at
a potential where only that species will react. Howeﬁer,.
the real pbwer of a ring-disk electrode does not lie in the
visual portrayal of the corfesponding‘currents; but in the
kinetic relationships.which link these currents'to a
‘mechanism. One such freatment was developed for oxygen
reduction (17,18) and has subsequently been formalized and
refined (100,101). The final form takes into account
catalytic recycling originally describéd by McIntyre (102).
The reaction schemé is shown in FigurelII—Z. Thisvmechanism.
depicts thé diffusion of oxygen to the surface where it may
undergo either a two or four electron reduétion to peroxide
or hydroxide, respectively. The peroxide can'subsequentiy

be reduced (k3), disproportionated (ku), or returned to the



| +H20+Ze ko D

Ob\———OZ —— HOZ(ads)+ OH™

‘Figure II-2. Oxygen recycling scheme

09
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solution (kﬁ). The conditions assumed in this derivation
are a diffusion 1imited regime and a bulk peroxide concen-
tration‘equal'to zero. Catalytic recycling is a direct
result of the disproportionation of peroxide to hydroxide
and oxyéen. The o0xygen formed by this process cén react
again at the eléctrodet- Unless the desorptiqn of HO2— is
Very slow, it will have no effect on the outcome of thié
analysis. Desorption is therefpre considered to be in
equilibrium. - With concentratign_of peroxide equal to gzero
in the bulk,7a11 desorbed peroxide Will diffuse into the
bulk, Thus, no second site peroxide reéctions will be

considered. Under these conditions, the disk current 1is

-given by

14 1 |

= 2F[0,%] (2 k; + T K,) . (II-52)
where 1 is determined by the fréction_of peroxide recycled
and the order with respect to oxygen.is one. Assuming
peroxide disproportionation to be first order and making

the stéady state approximation one can write

?2[02] = (kg + Ky + k) [0,H7] (I;-53)

. lTliS between one and two for zero and full conversion,‘
respectively.



62

The reverse of process two is neglected since at the
potentials of interest, back reaction is negligible.
Diffusion controlled current at the ring, where peroxide is

being oxidized, is given by

i, =2F N ky [0,H] (II-54)
where N is the ring/disk electrode efficiency.1 Xy
is given by |

ky = 0.62 A D2/3 y71/6 ,1/2 (II-55)

Substituting for {O2H_}s in equation II-54 using the

steady state relation, one obtains

. . 5 ‘
;Lr 2 F N k»_D k»2[o2]' /(k3 ’,'ku +kD)

and it follows that

1

r kD

+j -
[o}

(2 k
N (

k, . (2 kl
——-k2 + 'r] (k3 +.ku) + [ X, + 'r] (II-56)

.PlotsAof N i&/ir versus l/kD afé useful to elucidate the'
progress of oxygen reduction throughvﬁhe series~parallel
mechanism shown earlier. Applying the final equatian )
C¢rtain limiting condipions that are representative are

showh.in Figure II-3; For the casefwhere only the four-—
eléctronAreduction occurs there 1is no ring current and né

plot is possible. When bnly k2 is nonzero, the plot 1s as

le., Experimental methods section.
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Figure II-3. Theoretical N id/if curves for limiting cases:
(a) ky = k3 =k, =0, (b) ky =0,

(c) k3 = ='o, (d) all k's > Q
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shown in figuré II-3é. Thé slope is zero and the infercept ,
equal to T, Since no recycling occdrs, T (which will have
values between.one and two) is equél to one, Figure II-3b
shows the plots for kl equai to zero, .The intercept 1is
again T where T can now range from one to two. The slopes
are nonzero and positiveAand willl probably bé potential
dependent since oniy ku and'kD will be potential independent.
When k3 and ku are zero, the slope 1is again zero but the
intercept is greater than T and dependent on the value
2k /k2, which will also likely be potential dependent.
When all the reactions have nonzero rates, the slopes and
intercepts will all be greater thén‘zérq and'r,'respectively,A
and also potential dependent. |

In this‘section the mathematics and theory used to
develop the present study have been deécribed, Since a
rotating disk electrode.was the primary tool, all kinetic
relationships have been developed with‘it in mind. .Adjust,
ments of the theory,‘whgn appropriate, .to account for the

behavior of carbon paste electrodes have been included.
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ITI. EXPERIMENTAL
A. Materials

All oxygen reduction experiments were done using a
graphite paste electrode (GPE) as the disk of a rotating ring
disk electrodé (RRDE). Spectral graphite (sp~2 powder from .
Union Carbide) was used which had total maximum allowable
impurities of 6.0 ppm... The major reported impurity was iron
at .6 ppm. The oil used to make the paste was nujol - (USP #21
mineral oil from Standard 0il Co.) whoée major impurities
were trace 1evéls of.iron and copper as determined by.X—ray
fluorescence. Triply distilled water was used for ali
solutions with the second stage bolling from a basic
permanganate solutionﬂ Certifiea A.C,S, sodium hydroxide
(Fisher Scientific Co,) was used for all‘l M NaOH solutions.
Oxygen and nifrogen (from the Air Products Co.) were
supplied in standard'cylinders. Typical analyses of the
gases showed the major contaminant in the nitrogen to be
argon at 14 ppm, and in oxygén, nitrogen was the hajbf
impurity at 55 ppm. No purification was uséd for eitherlgas
- stream. Eariier use of é heated copper-on-asbestos oxygén
getter for the nitrogen stream proved unneeded, The gases
were bubbled through distilled water befqre enterihg the
reaction cell. This was done to prevent the evaporation of

~water from the reaction cell during the experiment,
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Metal catalysts wére deposited on the electrodes from
plating solutions of the réspectivé metals. A 10% platinic
chloride solution (Reageht,grade from Fisher Scientific Co.)
was diluted to 0;1% in 1 M HC1l, and a 0.4% auric chloride
solution waé made ﬁsiﬁg'éhlorauric(III) acid trihydrate -
(Reagent grade from Fisher Scientific'Co.), Silver niﬁrate,
sodium cyanide (Reagent grade from the Baker Chem;cal‘Co.)
and sodium carbonate (Certifiéd AfC.S; from Fisher Scienfific
Cq.) were used to prepare the silver platihg solution of:
0.04% silver. All metal catalysts were electrodeposited onto'
the graphite paste; ih addition to this, silver and platinum
were reduced in an aqueous graphite slurry(td provide an’
additional method of cétalyst deposition. . The métél macro-
éyclic compounds were intréducéd directly inté‘the solution
used. The cobalt.and‘irén porphyrin catalyStS'weré furnished
by Ted Kuwana and Ray Chan'at Ohio State University,“Coiumbus,
Ohio (66,68). The porphyrins were qualitatively ideﬁtified
using U.V./vis. spectrophotometry.

The electrochemicai cell used is shdwn‘in Flgures III-1
and III-2, Figure III-1 shows the ‘body of the cell. The
water jacket is shown in the side view while the five
anclllary ports are shown in the'top view. The central
opehing acéommddates ﬁhe RRDE while'thé'side ports hold the
gas dlspersion tube (Figureliii—2a),.the counter ele@trqde

holder (Flgure III-2b), and the reference electrode salt



side view

Figure III-1.
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top view

Electrochemical cell. The RRDE enters the
center opening in the top view while the
other ports hold the ancillary glassware
shown in Figure III-2
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Figure III-2, Ancillary devices used with the electro-
chemical cell:  (a) counter electrode
holder, (b) gas bubbler, (c) reference
electrode bridge
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bridge (Figure IIi-2c). The extra port was used for
insertion of electroaétive materials while an experiment
was in progress. A flat piece of Teflon in the Shape of a
washer was used to cover the central opening while the RRDE
was in the celi. This was done to exclude foreign substances
Affom‘the cell and to prevent back flow of oxygen into a
nitrogen saturated éell. Figure III-3 shows fhe electrode
used in most of the experiments. This electrode, from Pine
Instrument Company, was constructed with a disk-shaped
cavity on the electrode face as shown. The dimensions of
this electrode and of a similar electréde of "in-house"
construction are shown in Table III-1. The‘efficiency

(calculated) of each of these electrodes is also included.

Table. ITI-1. Dimensions and efficiency of both electrodes
‘used in this study: ry = disk radius,

r, = inner radius of the ring, r; = outer ring

2
radius, as determined by a traveling
microscope. N is the percent efficiency
calculated as in reference 83

_ o Electrode
Dimension Pine Instruments " Ames Laboratory
(cm) : ' ’
vy 0.319 0.476
r, 0.395 | 0.548
ry 0.410 . 0,584
A (aisk)  0.320 cm® 0.712 cm?

&N ' 18% 16%
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Figure III~3. Pine Instrument RRDE showing hollow disk
: cavity for the GP electrode
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The disk and ring are separated by‘a Teflon or epoxy spacer
which extends from the electrode face to the ring uiper
contact. The reference electrode was a saturated calomel
electrode (SCE). A gold wire was used as the counter
electrode for all experiments.

Different oxygen/nitrogen ratios were metered into the
cell using two Mathison R7630 gas flowmeters to control the
amount of each gas. Oxygen partial pressures of 0.01 to
1.0 atmosphere in nitrogen could be obtained by this method;

The temperature oath consisted of a thermostat—
Acontrolled heater, a stirrer/circulator pump, and cooling
coils. The temperature was commonly kept to within 0.2 C
of 25.0 C.

