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The anodic oxidation of ethylene on Au and Au-Pt alloys

was studied at 80°C in soluticns of HZSO

KOH with pH's ranging from 0.35 to 12.7. Reaction rates were

4" KZSO4' K2C03, and

measured as a function of potential, pH, temperature, and

partial pressure of ethylene. A transition region (apparent-

ly a change in the mechanism) was found in the ?afel plots.
The following parameters were found in acid solutions

on Au and above the transition region on Au-rich alloys,

'av} 3 i
A -~ 70 mv, %~-J > 0
3 log 1 PErT:PH 3 PJV,T,pH
'8 1 . ) Ea
- Q%_i n~N Do % v -23 Kcal/volt
P JVrTrPE PE,pH

Below the transition region and in basic solutions on alil

eilectrodes, the following parameters were found

cg P, T/ pH VT oH
ri P
3 log i] v 0 (in acid).{a Ea] 1
oo~ B , o ——= n -
‘ o pH bv,m,p, ~ 1 (in base) |0 V p.,pH Kcal/volt

The efficiency studies in 1 N HZSO4 showed that the
relative amounts of co, produced decreased with decreasing
Pt content in the alloys. Acetaldehyde was the only other
product detected. No C02 was produced on Au.

The reaction mechanism in acid solutions on Au and above
the trensition region on Au-rich alloys is interpreted in

terms of the following sequence:
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i —
C2H4 (sol) «—= C2H4 (ads)

+
C,H, (ads) T C,H, (ads) + e
+ r.d.s. +
C'2H4 (ads) + H20 > C2H4OH (ads) + H
C,H,OH

+
>H, (ads)-——>CH3CHO + H + e

H,O
C2H4OH (ads)**---—»COz,CH3CHO, H+, and electrons

The corresponding rate equation is

i = n¥Fk aH20 Op exp(FV/RT)

Below the transition region and in basic sclutions on all

electrodes, the reaction seaguence proposed is

C2H4 (sol)<::?C2H4 (ads)

C2H4 (ads) + HZO (sol)——€>C2H

4,OH (ads) + ut + e
r.d.s.

C,H, f{ads) + OH (sol) —>C,H,0H (ads) + e

HZO
C2H4OH (ads) —> + v+ —>CO

o7 CH3CHO, H+, and electrons

The rate equation for this sequence is represented by

_— . . OLFV]
i = nF(k aHZO + k aOH_) GE exp[ RT |
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Chapter I

INTRODUCTION

The distinctive features of electrochemical energy con-
version is the direct conversion of the chemical energy of a
reaction into electrical energy without going through the
intermediary of heat, thereby avoiding the Carnot limitation.
Since it is theoretically possible to obtain electrical ener-
gy to the extent of the free energy change of the chemical
reaction, the overall thermal efficiencies expected are near-
ly 100 percent. However, the observed efficiencies of most
electrochemical energy converters are considerably lower than
this due to a slowness of one or more of the intermediate
steps of the overall reaction.

There has becn a recent surge of studies on the electro-
oxidation of hydrocarbons because of their possible use as
fuels in electrochemical conversion. The widespread use of
fuel cells hinges on a cheap and readily available fuel such
as natural gas, propane, or methane that can be oxidized at
moderate temperatures. From the economic standpoint, hydro-
carbons have a clear advantage over other fuels suggested for
use. They also have a further advantange of being easily
handled ard distributed through established systems. There-
fore, it is important that these specialized fuel cells are

developed and commercialized.

4

Since most fuel cells studies have been concerned
with technological aspects, the results are usually too com-

plex to allow electrode kinetic analysis. The more fundamental



aspects of several organic systems have been studied3’4’5’6,

Previous studies of the electro-oxidation of ethylene on Au
in acid7 had not been directed toward determining all the

reaction parameters which are useful in diagnosing a mecha-

It has been reported8 that Pt alloys have shown an even
highex catalytic activity than pure Pt black. This refers
particularly to alloys of the Pt-Ru system and to a lesser
degree of alioys with Ir and Rh. These catalysts were found
tc ke active for the oxidation of a number of organic fuels
such as methanol and selected hydrocarbons.