The electrode rotator was a variable speed ASR rotator
from Pine Instrument Company. The speed was set‘using a
ten turn pot accurate to 1% of the dial reading. Speeds
from 0 to 10,600 RPM were available with guaranteed
linearity above 200 RPM. Silver-graphite wipers were
mounted on the rotator for contact to the ring and disk
electrodes. These wipers were electrically connected to the
RDE-2 potentiostat, also from Pine Instruments. The
potentiostat controlied the potential of the ring and disk
electrode utilizing a counter electrode and the SCE reference
electrode, The potential of either electrode could be set

at a constant value or varied using a triangular wave. The
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current outputs for both electrodes were monitored using a

Moseley 7000 Autograph and an Electro Instruments SOO.
‘B. Methods

The graphite paste was made according to Adams (84)
with 1.0 gram of graphite to 0.6 érams of nujol. The
mixture was then stirred with a spatula until it had a
consistency approaching that of peaﬁut butter. The paste
was deposited in ﬁhe diék cévity of thé RRDE and carefully
smooﬁhed using a metal spatula. . Thé-surface‘of ﬁhe electrode
outside the disk was carefully wiped clear of any_remaining
paste. - | |

'The cell components were rinsed thrée times in triply
distilled water prior to addition of the electrolyte.
Electrolyte was aiso added tb thé counter electrode holder
and the referenée electrode apparatus.;lThis wa# done by
using a suction bulb and the reference electrode stopcock
to draw solution up past the'stopcock.ﬁ Addition of solution
to'thé side arm completed the connectioh'from the Luggin
capillary to the referenée electrode holder. Care was taken
to eliminate all bubbles from the reference bridge as well
as the disk electrode sﬁrface to prevent undue noise.
Neglect of these precautiéns resulted not only in increased
output noise buﬁ aléo”direct potentiostat failure; After

the electrolyte was added, the appropriate.gas was bubbled
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in the soiution for at least fifteen minutes. The gas
dispersion device could then be switchéd to flow gas over
the electrolyte surface. At thils time, all electrode
apparatus, especially the Ldggin capillary, were inspected
for and freed of any clinging'bubbles. This procedure was
repeated each time gas was bubbled in the solution. Prior
to recording data, the optimum ring potential was |
determined. To obtain this potential, current versus
voltage (I/E) scans were mohitored for the ring electrode
alone, That is, ringlvoltage waS‘écanned over a specified
range using a triangular wave while current was recorded,
The optimum potential was approximated as the most oxidizing
potential on the limiting current ﬁlateau for the component
of interest. After the ring potential was set,‘sufficient
time'was allowed for the ring to establish a steady state
current. The disk electrode was commohl& scanned for about
ten minutes to obtain repeatable scaps. No other pre-~
treatment‘was used for electrodes or materials.“During an
experimeﬁt, I/E scans were recarded for the disk as well as
the ring, that is, ring current versus §;§E voltage. In
this way a product or intermediate of the disk reaction
could be monitored at the ring,

In a typical experiment, several different scans were
taken to determine other characteristics ofbthe electrode

reaction; A baseline (N2 saturated solution) scan was always
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taken to‘make sure the electrode had no leaks, that is,
aqueous canals penetrating the disk surface to the electrode
shaft. Leaks were easily determined as anoﬁalous currents
and the only way to alleviate this problem was to make a
new electrode. A good background'scan on a GPE 1s shown in
Figure III-4 and over most of its range has a current less
than one pA. The backgrouhd currents were subtracted from
the currents:recorded'with oxygen in the solution. Scans

. were recorded at a one or two yolts per minute scan rate.
Faster rates introduced more hysteresis.into the I/E scans
while lower rates did not significantly decrease hysteresis.
The voltage range used in the scans varied somewhat but the
widest range used was -1.5 to +0.6 volts, Within these
limits,'background currents on the graphite paste were

less than 5 uA with‘no characteristic peaks or waves. An
initial experiment was done to calibrate the flowmeters and
oxygen concentration was investigated for the purpose of
estimating liﬁiting currents, According to the Levich

equation (82), the limiting. current is gilven by

1, = 0.62 nFaD?/ 3y "1/6 1/2 o (ITI-1)
| | 2 .

“using symbols pfeviously defined, Experimental values are
required for D, v, w, and Cg . v is estimated as 1072

N~
cm2/sec for a-1 M KOH solution (103). w is easily determined

from the rotation speed, D and Cg depend on the electrolyte
2 - .



Figure III-4.
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I/E wave for a GP electrode in 1 M NaOH
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and 1its concentration.  The concentrétion of" oxygen in ‘
solution has been related to electrblyté concentration for

KOH (103) and this relation has. been found vaiid Tor NaOH
solutions also (104). This equation calculated oxygen
concentration assuming Poé = 760 mm Hg. Corrections to this
value for barometric¢ pressure and the vapor pressure of watef |
in the gas stream can be estimatéd, Tﬁése latter two

 corrections decrease the PO "over an oxygen saturated

_ 2
solution from 760 to 715 mm Hg. Assuming Henrys!' law

(i.e., in dilute so1utions concentrations'are directly pro-
portional to partial pressure of a solute in the'gas phase)

the value of the oxygen concentratioh is 1.19 x 107'3 moles/

liter. The equation from reference (1Q3) is

log 002 = log[CO2(dilute)] - 0.1746 + Cypog = (III-2)

Accordingly, 002 = 8.1'x 107" moles/liter in 1 M NaOH. - The'
diffusion coéfficient'for.oxygen similarly decreases with

’ incréasing electrolyte concentration, A value fdr DAof- |
1.75 x 10"5 cm2/sec.was obtained from a D versus percent KOH_
plot in reference (105). To check on these values, oxygen
Was reduced at a dropping'ﬁercury electrdde (DME).' A
diffusion limited current is observed for oxygen reduction
"on a DME involving two-électrohs pér oxygen molecule,
Agcording té_thé Ilkovic equatiqn,'current to é DMEvis given

by ' . , .
4= 706 n * m2/3 t1/6 pl/2 b , - (III-3)
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where m is the mercury flow rate in mg/sec, and t is the

drop time in secohds. From this experiment a value of
1/2 b
05
saturated solution. Using the previously obtained values

172 COZ is 3.41 x 10-6. Thus, either my polarographic

values are too high or the estimated values are too low.

3.89 x 107% was calculated for D CA~° in an oxygen

D

Values of D obtained by polarography are sometimes highér'
than those obtalned by other methods (104). The calculated
limiting currents have:been tabulated for different w in

Table IIT-2. The polarographic data were also used to

Table III-2, Dimiting currenté for the Pine electrode
calculated using equation III-1

w . w [ W ]1/2 4
RPM Rad/sec (Rad/sec) 10—3 Amps
100 10.5 3.24 : 0.292
225 23.6 . 4.85. 0.437
400 41.9 ©6.47 0,583
900 94,2 9.71 . 0.875

1600 167.5 12.94 | 1.166

The following values were used in calculating 12

n=14

A = 0.320 cm®

N =1.75 x 107° cmz/scc
c® = 8.1 x 10™" Moles/L
v =1.0 x 102 cm?/sec
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calibrate the flowmeters by metering in several different
oxygen/nitrogen ratios énd recording the limiting curreﬁt
for oxygen reduction. Other preliminary experiments had two
primary objectives; 1) tb insure that a graphiﬁe paste
functioned properly as a disk, and 2) to determine what ring
electrode worked best for the detéction of peroxide. To
test thé GP RRDE, the experimental efficiency (N), calcu-
lated as the ring-to-disk Current ratio in the collection
modé, is compared ‘to the thepretically*calcﬁlated N (83).
The theoreticai efficieﬁcy of the electrode hsed most'was
18%. Table III-3 shows experimental efficiencies for all

calibration runs on this'elebtrode. The experimental -

Table III-3, Percent efficiencies (N x 100) for four
' ‘different GPE electrodes as determined by
.calibration using the,Fe(CN)6 couple

w . _ N
=B 100 - 225 400 900 1600
S 17.1 17.2 16.2 15,2 1.2
IN ‘18.5 16.7 15.1 ~14.5
- 18.1 ' 16.1 15.4 13.7
17.5 .16.8 . 16.5 15.6 14.7
Ave. . 17.8  17.0 ‘16.4 - . 15.3 14.3

Std. Dev. £0.62 . %0.28 £0.22 +0.44
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efficiency was very near the theoretical value at low‘RPM;
however, as w incfeased, experimental efficiencies showed a
negative deviation. The nonideal GPE surface was most likely
the cause of the deviation. At higher rotation speeds, the
fluid floﬁ at the disk probably is nonlamlnar since at

100 RPM the diffusion layer decreases to near the radius

of the 200 mesh graphite particles_(6.4 X 10"3 cm). This
is a serious problem for studies when the efficiency must
be accurately known. For this reason, the electrode was
usually calib:afed when the paste electrode was renewed.
Another problem encountered in this study was the difficulty
of determining limiting curfent plateaus, As shown in
Figure III-5, the disk current at the graphite paste
electrode never réached a diffusion limited plateau as in
~Figure I-9. There are several ways to determine the
'limiting slope for these data. The method used in this
work is described as the most consistent of several
empirical methods used in reference 106‘. For the plotf in
Figure III-5, a line would first be drawri through the
contihually rising portion where the limiting platéaul

. should be, Then the current at which this line and the
curve depart is used as the limiting current. 'Although
there is no rigorous theory to back up this method, the

general idea 1s that iIn the region of the limiting current
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Figure III-5. I/E wave on a GP electrode in 1 M Na,SO, with 1073 M
ferri/ferrocyanide o

08



81

another reaction takes place that should be separated from
the first reaction;

In addition to being microscopically rough; the graphite
paste can also be dgformed. This ;éads to ‘an upper limit
on the rotation rate. At 3606 RPM, the graphite paste
became concave and some graphite was spun out into the
solution, The upper limit was determinedito be-about
1600 RPM and all data are taken at and below thié value,
Thus, a GPE appears to be useful in an RRDE configuration
although certain limitations and simple corrections must  be
observed for accurate work, |

The second objective of these preliminary experiménts
was to ascertain what ring material would best determine
peroxide in basic solution. The Pine_electfode came
equipped wiﬁh a platinum ring; however, gold could be piated
over the platinum thus creating a gold ring, A gold ring
was used originally because platiﬁum; in acid solution,>is
gradually deactivated to peroxide oxidation as a function
of time; This deactivation 1s thought to be due to adsorp-
~tion of impurities from the solution.- Gold does not suffer
this fate in acid solution and thus is a likely candidate
for the ring. However, in basic solution the tables are
turned. Gold 1is deactivated at potentials necesséry fof
peroxide oxidation while platinum remains active, The

reason for this can be seen in Figures III-6 and III-7.



M Amps

‘Figure III-6.

—
—

) 1 1
=

L | P L ]

E (voLTS Vs sCE)

I/E scar.s on a gold electrode in 1 M NaOH, (a) no peroxide, :

(b) 10 -3 M peroxide in solution-
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E (voLTS Vs sCE)

Figure III;7. I/E scans shown on a platinum electrode in
1 M NaOH; (a) peroxide free solution,
(b) 1073 M peroxide in solution
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In Figure III-6, a gold electrode is scanned in 1073 M
peroxide and peroxide:free soiutions. As the potential 1s
scanned p@sitive from zero in the peroxide free solution,
anodic current cprresponding to gold Qxide formation appears.
As the scan is reverséd, the reduction of the gold oxide
appears with a cathodic peak at about zero volts. When
peroxide is addedvto the solﬁtion, a large anodic wave is
seen for peroxide oxidation that'diminisheS'as soon as the
formation of the gold oxide begins. Thus, for gold in

basic solution, the formation of a'gold oxide appears to
inhibit the oxidation of peroxide} Figure III-7 shows the
same scans for a platinum eledtrode. In this case the

oxide is formed before peroxidevoxidatipn begins and no
decrease 1n peroxide oxidation occurs on the anodic wéve.
'Thus, plétinum appe&rs to be the choice-for a ring electrode
in basic solution. The groundwork has now been lald for the
study Of.oxygen reductidn.‘,Graphite paste can be a useful
electrode in an RRDE whén uéed uﬁder the.proper rotation
speed restrictions. The Pingvdoes effectively detect
éhanges in concentration of electroactive species caused

by the disk. N, however, should be determined fof each

. electrode used. And finally, the platinum ring seemé fo be
the best choice for detection of peroxide formed at the
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IV. RESULTS AND DISCUSSION

Oxygen reduction was studied at a4GPE which was used as
the disk Qan RRDE. The enhancements realized by adding
catalysts to the GPE Were also studied. The GPE was shown
to reduce oxygen by a -two electron pathway resulting in
peroxide. The I/E data show two waves which may be due to-
different "active sites" on the carbon surface. The
presence of gold, silver, or platinum on the GPE shifts the
half wave potential 0.6 to 0.8 volts in the positive
direction. The daﬁa indicate that the limiting process is
the first electron transfer (or oxygen adsorption).
Comparison of these electrodes with solid metal electrodes
shows some similarities. Both gold electrodes and both
platinumielectrodes showed similar characteristics in
nitrogen saturated solution. 1In oxygenated‘solution
the catalyzed GPE electrodes produced more peroxide than
~their solid counterparts. The intefmediate catalysis of
metal porphyrins is also shown. Their‘activity is related

_to the oxidation/reduction wave for the porphyrin.
A. Graphite Paste

Ring and disk currents are shown in Figure IV-1 as
functions of potential for oxygen reduction on a GPE in 1 M
NaOH. The platinum ring was potentiostated at +0.47 volts

versus the SCE where previous experiments had indicated that
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.2 volts
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1
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Figure IV-1. I/E scans of oxygen reduction on a GPE disk in
: ‘ 1 M NaOH. Ring currents are due to the
oxidation of peroxide formed at the disk
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peroxide oxidation was diffusion controlled. The data show
that oxygen reduction 15 a two wéve process consisting of a
small initial wave and a large second wave. While the first
wave exhibits an apparent limiting current.plateau, it is
not dependent on the electrode rotation rate, The second.
wave, which only approaches a limiting_plateau, equals the
calculated limiting current only at the cathodic limit.
This wave is dependent on rotation rate és is shown in
Figure IV-2, Both waves produce peroxide as is showo by
‘the ring current in Figure IV-1. The plots shown in

Figure IV-3 indicate that the reduction process is first
order in oxygen concentration (as explained in section
'III.D). Plots of N 1471, versus w12 are frequently used
in studying oxygen reduction to determine the path of the
reaction., These data for a GPE are shown in Figure IV-4,
The zero slope of this plot indicatee‘that the rate of
decomposition and reduction of peroxide at the GPE is much
iess‘than the rate of‘its formation. The intercept of
approximately one indicates that in'addition, almost no
four-electron reduction of okygen occurs. Thus, the over-

all reaction occurring at a GPE is

- - - -
o2 + H2O + 2e = 02H + OH (IV-1)

with peroxide ion the principal product in 1.0 M NaOH,
Plots of E versus log[(izyci)/(iz-i)] are used to obtain

the Tafel slope according to the following equation:
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Figure IV—2. ii VS. wl/2 for oxygen reductidn in 1 M NaOH -

on several GPE's. The solid 1line representé .

theoretical data for a two electron oxygen
.reduction '
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Figure IV-3. l/i(disk) VS. w
GPE in 1 M NaOH, The different potentlals used
are shown '



90

4L
Nig
"ok - -8
1 oo~ to
' , | -1.5
S | :
0] A 2 .3
I =112
( w ) :
' Rad/sec

_Figuré IV-4. N id/ir versus w'1/2 for oxygen reduction.in
1 M NaOH on a GPE. Data showed little
variation between potentials of -0.8 to ~1.5
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E=E_ _+ RT RT

eq “—_2.3 OLCF log lO - W log £{(1i) (IVv-2)

where f£(i) = [i, x i/(iZ - i)]. PFigure IV-5 shows a plot

L
of this type where the limiting current was determined as
described in section III-B. The slopes vary with rotation
speed, 150 mV (per décade f(i)) at low rotation speeds and
about 180 mV at the highest rotation speed. A plot of

log iO veréus the log of oxygen partial pressure, shown

in Figure IV-6, can be used to determine the order of the
reaction with respect to oxygen. This plot gives a value

of 1.15 and weighing this value with the data of Figure

IV-3 the oxygen order is assumed to be, one,

‘These data disagree on‘some basic points with previous
studies of oxygen reduction on graphite and carbon. 1In
Figure IV?7 some representative -results of,previoﬁs work
are compared to the present data. The primary difference
between my data and those of others is the size of the
current at the first wave. Although mdst comparable data
show much greater currents at the first wave, theéeApreviousA
workers also find that‘the current on'the wave is not
linearly dependent on wl/2 as would be predicted by the
Levich equation, as was the case for my work. The cause of
these two waves is disputed. Some work by Brezina and

Hofmanova-Matejkova (93) was interpreted as showing that the

first wave resulted from oxygen reduction to peroxide while
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‘Figure IV-5. Tafel plots for cxygen reduction on a GPE in 1 M NaOH at okygén
- pressures of (a) 1.0, (b) 0.286, (c) 0.047 and (d) 0.011 atmospheres
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I/E wave for oxygen reduction on diffeérent
carbon electrodes: () Taylor and Humffray
(35), (o) Brezina and Hofmanova-Matejkova (93),
() Morcos and Yeager (38), () present work.