The object of this reported investigation was to estab-
lish the mechanisms for the anodic oxidation of ethylene on
Au and Au-Pt alloy electrodes in agqueous solutions. It was
believed that this research would lead to a better under-
standing of the rate processes of electrochemical reactions in

general on alloy electrodes.



Chapter II

LITERATURE REVIEW

Since electrocatalysis plays an important role in elec-
tro-organic reactions, the literature reviewed for this in-
vestigation is divided into two pafts: (1) electrocatalysis
in electrochemical reactions, and (2) anodic oxidation of

ethylene on various metals.

A. Electrocatalysis in Electrochemical Reactions

Electrocatalysis has been defined as the influence of an
inert metal electrode upon a reaction rate, when the influence
of mass transfer to or from active sites is eliminated. Elec-
trocatalysis is closely related to the field of chemical
catalysis, but with two majcr differences: (1) an influence
of an applied electric field, and (2) an influence of the
electrolyte on the reaction rate. The potential as an addi-
tional variable is in many ways an advantage, since the rate
of the reaction may be varied over a wide range simply by
varying the potential. A considerable increase in temperature
would be necessary in order to change the rate of non-electro-
chemical reactions by the same magnitude.

One problem in electrocatalysis is that electrochemical
reactions are generally carried out in agueous oOr non-agueous
solutions. Thus, the solvent may play a role in the overall
recaction. In addition, it is necessary to study the reaction
in highly purified solutions. Otherwise, impurities may affect

the kinetics of the desired reactions so that the real



mechanism is obscured. As in chemical catalysis, the nature
of electronic interactions between the metal surface and
reacting molecules play an important role in electrocatalysis.
Factors that should be considered are: the magnitude of
electronic work functions, the number of unfilled electron
levels in d-bands, the structure of the adsorbing crystal
planes, the electron affinity of the adsorbing species, the
presence of unpaired and ©m electrons, the effect of steric
hindrance, and the energies of the adsorbing species. A

brief consideration of these follows.

1. Electronic Factors

The principal electronric factors associated with
active metal catalysts, particularly the transition metals,
are the electronic work function and the number of unfilled
electron levels in the d-bands. Three distinctive groups of
metals have been obtained when the exchange current (io) for
the hydrogen evolution reaction is compared to the work func-
tion of the metalg. The high overpotential metals fall in one
group, the medium overpotential metals in another, and the
low overpotential metals in a third. These three groups are
associated with the slow discharge, slow electrochemical
desorption, and slow recombination mechanisms, respectively.
In another study, plots of overpotential at a constant current
density versus the heat of adsorption of hydrogen on the metal

(the percent d-band character increases as the heat of adsorp-

tion decreases) showed a separation into two distinct groups



The effect of d-band character (or d-vacancies) on the
hydrogen electrode reaction is also illustrated in the work
of Damjanovic et al., using Au, Pd (or Pt), and their
alloysll. With an increasing Au-content of the alloy, io
decreases fairly sharply until at 60 percent Au, whereafter
the change is considerably slower. At 60 percent Au the
d-band is completed and no further change in activity would
be expected above this composition. A linear relationship
was found between log io and the number of unpaired
d-electrons/atom in these alloys. In another study, Conway
et al., also found a similar relationship for hydrogen evolu-
tion on Cu, Ni, and their alloyslz.

Rao et al., coulometrically determined the oxygen cov-
erage at one atmosphere pressure on a number of metalsl3.

The results showed that unpaired d-electrons participated
directly in the bonding of the metal atom to oxygen (Table I.)
Av, with no unpaired d~electrons, had the lowest oxygen cov-
erage, while Ru with the highest number of unpaired electrons
had the highest. |

The influence of electronic factors on the electro-
reduction rate of oxygen has been studied on a number of
metals and alloyslf rrom the Tafel curves for the metals Pt,
Pd, Ir, Rh, and Au in acid sclutions, it appears that Au with
no unpaired d-electrons has a significantly lower exchange
current density than the other metals. Rh and Ir which have

the same number oftmpaired electrons show essentially iden-

tical current-potential behavior.