(®) Results for peroxide reduction on a
graphite electrode (35)
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the second wave was caused by the further reduction of
peroxide. This idea disagfees with the data of the present;
study as little reaction of peroxide is found. Furthermore,
work in this laboratory and others (35) shows that: the
reduction Qf peroxide on graphite does not begin until at
least -1,2 volts and even at this potentlial the current is
much less than fér a diffusion limited process. These data
are also showh in Figure IV-7. In most of these studies
the second wave shows a limiting plateau at approximately
the calculated current for a two-electron process, Another
explahation for the first wave is the.existence of certain.
active groups on the surface of the GPE‘which will catalyze
oxygen reduction. This_was‘shown in some work by Morcos
and Yeager (38). 1In this study, oxygén reduction on the

~ cleavage plane‘of highly oriented graphite substrates was
compared to the same reaction on the edge planes of these
materials., The first wave on the cleavage pianes Was found
to be very small, whi1e the edge plaﬁes showed behavior
simi;ar to the graphite eléctrodes in’previously clted
studies. The results for oxygen reduction on graphites basal
plane agree with data in the brésentlstudy. A suggested

~ reason for the lack of reactivity of the basal plane is 1ts
lack of surface redox groups and defect structures, iThe
corollary for a GPE is that_the edge sites are coveréd‘by

the oll or that the graphite particles have the preponderance
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of their‘area taken up by basal graphite planes, It has

been found in the present study.that the amount of nujol

used in the paste can'shift_the wave for oxygen reduction;
This indicates that the oll has some effect on the active
sites of the graphite particles. With inoreasing

proportions of nujol, the seoond wave 1is shifted'increasingly
in the cathodic direction. For this reason, a constant
composition: of paste was used'for all the‘results reported.

A final possibility that the first wave could.be caused by
traces of'catalytic metals was also conslidered. The only
impurity in the graphite that could possibly be catalytic
‘was iron (present at the 0.6 ppm level). Therefore,

graphite doped with ferric iron at the 100 ppm level was -
tested as an electrode: The results‘of-this experiment were
identical to those on the nndoped GPE. Thus, the possibility
of catalysis by a metal impurity was discounted.

A comparison:of Tafel slopes from this study and'from
previous results is shown in Table IV-1. The scatter in
slopes is frequently attributed to the variable nature of a
graphite or carbon surface.‘ The shift of Tafel slopes from
low‘current to high current regimes is a notable phenoﬁenon
in several studies. If the correct-Tafel slope is assnmed
to be about 120 mV/decade f(1) for the low current conditions

the following sequence is a possibility



Table IV-1. Tafel slopes

for oxygen reduction on carbon electrodes

Electrode Conditions Tafel Slbpe Reference
Paraffin filied Graphite high i 110 mV/decade £(1) 107
Paraffin filled Carbon high i 150. mV/decade f(i) 107
Pyrolytic Graphite high i 130 mV/decade f£(i) 107
Graphite Péste low.i to high i 90-120 mV/decade f(i). 93
Active Carbon high i 150-180 mV/decade f(i) 108
Glassy Carbon low i to high i 90-120 mV/decade f(1) 35
Activs Carbon low i 1bo mV/decade f(1) 94
Graphite Paste low 1 to high i 150—195 mV/decade f£(i) This work

L6



98

S+0;+e &= 02"(ads) Slow (IV-3)

0, (ads) + e” + H,0 —> O

2 2

H™ + OH™ (IV-4)
Using steb IV-3 as the rate limiting reaction, thé'Tafel
slope can be calculated (using equation II521 whére‘

B = 1/2) as 120 mV/decade f(i). - There are some possible
follow-ups to reaction IV-3.. Sawyef and “Seo’ (14) suggest
that decomposition'(dispfqportionation)‘of superoxide ion

is faster on most surfacés than its further reduction.

They would suggest a step-like;

20,7 + H,0 —> HO,™ + 0, + OH ‘(IV-"S)

2.,f'o:c'med could be recycled
"resulting ultimately in altwotelectron'process. “The increase

in place of step IV-4 ébove. The O

in Tafel slope with increasing éurrent may lndicate a shift
of the rate determining step to a'pdtential—independent
. step. An example of this might be the initial adsorption

of an oxygen molecule

0,

+ 8 = 0,(ads) - (IV-6)
'where reaction IV-6 wduidvprecedeAstep IV~-3., The rate
determining step might shift because'aiiimited number of
sites (S) were availabie for oxygen adsorption. At low
currents, the limited number of sites do not sighificaﬁtiy
impede the reactions progress, thus the Tafel slope is about
iéo mV. At higher currents, the sites can be.swamped with '

arriving oxygens and stép'IV—6 can become the limiting step.
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This step would have a much lower dependence on electrode
potential because there aré no obvious charged species and
no charge transfer occurs. Thus, thé Tafel slope would
increase, eventually reaching infinity. This final |
situation is similar to the case for current limitation by
mass transport to the electrode, that is, small changes in
potential have no effect on the current.

Both waveé for oxygen reduction.oh a GPE'have been
shown to result in the production of peroxidé. The separa-
tion into two waves appears to be due to sites of different.
activity on the graphite surface, At low currents, the
reduction appears to be limited by the first electronv
»transfer. At higher currents, the availability of oxygen

adsorption sites appears to limit the rate.
- B. Gold

- In order to study the catalysis of a material depésited
on the GPE; I/E waves involved iﬁ oxygen reduction for both
materials must be separable. Figure IV-8 shows the
separation of the waves for oxygen reduction on a GPE and
on a& gold plated GPE. ' The incréasé in the oxygen
reduction wave at poténtials negative to ~-1.0 volts may be
due to oxygen reduction on the GP substrate, However, this
“wave could also signify the onset of the reduction of.

peroxide at this electrode. Figure IV-~9 shows the ring and
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Figure IV-8. 1I/E scans for oxygen reduction in 1 M NaOH,
Solid line shows data for a GPE. Open circles
show data for a gold plated GPE :
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disk scans for the gold plated GPE in oxygen and nitrogén '
saturated solutions. These data are compared to corres-
ponding results using an RRDE with a platinum ring and a

" gold-plated platiﬁum disk. The nitrogen saturated scans on
gold primarily show currents due to oxide formation and .
reduction. Both electrodes show similar waves for oxide
formatibn (anodic current) and oxide reduction (cathodic
current). The difference in magnitude of the cﬁrrentsA

. probably reflects the lack of total gold coverage of the
GPE. Likewise, oxygen reduction is similar on both
électrodes ih the range shown, The ring currents are also
similar with considerable hysteresis only at very negative
disk potentials. Since the‘efficiencies of both electrodes
are the same, the ratio of disk~to-ring currents for each
electrode show, by inspection, that the gold plated GPE
produces a greater percentage of peroxide as product

than the solid gold electrode. This can also be observed
by noting that under the present cohditions the limiting
current for a two—electroniprocéss is 300 pA (Table III-2),
This is’slightly less than that recorded-at the gold platéd
GPE. This can be explained by an enhanced ability of the
solid gold electrode to catalyze the four-electron
.reduction of oxygen. .A-plot of log io versus log PO_2
shown in Figure IV-lOa.gives a slope of 0.94, This, along

with the straight lines of IV-10b, indicates that the
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I/E data, for oxygen reduction on gold
electrodes in 1 M NaOH: . (a) disk current for.

- a N, saturated solution, (b) disk current for

oxygen'saturatéd solution5 (¢) ring current in B

.an oxygen saturated solution; (~~-) solid gold

RRDE, (—) gold plated GPE
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Figure IV-10. Oxygen order plots for oxygen reduction on a
' gold plated GPE: (a) log io versus log PO

i 2
and (b) 1/i versus w’l/g
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reaction is first order. Plots of Nid/ir obtained from
experimental data'are shown in Figure IV-11. These data
show two trendslfor the.reaction of peroxide atAthe gold
plate GPE. At more positive potentials (near'the front of
the first wave) the further reaction of peroxide'decreases
at more cathodic potentials. That is, the slope of-the:

Ni /i, versus w_1/2,curve ([2 k /k + T][k -+k4]/

0.62 AD 2/3,-1/6

) decreases while the intercept (2 k /k + 1)
is constant. Thus, the decrease in slope must be due to»the

decrease in k., '+ kh’ which are constants describing the rate

3
of reaction.of peroxide at the disk. With an intercept of
about 1.5 and t > 1, the ratio of k;/k, is less than 0.5
and indicates the'two'electron pathway is dominant under
'these conditions. With increasing potential (near the
second wave), both the intercept and the slope of the plots
in Flgure IV-1l1l increase, However, the value of about 3.5
for the intercept shows that most of the oxygen is}reduced
by the two electron mechanisml with an enhanced rate of
| peroxide reaction. This increase in slope noted near the

. edge .of the first wave was also shown in other work on.solid :

gold electrodes (37).

lThlS assumes that Tt is near two reflecting the increase
in peroxide reaction.
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Figure IV-11. Nid/ir versus w plots for oxygen reduction

on a gold plated GPE at different potentials
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Table IV-2 compares the Tafel slope obtalned from these
electrodes to literature data; oxygen orders are also

included. Of significance here, again, is the apparent

Table IV-2. Tafel slopes for oxygen reduction on gold in
basic solution _

Electrode R Tafel Slope O2 order = Reference
Au on GPE ~ '120~130 mV/decade f(1) 1 This work
Au on Pt RRDE = . 100 mV/decade f(i) 1 This work
Au disk A36-100JmV/decade (1) 1 109

' ' 1 37

Au disk o 115 mV/decade f(i)

change of slope going from low to high c&frent levels (109).
In work where the cufrent/voltége scan fechnidue was used.
(37), only the higher Elope resulted. . This is due toAthe A
fact that,Aid general, this technique utiiizes those |
currents greatérithahAabbut'lo% of ilim; Thcoc'authoro alod
found a dependenée of the Tafél_slopelon w and attributed.it'
to the simultanédus occurrence of twoxelectrodé processes,
i;e., a two and a four electrode process. The Tafel slope
(about 120 mV per'decade £(1)) agrees with that of a reaction
'controlled'by'the first electron transfer step and the
mechaniém couid be similar‘tb oxygen reductién on graphite

(37). 'Thﬁs, the first step could again be represented by
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equation IV-3 fOliowed by equation IV-4, IV~5, or both. In
addition to this, some of the peroxide formed is further
reacted. The most likely process for this involves
disproportionation of the peroxide via the following

process:

2 HO2 _—> O2

4+ 2 oH™ o (Iv-T)

where the oxygen forméd can again be reduced at the disk.
Oxygen reduction on a gold plated'GPE appears to be

similar to the same.reacfion on 'a solid gold electrode. All

: mechanistic indicators give approximately the same values,

i.e., Tafel slope and order with respect to oxygen.

Finally, the direct cqmparison of oxygen reduction waves

on both kinds of gold electrodes shows that gold plated

graphite is similar to bulk gold both in nitrogen and

oxygen saturated solutions.
C., Silver

Silver is a catalyst for'oxygen reduction in basic
solutions whose activity is similar to'that of gpld and
platinum. A silvér eleétrodeposit on graphite appears
to form a fairly porous layer. Oxygen‘can chemisorb
‘on silver in various forms differing in bond strength
(21). The method of deposition of the silver on a

graphite electrode may provide different environments for
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approaching oxygen molecules, thus reeulting in different
forms of bound oxygen; These different silver active sites
- have been held to lead to different oxygen reduction kinetics
(97). The data obfained in this study indicate that the.
limiting pfocess for oxygen reduction is similar on all
silver electrodes used. However, the amount of peroxide
produced as product is'greater on the silver loaded'GPE's
than on soiid silver. . |

Figure IV—i2 shows the data for oxygen reduction on.
silver eleotrodee. The'background scans are featurelese
except for the silver plated GPE. This ecan shows tﬁo
'anodic peaks which are’probably due to okide formation.
The corresponding oxide feduction peaks are shown on the
cathodic scah. 'The identification of these peaks 1is based
on similar results'found'inAreference 110. The absence of
these peaks with the other two-electrodes'indicates the
presence of active sites available only‘on the silver plated
GPE, Moroos (97) has earlier reported that'silver electroQ
deposition on graphite produced a silver more active for
oxygen reduction. The present data for oxygen'reductiop on
thisfsurface‘indicatelfhat the'reaction'is less reversible
than‘on the other silver electrodes. More peroxide is
formed as product on the graphite electrodes than on the

1/2

solid silver electrode. Plots of l/id'versus W indicate

‘(Figure IV-13) that the reduction is first order in oxygen.
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Figure IV-12. I/E scans for oxygen reduction on silver
electrodes: (a) disk -current. in a N,

saturated solution, (b) disk current in an 0,

saturated solution, and (c¢) ring current in
an oxygen saturated solution; (~~~) solid
silver RRDE, (——) silver plated GPE, (=+-*)
reduced silver GPE
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Figure IV-13, 1/i (disk) versus w_ :
: on a silver plated GPE at different potentials
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Figure IV-14 shows plots of Nig/1i, versus w” for ‘the

silver electrodes. The low intercept for plots from the
silver plate GPE give the fbllowing relationship:

2 kl/k2‘+ T = 2
(ef., eq. ITI-48 and subsequent discussion). By inspection

one sees that the ratio of sliope to intercept in these plots

gives
slope - k3 * ku
intercept ‘O 62 AD2/3v—l/6
or |
slope . _ ‘ ey ' _
intercept Kk3.+ ku)/k', _ (1v 8),
where ky = k' @1/2_ B _ (IV-9)

Tﬁe increase in slope with fairly constant or decreasing‘
intercept indicates that further reaction of peroxide
increases at potentials greater than about ~0,9 on both
électrodes. Moreover, the data fof the sllver plated GPE
1500
This means that on'this electrode most of the oxygen is

agree closely with case b of'Figure II-3; 1.e., k

reduced via the peroxide route. This is apparenfly hoﬁ 50
for the reduced silver graphite-paste.i-Data for ﬁhis
electrode are similar to case d of Figure II-3'in . .

which both two and four-eléctron reducﬁiop of oxygen occurs,
as well as further reaction. of peroiidé.““At more cathodic

pbtentials, the four electron reduction slows while the two
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electron reduction rate increases as shown by the increase
in the slope/intercept ratio. Even so, the lowest intercept
shows that the kl/k2 ratio is greater than one. The ring
current for the solid silver disk RRDE is so low that N:Ld/ir
for this electrode would be off the scale of the piots shown
in Figure IV~14, Thus, on the solid-silﬁer electrode as well
és the reduced silver GPE, oxygen reduction goes brimarily by
the four electron process., On the silver plate GPE, the
major process 1is the two electron mechanism forming peroxide.
The data frdm the Tafel'plots are shown in Table IV-3.

The slopes are all close to 120 mV/decade f(i) which means -

Table IV-3, Tafel slopes for oxygen reduction in 1 M'NaOH
on silver electrodes o

Electrode | Tafel slope mV/decade f (1)
Ag plate Pt RRDE - A 122
Ag plate GP RRDE 127
Ag/Gr Paste . ' . 133

that again the first eléctron transfer step is rate limiting;
For the silver plated'GPE, which :educed qugeh primarily by
the peroxide route, the mechanism is probably similar to that
on gold, that ié; reaction IV-3 followed: by IV-S and IV-T7, |
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On the other silver electrodes, a direct four electron
mechanism appears to be the major pathway. A possibility

for this is the following mechanism:

> 02—(ads) (IV-3)

O2 + S + e
0, (ads) + S + e ——> 2 0 (ads) (IV-10)
O (ads) + H.O + e —> S + 2 OH™ (IV-11)

2
In this mechanism the first step is the initial oxygen
adsorption and electfon transfer. With the first electron
transfer as the rate determining step, it is not surprising
that the oxygen reduction wave is similar to that on gold.
Thus, the.first step in oxygen reduction on all silver
catalysts appears to be the same according to the Tafel‘
slope. The paths aftér the first step appear to be
different for the two_batalyéed electrodes. The electro-
plated catalyst éppears to give'more peroxlide as product
than the reduced silvef/graphite paste. The reduced silver
GPE reduces oxygen primarily by a four electron process
while the siiver platgd GPE utilizes the fwo electron
mechanism with subsequent decomposition or fﬁrther reduction

of the peroxide,

D, Platinum

1]

A serious difficulty was experienced with the platinum

plate GPE., The platinum did not adhere well to the GPE and
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would fall off the surface after its initial depositioﬁ.
Due to this, all dataArepqrted here were taken from the
reduced platinum GPE and the solid platinum electrode,
Figure IV-15 shows the data from éll the I/E curves for
oxygen reduction on platinum electrodes. For both electrodes
the amount of peroxide formed is felatively.smali. Figure
IV-16 shows that the primary route'féf oxygen reductioﬁ is
the direct four electron route. The catalyzed GPE showed a
higher perdentagé of pefbxide than the solidApiatinum
electrode. On solid‘platinum,_the direct four electron’
mechanism is the dominant pathway és shown’by the value of
the intercepts:

2 ky/ky + T > 8
If T'can be no greater thah'twb,,the ratio of kl/k2 isz-
greater than three. On the reduced'platinum GPE, the raﬁio'
of kl/k2 is - close to one. .The Tafel piots for'the reduced
platinum GPE had é'steadily increasing slope, This behavior
normally indicates that mass transport'limitat;ons have set'
in; however, the currents (as shown in-Figure‘IV—IS) afe
‘much less than the predicted limiting currents. This méy
méan that there wefe few active piatinum sites on the GPE
- surface. The result of this would be the onset of mass
transport limitations at currents less than those prediqted
by the Levich eqﬁation. The oxygen order plots (Figure |

IV-17) indicate that the reduction of oxygen on a platinum
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catalyzed GPE 1s first order. Thus, the reduction of ¢xygen
on platinum appears to be similar to its reduction on silver.
At least half of the oxygen reacted goes by the four

electron route.
E.  Porphyrin

Among the more novel catalysts used for oxygen. .
reduction are compounds which mimic biological oxygen
electrocatalysts. Porphyrins, nature's major electron
transfer agents, fall into this category. Work thus far
ShowsAtheir catalysis to be 1esé effeqtive than that of .
noble metals. These catalysts work by the redox meﬁhod
introduced previously. They offér an advantage in thét a
barticular porphyrin can be syntheéizéd‘which has some -
particular advantages for oxygen reductioh. These possi;
‘bilities inglude making a porbhyrin‘with the optimum Eo-
and/or attaching a porphyrin to an eléctrode surface.