TABLE I

RELATIONSHIP OF OXYGEN COVERAGES TO NUMBER OF UNPAIRED d-ELECTRONS/ATOM

FOR THE NOBLE METALSl3

Metal Observed Oxygen  Calculated Oxygen Fraction of Surface Number of Unpaired

Coverage of a Monolayer Covered by Oxygen d-Electrons/Atom
uC/cm2 uC/cm2
Pd 110 510 0.22 0.55
Pt 110 500 0,22 0.55-0.6
135 500 0.27 0.55-0.6
Rh 480 530 0.90 1.7
Ir 440 525 0.84 1.7
Ru 500 530 0.95 2.2

Au <15 <0.03 0




The current-potential behavior of a series of Au-P4d
alloys shows (1) the value of the rest potential decreases
in going from Pd to Au, and (2) Au and 75Au-25Pd alloy have
considerably higher Tafel slopes than Pd and the other alloys
which exhibit nearly the same slope. Thus, a change in mech-
anism occurs at approximately the composition where the
d-bands are filled.

A proposed explanation of the influence of the d-vacancy
on the electrocatalysis of oxygen reduction is that chemi-
sorbed oxygen is an intermediate in the reaction and that the
M-0O bond strength varies with the percent d-vacancy.

Recently, a parabolic (volcano type) relationship between
the exchange current density for ethylene oxidation and the
latent heat of sublimation of the electrode metal was
obtained by Kuhn and Bockris (See Figure l)ls. A similar
relationship was found for alloys of Pd and Rh. This was
proposed as a possible method to determine the composition
of alloys to substitute for the pure metals.

From the parabolic relationship, it may be inferred that
on the left-hand side of the peak that adsorption is rate
determining since there is an increase of rate with heat of
sublimation. This can be shown with the Pauling equation
which relates the strength of an adsorption bond with the heat
of sublimatioan. Using similar reasoning, a desorption step

would control the rate of the overall reaction on the right-

hand side of the peak.
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2. Geometric Factors

Only a small amount of work has been done to examine the
influence of geometric factors on electrochemical reacticns.
The metals usually studied in the electro-oxidation of organic
compounds (Pt, Pd, Rh, Ir, and Au) have similar lattice param—
eters. They all have face-centered cubic structure and their
atomic radii do not vary over 0.1 g.

Hydrogen overpotential measurements have been made on
the various crystal planes of Nil7. The (III) plane, which
is the most densely packed plane, showed the highest activity.
No effect of grain size on the rate of hydrogen evolution on
platinized Pt has been observed, however, small grain sizes

were not usedlB.

In a study of formic acid oxidation, Gottlieb found that
the only effect of the platinization of Pt was to increase
the true area of the electrodelg. Similar results were ob-
tained for the oxidation of other hydrocarbonszo. This indi-
cates that increased roughness of the electrode surface does
not affect the catalytic activity. The effect of defect con-
centration in electrocatalysis has not been studied for organic
oxidations. One study of hydrogen evolution on iron showed a
ten-fold increase in the rate factor when 0.1 percent C was
introduced into zone-refined ironZl. In general, geometric
factors play a small role and in many cases cannot be sepa-
rated from the electronic factors. However, they can become

important if the internuclear distances of the metal atoms are

not within a certain range, particularly if more than one site
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attachment is involved in adsorptionzz.