I/E data are shown for the porphyrins in F;gu?é IV-18.
The cocbalt porphyrin1 began reducing oxygen at a more
- positive potential but theAiron porph&rinngaVe a higherf

current. The iron pofphyrin also appears to givé less

IPhe cobalt porphyrin was insoluble in 1 M NaOH and
was essentially a dispersion of porphyrin particles in the
solutilon.
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Figure IV-18. 1I/E waves for oxygen reduction catalyzed by
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- (¢) ring currents; (-=-) 1.4 x 10"“ M cobalt

| tetra-pyridyl porphyrin, (——) 2.6 x.lo"u‘M
iron tetra~(4-n-methyl pyridyl)porphyrin




- 121

peroxide as producf'than its cobalt counterpart. This is
verified by thé data of Figure IV-19. The almost zero slope
for the cobalt porphyrin indicates that almost‘hone‘of the
peroxide reacts further. The intercept of just over one
indicates that the major product of oxygen reduction on the
éobalt porphyrin is peroxide. The iron porphyrin is a more
active catalyst for peroxide reduction as shown by the high
‘slope and low intercept. The slopes may be artificially
high due to the possibility of peroiide decomposition in the
solution between the time it leaves the disk and the timé it

1/2 are linear

reaches the ring. Plots of l/id versus w
confirming that the order with respect to oxygen 1s one.
A mechanism whiéh can explain this involves the interaction

of oxygen with a‘surface bound porphyrin group:

0, + Me(II)P(ads) —> Mé(IiI)-P-oz(ads)-' (IV-12)

Me(III)-P-O2;(ads) + H + e —>

.Me(IIi)-P(ads) + HO2—(IV-13)
| Me (III)-P(ads)e” = Me(II)-P(ads) o (IV-lH)

A Me(IIi)-P rebreéents'the metal porphyrin in the
particular valence‘state shown. ‘The potential fér oxygen
reduction using these catalysts is fréquently'related_th
.the equilibrium potential of the porphyrin. <Ihe.equilibrium
potentiai shown ih Figure IvV-18 for the iron porphyfin is
about -0.9 volts; In this same figure, the half wave

potential for oxygen reduction using the iron porphyrin is
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-0.75 volts. For the porphyrin to catalyze the oxygen
reduction at this potential requires a shift in the concen-
tration of porphyrin given by the Nernst-equation

[Fe(III)+P] _ 0.15 _
108 [Fe(I1)-P] - 0.059 ~ 2°°

Thus the cohcentration of Fe(III)+P at the electrode surface
‘must be 2.5 orders of magnitude greater than the Fe(II)-P
concentration. The rate conéﬁant'of the oxygen porphyrin
interaction has been estimated as 1 x 108 under pseudo
first order conditioné, that is, oxygenAconcentration-much

greatef than porphyrin concentration (66)

Rate .= k-[0,][Fe(II)-P] ~ (IV-15)

'The rate can be calculated to see if this reaction éould

support the observed current

Rate = (1 x 10%)+(8 x 107%)(2,6 x 107%/10%*5)

6.58 x 1072 moles/sec

The rate calculated from the observed current is given by:

Rate i/nF -

2.25 x 10‘”/96500

2.33 x 10—9_moles/sec

Obviously, the rate of the oxygen-porphyrin reaction does-

not 1limit the current at this point. Other possible -
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limiting factors are (a) méss transport, since the diffusion
coefficient of the porphyrin'is about 2 x 10"6 cm2 sec—l
(66), and (b) impure porphyrin; the actual concentratibn of
pérphyrin may be less than that calculated due to the
inclusion of nonmetal porphyrin in the catalyst;

Thus, metal porphyrins are able to mediate oxygen
reduction at a GPE. Two porphyrins have been used which
show different oxygen reduction charéctefistics._ The
currents needed to.mediate oxygen redudtion are easily

achieved by the reaction of oxygen with very low porphyrin

concentrations.
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V. CONCLUSIONS

OXygen reduction on a:GPE used as the disk for a RRDE
electrode has been stddied using triangular wave voltam-
metry. Two reduction waves were observed. Only the current

- for the second wave was. proportional to'uul/2

as described by
the Levich equation. The behavior of the first wave Wés
compared to previous results for oxygen reduction on ﬁhe
basal plane of highly oriented»graphité'crystals. - Its 1ack'A

of dependence on w1/2

has previously been.reported. The
formation of a limiting current plateau indicates that a
mass transport limited'rate has been establishe¢ but this
rate is not dependent on the diffusién layer thickness.A
This may be due in large part to nonlinear diffusion of
oxygen to the active sites. Sincé thé rate of use of okygen
'ét-the first wave is much less than a diffusion limited faté,
there is very 1little concentration gradient in the diffusion.
:layer. With almost nQAconcentratioﬁ gfadient, the oxygen‘
reduction curfent will show very Little dependencc on the
diffusion layer thickness,

The two waves may have been due to.sites of different
activity on the graphife surface;'the edges of the gfaph;te
crystals which éppéar to be better.ab;e,tq édsorb oxygen,

and the graphite basal plane on whidh oxygen adsorﬁtion is

inhibited.
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The limiting step.for oxygen reduction on a GPE may be
the initial adsorption step. If this step involves no

charge transfer, as in equation IV-6, the Tafel slope

0, + S = 0,(ads) ' ' (IV-6)

2
would be expected to be higher than for'a single charge
transfer reaction (i.e., equation IV—3'fof which the Tafel
slobe would be 120 mV/deéade f(1)). It is also possible,
however, that the rate is limited by the first electron
transfer. Figure A-2 in Appendix A shows the simplified
view of electron transfer at an electrode. With symmetrical
energy barriers B equals 1/2. This figure also shows how
the peak in the energy barrier can.be shifted when a
potential is applied to the electrode; In the case shown,
an anodic potential is aﬁplied and B8 is shown to be greater
than 1/2. In a similar fashion a cathodic potential may
make B less than 1/2. Since a large cathodic overpotential
was common for the conditions of these experiments, a B8
lese than 1/2 would 3eem iikely. .This may be the causé of
the Tafel slopes of abéut 180 mV/decade f(i) which would
lead to a B of 1/3. | |

Previous results of oxygen,reductionvon a GPE were
interpreted in a different manner than my‘resdlts. This
study has shown that no decomposition or further reaction
of peroxide occurs on a GPE while previous workers (93)

felt that the second wave was due to the reduétion of
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peroxide. This previous study, however, did not have thév
advantage of a ring electrode which would determine how |
much peroxide was formed at the GPE disk, Other data in
this laboratory indicate that very little reduction of
peroxide occurs at pbtentials more positive than -1.2 volts
versus the SCE. Fof these reasons, it seems mdst likely
that the final product of oxygen reduction on a GPE is
beroxide. o |
Deposition of catalyéts on a GPE ﬁRDE for the purpose
of studying-oxygen'reduction catalysis has not previousiy
been déscribed‘in the literature. In the present study.
the catalysis afforded the GPE by gold; siiver, or‘platinum
was studied with special attention,to.the amountAof'peroxide
formed as product. The results of oxygen reduction on the
.'cataiyzed GPE were combared to similar.data from those same
‘metals plated onto a platinum disk RRDE., Since the
catalyst plated platinﬁm layers were ¢ontinuous, these ére
ifeferred to as solid catalyst electrodes;v In these studies
some basic trends were established. On all catalyzed GPE
electrodes, the ffaction of peroxide‘ih the product waéA
greater than that for the solid cafalyst electrodes.
Similarly, all measured Tafel slopes indicated that the -
reaction'was 1imi£ed by the first eiectron‘transfer step;
A simple ﬁodel can be used to help describe the behavior.of

these electrodes. The interaction of oxygen with two
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adjaéent surface sites to facilitate dissociative adsorption
was described in section I-A-2 using Figure I-4. A similar
model can Be used to describe the formation of peroxide
(i.e., nondissociative adsorption). Two cases can be
consideréd. In the first case oxygen adsorption involves
only a single sité, or end on adsorption, The second
possibility involves the adsorption of okygen at an edge
site where there is only one adjacent surface hydroxide fo
facilitate hydrogen ddnation.to the oxygen. In both cases
the oxygen receives one H+ and two electrons and desorbs as
peroxide anion. This model can be used to describe oxygen
reduction on the plated electrodes by considering the

nature of the deposit. The deposition of metal catalysts

on the platinum RRDE occurred at much more anodic potentials
than deposition on a GPE. The deposits formed appeared
smoother and less porous, Thus, largé éreas off flat surface
were available for dual site oxygen adsorption with
subsequent 0~0 bond breaking.' Thé GPE deposited catalysts
have much rougher surfaces and a higher ratio of edge~to~flat
surfaces. This would'lead to more single site and edge.
adsorption as described'above with the concomitant increase
in peroxide formation, Moreover, this would bé'the case
even if these edge sites were more active for oxygen
adsorption. Thus, it seems that any phehomena that results

in roughening the surface would lead to an increase in
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the fraction of'peroxide'as the okygenlreduction
product. |

Unlike gold and platinum, the behavior of silver
electrodes depended significantly'on their modes of
preparation. Thetsiluer plated GPE abpeared to have
sites active for oxygen‘adsorption that were'not evident
in the other Siluer electrodes.' These sites, however,
appeared to enhance the two electron reduction of oxygen
.instead of the four electron mechanism. -A Tafel slope
- for oxygen‘reduction on silver in alkaline solution at
an RRDE has not previously been reported. Tafel siopes
of 60 mV)decade f(i) had previously beenAreported‘from
galvanostatic measurements (9); These data are commonly
taken'at current densities much lower than those in this
study due to the limits of mass transport. .Thus, the
'iafel slope for oxygen reduction must change between
low and high current regimes This same behavior has
‘heen reported for gold (1Q7) and platinum (lll) in
alkaline solution. The shift in Tafei slope'is due to
the difference in the E/log i relationship for the
different limiting steps.

Oxygen reduction on a reduced platinum GPE appears
to follow both pathways equally. As with‘siiver, the
solid catalyst electrode produces very little'peroxide,

However, the reduced platinum GPE produces peroxide-
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from about half the oxygen that reacts at the electrode.
Unlike gold and silver, the oxide reduction on platinum
appears more closely relatedvto oxygen reduction. As soon
as the reduction of the platinum oxide begins, oxygen
reduction begins. This suggests a reduction pat@way in
which oxygen interacts with the bare platinum to reform
platinum oxide. Thus, a surface redox cycle is set up
where oxygen oxidizes the bare platinum to platinum oxide
which is subsequently reduced. This is not the case for'
gold or silver whose oxides are reduced at a potential -
more anodic than the potential for oxygen reduction,
Oxygen reduction by the cobalt and irqn porphyrins
exhibits the differencé in characteristlcs of two metals
in their macrocyclic complexes. The cobalt borphyriﬁ
reduced oxygen at more positive potentials with peroxide
as theAmaJor.product. The iron porphyrin wésvbetter able
to further reduce or decompose the peroxide thus resulting
in larger currents. As has been shown'in homégeneous-'
oxygen reduction, the interéction.of'gyg;metal porphyrins
with an Qxygenﬁmolecule cah result in complete reduction
of the oxygen to water. When only one porphyrin is
allowed to interact with oxygen, four electron reduction
does not occur, According to this idea, the reduction of
oxygen to peroxide should occur at surface bound (or

adsorbed) porphyrin_groups, This idea is ‘supported by
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earlier work (68) in which a carbon electrode is dipped
iﬁto a solution of the cobalt tetrapyridyl porphyrin,
rinsed with’distilled Watef,_and then examined fqr oxygen
reduction characteristics. The electrode catalyzed oxygen
reduction in a manner similar to that of the same electrode
in a cobalt porbhyrin solution. f

For solid catalysts, all indiéations are that at the
‘high current regime thelfirsﬁ electron transfér (or oxygen
adsorption) is rate 1imit1ng. Thus, ﬁo improﬁé?the catalysis
of theée materials two approaches seem promising; |
a) increase the surface area of the electrocatalyst, and
b) disperse the catalysﬁ.on a highly divided support whigh
is also Capable of adsorﬁing oxygen thus supplying the
product of the slow step to the~catalySt énd increasing the
overall rate. In addition to this,‘it woﬁld“bé advantageoﬁs
to have the reductién of okygen>g6 by the four eléctron
route. In this respect it appears'that plated catalysts
are less useful than chemically'réduced catalysts,I‘This is
evident from.the compafison of oxygen reductioﬁ on a silver
plated GPE‘and‘a réducedlsilver GPE. The reduced Silver”GPE
produces a lower fractidn of pefoxide és pfodqct than does

the plated GPE as shown in Figure IV«lM}'
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VIII. APPENDIX A: RATE OF

ELECTROCHEMICAL REACTIONS

A chemical reaction can be viewed as an activatedv
brocess, shown invFigdre A-1, where thé reactant must pass
over an energy barrier before being converted to the
product. The rate constént of the forward reaction is

related to the size of the barrier A G*

£ by the Arhenius

~equation:
. AG?» |

kp"= (Const.) exp{; —ﬁf—}. (A-1)
A similar equation can be written for the reverse reaction.
Electrochemical reactions are related to a barrier in fhe
same way with the additional feature of an adjustable |
barrier height. Changing the potential'df the electrode
caﬁ cause .an electrochemical reaction tb speed up, slow4down,
or go in reverse. Figure A-2 shows the effect of an elec-
trode potential on an electron transfer reaction. When there
is no potential difference between the electrode and the
solution, the eléétron feels no electfdstatic indgcemenﬁ to
transfer, a situation similar to the pure chemical reaction
(shown in Figure A-2a). If one now appllies a potential to
the electrode (shown in Figure A-2b) both the chemical and
electrostatic energies must be summed to obtain the overall

barrier (shoWn in Figure A-2c). Our barriers are no longer
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Figure A=1. Diagram of energy versus reaction coordinate.
Free energy barriers (A G ) for the forward
and reverse processes of a hypothetical .
éhemical reaction are i’ndipéted
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~Effect of electrode potential on electron

transfer: (a) potential energy diagram with no
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diagram with an applied potential
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only chemical but electrochemicai and kf is replaced by

kcath and kr by kanod wherg
+ .
" : AG
T cath _

kcath = (Const.) exp[—f——ﬁﬁ——} | (A-2)
and ‘

k ‘- (Const.') exp{- E_E;QQQ ‘(A—3)

anod ) exXP RT [ |

As with ali barrier- processes, thé reactant must reach the
peak in order to relax into prodﬁcts. Thus, the potential
affecting the reduction process is only that potential
drop felt by the electrén before it‘reaches the barrier
peak; Bd from the electrode surface. The potentlal
affecting fﬁe reducpion'proéeSS isAthen‘BV while that
affecting oxidation is' (1-8)V. Armed with_this, we can
split up'the freevénergy terms into chemical and bqtential

dependent terms .
= BFE| < | o

cath - ks
k! exp[i-l:g%-@} N 2

kanod r

. In order to obtéin a useful expression, the voltage in the
’equhéntial terms must be referenced‘td'spme standard

voltage, such as E°. E° is the standard.reduction.potenﬁial,'
the voltage at which the electrochemicai reacfion is in |
equilibrium'when the éoncentrétions of involves species

are one. Under these conditions,



144

kcath = kanod
[o] N .
f onnf- 822 - e [—<~1-g;FE°} (4-6)
= k,

where ko is defined as the heterogeneous rate constant.

]

Solving for kf

and k; gives"

~
I

kg exp{BFE®/RT} | (A-T7)

~
n

.= kg exp( =~ (1-B)E°/RT} -8

Combining these with quations A-4 and A-5 results in

[~ BF(E-E)] A

Koatn = ¥, €xp RT (A-9)
| (1-8)F(E-E_) | ~

- Kanoa = Ko e§p RT ' (A-10)

These two equations give the general form of the rate
constants to be used in the development of equations for

heterogeneous equations.
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IX. APPENDIX B: FLUX TO A ROTATING DISK ELECTRODE

The general description of material balance at a

rotating disk electrode is given by

%9 = — div C-V + div(Dve) ' (B-1)

9C/9t = f.[Vx 3C/3X + Vr aC/3r + (Ve/r)(BC/BBJ
+ D[é‘?c/ax2 + 3%c/ar? + (1/r)aC/dr

+ (1/r2)s2c/382%] o ~ (B-2)

If the electrode is rotating at a constant rate some of
the.terms'in equation B-2 can be neglected. At steady
state 3C/3t = 0;”due té'symmetry the change in concen-
tration with respeét to radius‘aﬁd‘6 is zero. The resultingA

equation
4 B o ) | A . |
Vx(ac/ax) = D 3°C/3X . , - (B-3)

must now be solved using the following boundary conditions:

1. For the case of a limiting current C(X=0).ﬁ 0

- Cbulk

C(xrm) ~

2. From Faraday'sfand.Fick's laws,
(3C/3X)yoq = 1,/nlFAD

The latter condition .depends on the assumption of current

limited by diffusion across a bbundary'layer. Pictorially,
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Figure E-l shows the change in concentration in the solution
approaching the electrode. Approximating the gradient with
a straight line the value 6 for the diffusion layer thick-
ness can be estimated.

The first step in this solution is the single inte-
gration of equation B-3 giviﬁg equation B-4. At this

X
dc Vx(Z)

5 = a4 exp f 5— dz , (B-4)
0

point we can see by our second boundary condition that

ay

= iZ/nFAD. Remembering this, a second integration gives
equatiqn B-5 |
: X y
c(x) = aj [ (exp J Vx(z) dz)dy + a, - (B=5)"
0 0

wll o

" Using the firsp boundary condition a, = 0. The solution
must now be separated into tﬁo regions, oné'of_diffusion
control and one under convective éontrol. Wiﬁh tﬁe
advance knowledge that convection Will’be much faster than
diffusion, the contribuﬁion to the‘concentration gradient
of the convective region can be neglected, Now with a
knowledge of Vx’ we can solve the problem. The equations
describing VX and the fluid flow to a rotating disk were

. - 1
solved before being applied to electrochemistry. The

1For a more thorough development, see reference 82,
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radial, tangential and axial flows were given as series
functions and in the diffusion layer VX can be approximated

by equation B-6;

B 2
vV, = - 0.510 x /w3/v : (B-6)

The appropriate integral is now obtained by combining

B-5 with B-6

T /37 22 .B)
x = nFAD I ©XP p f (- 0.51 ¥ 3,,27) dz . (B-7
0 0 : A
. ) / 3 :
e fw = %T Z3} (B-8)
= exp 3 dz B_ |
nFAD ; o _
/w3 )
0.51 %7 z3 .
let ¢ =( ‘ ) | (B-9)
3D
4 0.51 /w2 -
& - —= | < (B-10)

. 3 Dt ‘ -
Z = 3/// 3 (B-11)
0.51 vw” /v

Combining equations B-10 and B-11, one obtains

B | 2/3
at - 0.51 Vw3/v ( 3 Dt > 4 (B-12)
D

dz 0.51 /w3/v

at _ 1.66 wt/? £2/3
dz = L1/3 176 :
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Substituting t into equation B-7 and substitutlng for dz

from quation B-12 fesulté in eQuation B-13

I, I“ . y1/3 176 =2/3 (5o13)
C. = == exp{~t - dt B-13
X nFAD 0 1.66 ml/2
I v1/6 | e

. L ‘ J
1.66.nFADY 3 w'/% )

exp{-t} -t—2/3 at

This integral is a gamma function of argument 1/3 and is

tabulated.. ‘Note that though the gradient df interest only
extends from zero to d,‘its.vélue.fromfé +‘w'is negligible
as explainea'earlier, tﬂus the T function tabulated as an

integral from'zero to infinity is appropriate.