B. Anodic Oxidation of Ethylene

-

1. Ethylene Oxidation on Platinum

Ethylene oxidation in alkaline solution of Pt has been
studied by Green et al.5 Their current-voltage curves indi-
cate Tafel slopes of (2) (2.3 RT/F). They reported no signif-
icant influence of ethylene partial pressure on the Tafel
slope or the exchange current. There were upper limits on
the Tafel curve. Limiting currents were attributed to both
electrode passivation and transport of ethylene to the elec-
trode. In the latter case, the limiting current was depend-
ent on stirring and the partial pressure of ethylene. Mea-
surements made cver extended periods of time showed that the
electrode became continuously less active. This phenomenon was
attributed to the formation of an oxide layer on which the
rate of ethylene oxidation was significantly lowered. Exper-
iments were also carried out in a closed cell arrangement,
where ethylene consumed at the anode and coulombs of charge
passed could be measured simultaneously. Within experimental
error, it was found that one mole of ethylene involved the

passage of twelve Faradays of charge showing the ethylene was

totally oxidized, i.e.,

H, + 16 OH —> 2 CO,” + 10 H,0 + 12 e (2.1)

CoHy 3 2

2
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The following mechanism was proposed:

OH (sol) X:9:S:5 oy (ads) + e (2.2)
C,H, (sol)<::::>C2H4 (ads) (2.3)
C2H4 {ads) + OH (ads) ~—4>C2H4OH {ads) - (2.4)

The formation of oxide films in alkaline solution was
taken as strong evidence for the occurrence of OH discharge.
It was postulated that oxide formation commenced only when
the surface concentration of hydroxyl radicals achieved a

sufficiently high coverage, i.e.,

2 M~OH (high coverage) —>»2 M-0 + H20 (2.5)

Thus, extensive OH discharge lead to surface oxide formation
and passivation.

Wroblowa et al., studied the oxidation of ethylene on
platinized Pt in acid and alkaline medias. They found the
faradaic efficiency for oxidation of the ethylene to carbon
dioxide in acid solutions to be 100 * 1 percent. In 1 N NaOH,
the efficiency was 90 * 5 percent. The values for complete

oxidation were calculated according to the reactions:

CH, + 4 H,0 —>2 CO, + 12 Y + 12 e (in acid

274 2 solutions) (2.6)

C,H, + 12 o —>2 Co, + 8 H,0 + 12 e (in basic
solutions) (2.7)

For 1 atm ethylene partial pressure, linear Tafel regions with

slopes of 140-160 mv were found over the pH range 0.5 to 12.5.
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At higher potentials, the current rapidly decreased to negli-
gible values. This was explained as passivation of the
electrode, similar to that proposed by Green, et al.5
Current—-potential relations were determined at ethylene
partial pressures of 10—1, 10—2, 10—3, and 102 atm. The
length of the linear Tafel region decreased considerably at
lower pressures due to the current becoming diffusion
limited. For a constant potential, the current was found to

increase with decreasing ethylene partial pressure, in other

words,

{%—%-} <0 (2.8)
. E/'V,T,pH

This inverse pressure effect showed that the rate determin-
ing step involved a substance whose adsorption required a
surface free of ethylene (or any intermediate derived there-

from).

The current-pH relationship was found to be

[8 log i = -0.45 (2.9)

e
3P V,T,Py

A study of the temperature effect in 1 N H,50, for an
ethylene pressure of 1 atm was made. An apparent activation
energy of 20.5 * 1 Kcal at 0.380v was calculated. No system-
atic change with potential was found. This was attributed to
experimental error arising from the limited temperature and

potential range over which the measurements could be carried

out. The activation energy at the reversible potential
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was calculated as 17 * 2 Kcal .