RNV N :
2 > r(1/3) . (B-1k)
C = = . . i -
X 1.66 nFAD?/3 172 =
| 1/6
T Vv 2.68
nFAD? 3 g1/2 1.66
' - 1/6
1.61 I, v

nFaD?/3 1/2
Finally, the proper form is given as

~ _ nFAD ,b - . : RTE.
Iy =50 (B-15)

where & = 1.61 vi/0 pl/3 172 | - (B-16)



150

If as mentioned earlier the gradient dc¢/dx can be
approximated as a straight line within the diffusion layer,

one can further write

o AC :
cbfco]
8

nFAD [

Equation B-17 is the form commonly used to describe the
concentration ofAelectroactive species near the electrode

surface.
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X. APPENDIX C: MULTISTEP ELECTRON;TRANSFER

For a multistep electron transfer reaction such as
A+e =8B

B+e =¢

-
F == G step ¥
G +e —>H RDS
H

+ e 5 -Istep‘\?=n—?-r

O+e % P step.n

Where ? is the number of'électron}transfer steps befére
the RDS and‘? is the number of-eiectron transfer steps
after the RDS, r is the numbef'of electrons transferred -
in the rate determining Step.

If as described, G + e » H is the rate determining
étep, that is, its rate is significantly slower‘than_the
rates of thé other reactions, then we cén write for the

electrochemical rate (of electronation)

i, A F kg CG<exp{ R } . . (C=-1)

S . o .
‘Wwhere kG is the chemical rate constant of the electronation

pfocess, CG the surface concentration of intermediate G and'
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layer. Since G is the limiting step, the rest of the steps

" may be considered in equilibrium. Thus,

and

‘Similarly,

-},

li

)

=

Cp ¥

Ch K K

C~r K;K,K

_=BFAG, _
c, expf i } F

exp{:%%g}

exp{:%%g}r
2

'K.] exp{

17

Analogously for the reverse

H—> G + e~

where

-
i

£

Fk, C

G

: '
H exp{

1

exp{:%%égk
3 exp{:%%ég}

’_Y\FA‘D} 4

RT

—(Y+B)FA$

~B)FAD,
RT '

K, o, exp(ll=B)FAS,

(c-2)

(C=3)

(Cc-4)

(C-5)

(c-6)
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We can devise similarly to the first reaction

2 JYFAe
Cy=Cy| T Ki{exp}gy }
. i=n-j-1 ‘ '
and . ”
L . - ‘Y+I"-—BI’)FA¢1 . -
i, = F kg cp, nA K, | exp { “RT J (C-7)
- i=n-y-1 ‘
letting
N el Y el -(?asrs)Fmeql
= . exp g
0,G Glyoy 1 A” al RT J
and
. . . L ‘
T rE | 1. & |c (rre-Br)Fadeq|
= | exp

The total current .can be represented by

- g (Y+B)Fn
i= nio,Ggexp{————————J

_ exp{(v+r§gr)Fn})

s
li

i [exp{—ilﬁglzﬂ} -'exp{(n LBr)Fn}] o - (C=8)
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The above equation (C-8) can be rewritten to include the
case Where the rate limiting step is not a charge transfer

step as

i = 10[%Xp{-(Y+§;)Fn} - exp{(n Y- BP)FU}] (C=9)

where r is the number Qf electrons transferred in the rate
determining step. -The stoichiometric nuﬁber relates the
number of times the RDS occurs for each occurrence of the
~overall reaction. If in oﬁr'initial reaction sequence
.step G + e — H occurred v times for each execution of
the overall process, then n-vr electrons would be trans-
ferred in the rest of the steps and, ? = n—;er. Equation
C-1 still describes the rate of the RDS but for the
reaction steps we now have, | ‘

A+ e =B

B+e =C0¢

F+e =G
v(G + e& —> H)
VH + e =1
O+e =P

énd similar to equations C-2 -+ C-4, we can derive

Cy = K;C, exp{ }
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c, exp{ﬁéi}

Co = KiKoC
o -3FA¢
Cp K1K2K3cA exp{—f%7 -}
But when we get to'step
' 1

F+e &= VG

we have
Yo YFA$
v o_ . =
- Cq 12:'1 Ky CA_ exp{—g5 1
and
>
_ i°A
i=1 :
thus
i, =Fk g (k,c, )V ex {?(Br+?/v)FA¢} ' |
e G |yeq A P RT ©(C-10)
or
i‘G'ﬁ i exp{ (I‘B+Y/\))Fn}
0,G

lThis step can be combinations. of other steps, i.e.,

+e” =2 2F and 2(F + e~ = v/2 G) etec.

E
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Thus, for the total electronation current

i=1
0,G

i Yy Fny C reei1y .
exp{-(rg + 1) =2} (C-11)
Similarly, for the reverse reaction we have

v(H—> G + e7)

n ‘ ' <
1/v Y/v_FA¢
C, = I (k¢ )™ exp { }
H n-y-vr *+ P R?
and
<~ 1/v FA¢
I = Fkg| I (XC) exp{(L+r(1-8)) FF}
. 5 A F
=i, exp{% +r - rﬁ) ﬁ%}

The total cufrent is then,
.Y P . S F
s 4 (X Mmy L =Y &n
i =1 [exp ‘v + r8) RT} exp (= rg) RT}]

» L . 4 e
where 1 = n lo,G’ and y = n-y-vr

We now have the generalized form of the Butler-Volmer

equation

—aan . aaFn o :
i= io[exp{—jﬁf—} - exp{—+711 - | (C-12)
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where

<=V

+ rg; a = (L5 - rp)

and
' =N
o, + o) =3
These are the coefficients that determine the slope
of the E vs 1In i plots -~ the Tafel slope -~ of an

electrochémical reaction.
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XI. APPENDIX Df NONLINEAR DIFFUSION

The problem of partially deactivated electrodes is
especially acute for solid electrodes. One particular
theory developed by Landsberg et al. used the solution
by Smythe to the analogous eléctrical diffusion problem..
Acdording to Smythe (112), a conducting cylinder, Figure
D=1, of length 6 with electrodes of radius a and b, has a

resistance to current flow given by:

R=—5 (8 - v(s,a,b)). | (D-1)
b ” v .
p = resistivity :
y(8§,a,b) = calculated constant

In this figure voltage increases from left to right
ahd the area outside the a electfode is nonconductive;
thus, current flows from right to leftAbetween electrodé b
and electrode a. The ¢éurrent in such a system is then

described by

AV AV(nb2)

1= R r(s-w(a,a,b))‘ (D-2)

This solution was applied by Landsberg fo é model rotating

disk electrode (RDE). - Figure II-1 shows the representation
of the model disk surface with many small active areas, a,

surrbunaed by nonconductive'inactive areas b. For the

case of N parallel cylinders the total resistance is:
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Figure D-1.

Model for nonlinéar diffusion of charge'
from a conductive surface of radius b to

~the conductive surface of radius a. § is

the diffusion width
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R ; pég-ﬁﬁéla,b)) | (D—3)..
T .

If N is the number of cylinders per unit area and if
the cylinders overlap slightly, N(wbz) is approximately

equal to one. The.total resistance is thus
R = p(8-y(8,a,b)) . (D-4)

accordingly, the electrical current is given by

: _ AV _
I=5-=

1/p)AV
(8,a

( o
.G_w ,b) . ,. (D—S)

Similarly, one can write for the ionic diffusion analog

(nFAD)AC

(D=6)

ld B 5—¢(5,a,b) T
id = diék current
When b << 6, y(8,a,b) is given by the tabulated
constant - |Z A_|. Substituting this and
n - :
s = 1.61-pY/3,1/6,-172 L . (D-T)
into equation 6 gives
. . nFDAAC ‘ A ‘
i, = — — , s (D-8)
d 3061 pY/3u1/0,712 s A
: . non
and in final form | |
: r A
1/6 n .
1/1 1.61v + n (D-9) . .

a nFAD2/3wl/2AC nFADAC
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1/2

Accordingly, a plot of l/id versué W should give a

straight line (for b << §) with a slope of
1/6 , |

1.61 v /nFAD2/3AC and an intercept containing the term

L A .
n n