The most probable mode of ethylene adsorption is

C2H4 + 2 M-—€>H2T-——-TH2 (2.10)

M M

Evidence was given that ethylene adsorbed onto Pt with a four

point attachment. Thus, the isotherm employed was of the
form
(0.)/(1-0)% = x ¢ (2.11)
E E CE :
or,
= KpPE (2.12)
Experimental values of Kp were reported as
2.3 < K_ < 150
— p—
The reaction sequence was represented as
2.
C,H, (sol) —= C,H, (ads) (2.13)
H,0 (sol) ——> OH (ads) + HT (sol) + e (2.14a)
r.d.s.
OH (sol) —> OH (ads) + e (2.14b)
C2H4 (ads) + OH (ads)——¢>C2H4OH (ads),
or C2H3 (ads) + HOH (2.15)
H?O +
C2H4OH (ads) ~—>+%+ —> 2 CO, (sol) + 11 H (sol)

+ 11 e (2.16)
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The coverage of all intermediates would be small in compari-
son with the coverage of the ethylenic radical, since they
would be formed after the rate determining step and not in
equilibrium due to the constant removal of the final product.
From this reasoning, it was concluded that @T 3 OE. Thus,

the rate equation was expressed as

P = ¢ aFV

is= k2_14aaH20 (1-95) eXp[ RT} (2.17)
or

. aFV

i=%3. 140 %u~ (179 eXP{ RT] (2.18)
It was necessary to modify this mechanism in order to
explain the observed pH effect. For this modification, it

was assumed: (1) HZO undergoes charge transfer only when
oriented with the O atoms toward the electrode, thus in-
creasing the fraction of water molecules which could react
at increasing pH. (2) The potential of zero charge of Pt

changes with pH according to the equation

Vose = Voo gz n a+ (2.19)

Introducing these assumptions into the rate equation gives

(l—OE) exp[{V -(Vv®° + 2L 1n aH+)}]QE (2.20)

1=k pzc F RT

a
2.14a HZO

It was further concluded that since the variation of log i
with pH remained constant throughout the entire pH range

and since H20 discharge was the only way to supply adsorbed
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OH in acid solutions, H,0 discharge was the rate determining

step for the entire pH range.

2. Ethylene Oxidation on Various Noble Metals

Dahms and Bockris studied the electro-oxidation of
ethylene on noble electrodes (Pt, Ir, Rh, Au, and Pd) in
sulfuric acid solutions at 80°C7. The primary objective
of this investigation was to determine the relative electro-
catalytic activity of the metals; however, some mechanisms
were suggested. A summary of their results is presented in
Table II. Pt, Ir, and Rh were found to behave somewhat sim-
ilarly, as did Au and Pd.

In 1 N Na.SO, solutions in which the concentration of

2774
H.SO, varied from 0.01 to 1 M, the reaction rates for the

2774

group Pt, Ir, and Rh were found to vary in the order Pt >
Rh > Ir. Other parameters such as the extent of oxidation,
Tafel slopes, pH effects, partial pressure effects, and
temperature effects were found to be consistent with the re-
sults presented by Wroblowa et al., earlier in the discussion
of the anodic oxidation on Pt. Therefore, it was concluded
that water discharge was the rate determining step for the
anodic oxidation of ethylene on metals of this group.

A differing behavior was found within the groups in that
the lengths of the linear Tafel region for Ir and Rh were
very short compared to Pt and similarly the length for Pd

was shorter than for Au. The limited linear region was

attributed to oxide formation which tended to passivate the



TABLE II

ETHYLENE OXIDATION AND CHARACTERISTIC PROPERTIES OF THE METALS '
Metal Reaction "Chemical" pH Tafel Slope P.7.C Vacant Heat of
Product Reaction Rate Dependence oV 77" d-Orbitals Sublimation
at P.Z.C. o V 3 logi per Atom
o pH{. p
1
amp/cm2 mv mv v (SHE) Kcal/gmole
Pt C02 leO-7 70 160 +0.30 0.55 135
Ir co,, 1x107 11 75 132 +0.05 1.5 165
Rh co, 5x10 +1 70 155 +0.05 1.5 138
Au  No CO, 1x10” 4+t 0 72 +0.30 0 84
Aldehydes
Pd  As Au 7x10” 10 0 80-110  +0.25 0.55 91

9T
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electrode.

Vastly different results from those on the Pt, Rh, Ir
group were obtained for Au and Pd. For these, the predomi-
nant reaction products were aldehydes and ketones with ap-

parently no CO, production. Thus, the approximate number of

2

electrons transferred per ethylene molecule was two.

Current-potential plots of Au and Pd in 1 N Na,SO

2774

solutions, in which the concentration of HZSO4 ranged from

0.1 to 2 M HZSO4

on the Tafel curves. The slopes of the linear Tafel region

indicated that pH had essentially no effect

were found to be 70 mv for the Au electrode and 80-110 mv

for Pd.

For a constant potential, the current was found to de-
crease with decreasing ethylene partial pressure, i.e., a

positive pressure effect:

> 0 (2.21)

E

v,T,pH

The mechanism proposed for the Au, Pd group was

C,H, (sol) <= C,H, (ads) (2.22)
CH, (ads) —= C,H, (ads) + e (2.23)
CZHZ (ads) + HZO (sol) r.d.s. C2H4OH (ads)

+ H+ (sol) (2.24)
C2H4OH (ads)——>C2H4O {sol) + H+ (sol) + e (2.25)

It was emphasized that further work was needed to verify
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the above mechanism, but that it was consistent with the
limited resul*ts that were obtained.

A hypothesis was presented to explain the differences
in the oxidation products of the two groups. As seen in
Table II, there is a large difference in the heats of sub-
limation of the first and second groups. Using these data
and Pauling's equation, it was found that the bond strengths
between the carbon atoms and the metals in the first group
were about 20 Kcal higher than those of the second group.
Conseguently, the bonds between the metal-organic inter-
mediates on the Au, Pd metals could be broken more casily,
resulting in a higher rate of desorption which would yield
intermediate oxidation products.

Dahms and Bockris also determined the oxygen coverage
at various potentials for the five metals involved in their
study. It was concluded that the rate at which the oxidation
could occur is limited primarily by a competing oxide forma-
tion at higher potentials in the order Rh > Ir > Pt, Pd > Au.

This conclusion was consistent with the experimental results.

3. Ethylene Oxidation on Noble Metals and Alloys

Kuhn et al., studied the anodic oxidation of ethylene
on smooth noble metals and certain binary alloys in agqueous
solutions at 80°C (See Table III)lS. Attempts were made to
correlate catalytic activities from heterogeneous gas re-=
actions. Homogeneous, non-porous metallic phases were con-

sidered and variations in these single phases on the reaction
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TABLE III
PARAMETERS IN THE ELECTROCHEMICAL OXIDATION OF ETHYLENElS

Metal Tafel |3logi] |{3logi Reaction Coverage iH o i
or Slope BPE onH Product with 2 (0.6 v)
Alloy Ethylene |i

D20
mv atm™ T amp/cm2
Pt 140 -0.2 0.45 co, 1 1.5-2.5 5x10°°
pd 190  +0.5 0.5 50% co, 2x10" "7
Balance

Aldehydic -7

Rh 160  +0.5 0.5 co, 0.02 4-5 1x10
Ir 160  +0.5 0.5 co, 3x1077
Au 200 +0.5 0.5 As Pd 0.3  4-6 2x10”7
Os <1x1o’8
Ru 165 1x10~7
Ag 5X10—8
Hg <lxlO_8
Pd-Au -7
20-80 6x10_7
46-54 160  +0.5 3x1077

78-22 4x10
Rh-Pd -7
25-75 7x107]
50-50 170 1.5x107 ¢

75-25 3x10
Cu—-Rh -6

10-90 160 +0.5 4x10
Pt-Rh ~7
80-20 160 8x10=7

50-50 5x10
Pt-Ni - -7

85-15 170 4x10
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mechanisms were examined. The choice of substrates was
limited to metals and their alloys which neither corrode
nor passivate in the potential range for ethylene oxidation
(0.3-0.9v SHE). For alloys, such as those containing Ni or
Cu, increasing amounts of the non-noble constituent were
introduced so that the highest possible amount of non-noble
component could be determined which did not result in dis-
solution of the alloy during passage of an anodic current.

Studies in isotopic substitution also were carried out.
A comparison of anodic reaction rates occurring on the same
metals in agueous and deuterated electrolytes offered an
additional criterion in the elucidation of reaction mecha-
nisms under conditions where the electrolyte was the only
source of hydrogen/deuterium atoms. The isotope effects
were estimated for various possible rate determining steps
and are presented below:

(1) Rate determining or preceding steps do not involve

the breaking of bonds in water molecules. This type of

C g 3
mechanism was postulated by Bagotsky and Vasiliev for
oxidation of organic alcohols and acids of the type R-H

where the r.d.s. is

R-H + H,0 —> R (ads) + H3o+ + e (2.26)

or

R-H + D,0 —>R (ads) + HD20+ + e (2.27)

No primary isotope effect would be expected, and only a
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secondary isotope effect would result from the slight dif-

3O+ and DH20+ with

correspondingly small frequency differences. The effect on

ference in the reduced masses of species H

the rate of reaction of this is negligible.

(2) Rate determining step involves the breaking of bonds

in a water molecule.

(a) R.d.s. is watexr discharge. Both the transition
states,
+
H H
Mm+0l —>wm-0 +e (2.28)
™~ ~
H H
+
D D
M+07 —>M-07 + e (2.29)
™~
D D

and hydration of the proton and deuteron formed, i.e., forma-

~D

5 bonds, will contribute to

+
tion of the H+"'O<§ and D ¢-+0O
the isotope effect. The ratio of current densities is esti-
mated to be 1 < iH/iD = 2.7.

(3) R.d.s. involves an OH" radical following water dis-—

charge.

0= 0H (ads) + H,O  + e (2.30)

2 H 3

2

R (ads) + OH (ads) £:9:S:5 Rom (2.31)

Under Langmuir conditions, at constant temperature, pH, and
potential for a given metal, GOH/OOD = KH/KD’ the current
density ratios are calculated to be iH/iD = GOH/OOD = KH/KD =

3.1'



(c) R.d.s. occurs after n OH radical groups have

reacted with the hydrocarbon. For this case, iH/iD =

. n
(Ky/Kg) ™
The kinetics of ethylene oxidation were summarized in

the form of three empirical eguations:

1/n

rate on Pt = th Cx CQE.S exp (FV/2KT) (2.32)
i _ 1/m, -0.5
rate on M, = kMi Cg’ 1 Cy+ exp (FV/2RT) (2.33)
l/mP
_ _ d,Au ,-0.5
rate on Pd, Au = de,Au CE Cit+ exp
(FV/3RT) (2.34)

Equation 2.32 applies to Pt, equation 2.34 to Au and P4, and
equation 2.33 to all other substrates used.
Interpretation of the empirical eqguation 2.32 has been

given previously in terms of a reaction path in which water

discharge was the rate determining step. The value of the
isotopic effect iH/iD ~ 1.5-2, tended to confirm this mecha-
nism.

For equation 2.33, both the adsorbed organic and the OH
radicals must be involved in the rate determining step. The

mechanism which corresponds to this condition is:

C,yH, (sol)e= C,H, (ads) (2.35)

i,0 <=> OH (ads) + gt + e (2.36)

i, (ads) + OH (ads) 5—'—§—’—‘°’—'>CH2 -CH,OH (ads) (2.37)
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The isotcpe effect was predicted to be approximately 4.8.
The unusual Tafel slope, 3RT/F, was observed for Au and
Pd. Assuming a reaction path, as shown in eguation 2.35

through 2.37, followed by parallel reactions:

desorption o)

v +
7CH -C

+ H + e (2.38)

M~-CH,~CH,~OH
T\ H-CH-CH: + H.O +++ CO

(2.39)
oxidation 2 2 2

One may write for the steady state (assuming back reactions

to be negligible).

-do ,H ,OH
dt =C =V, a.s. " Vaes ~ Vox (2.40)
At constant pH, PE and T.
aFV| _ aFV 5. 4
kr.d.s. eXP[ RT] = Kges ec2H40H eXp( RT} * Kox eC2H4OH( -41)

The total current iT observed is the sum of currents leading

to aldehydic products and Co,.

. . . oFV ’
i, = 1 + lCO = @C H . OH [2 k exP[”ﬁf} + 12 xox](2.42)

5 oy des

Substituting in equation 2.41 and differentiating with respect

to potential gives
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3 log lT _ oF kox -1
57 =2=1| 1+ 6
RT
PyrPe/T K exp | EV
des PI7RT
-1
K exp[@ﬂ]
|1+ de5 RT (2.43)
ox
The term kox/kdes exp (aFV/RT) = Z 1is the ratio of the rates

of the parallel oxidation and desorption reactions, which
must be close to one if both parallel reaqfions are to take
place with significant efficiencies. From equation 2.43 it
follows that for 0.1 < Z < 4, the apparent Tafel slope will
be close to 3RT/F (with maximum deviation less than 20 per-
cent over a range of more than 220 mv. This seems to conf-
irm earlier work on Pt, and shows the observed Tafel slope
on Au and Pd to be an apparent step for substrates other

than Pt.
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Chapter III

EXPERIMENTAL

The experimental plan for this investigation consisted
of the following major phases:

(1) Current-Potential Studies. 'Tafel curves were ob-

tained for solutions whose pH ranged from 0.35 to 12.7.

The necessary gquantities of HZSO4, KZSO4, K,CO KOH, and

27737
distilled water were used to obtain a desired pH. The

normality of solutions was kept constant at 1 N.

(2) Current-Temperature Studies,K The temperature de-
pendence of the current was studied under conditions of
constant potential and ethylenevpartial pressure. The tem-
perature was varied from 80°C to 55°C.

(3) Current-Partia;nPressure Studies £ The effect of

ethylene partial pressure on the current was studied at con-
stant potential, temperature, and pH.

(4) Coulombic Efficiency Studies, The efficiéncy of

conversion of ethylene to C02 and H20 (or H+) was studied
galvanostatically. Reaction by-products were aiso analyzed
with a gas chromatograph.

five electrodes from the Pt-Au system were used. Their
composition'(atomic percent) were 80Pt-20Au, §0Pt—4OAu,
40Pt-60Au, 20Pt-80Au,and 100 Au. All studies were made at
80°C except for the activation energy determinations.

A complete discussion of each section, including appa-
ratus, procedure, results, and sample calculations is pre-

sented in this chapter.
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A. Materials

A complete list of the materials and reagents used in

this investigation is contained in Appendix B.

B. Electrodes

‘The wérking electrode; or anode, was Au or an Au-Pt
alloy. The cathode was platiniéed Pt. Two reference elec-—
trodesAWere used, calomel (1 N KC]l) for alkaline solutions
and mercurous sulfate (1 N H2804) for acid solutions.

1. Anodes

The anodes were made of Au sheet with 15.08 cm2 area
(3.45 cm width by 4.37 cm height) or Au-Pt alloy sheet with
15 cm2 area (3.75 cm width by 4.00 cm height). A small hole
was drilled near the top and a thin wire ( of the same com-
position as the anode) looped through it and securely
fastened. The wire lead outside the electrolytic cell was
through a sealed four mm glass tube.

X—iay diffraction analysis showed that the alloy elec-
trodes were two phase, dl(Pt—rich) and az(Au-rich). The
relative amounts of the two phases were: 80Pt—2OAu(82al,18a2),

60Pt—40Au (670 330,), 40Pt-60Au(25%,,75¢ and 20Pt-80Au

l' 2)'

(2&1,98a2).

2. Cathode

The cathode was a piece 52 mesh Pt gauze folded on a Pt
ﬁire‘framé for support. The Pt lead wire was also sealed in

a'fburvmmiglass tube. The electrode was platinized using a
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platinic chloride solution to which a trace of lead acetate
had been added. The cathode geometric area was approximately

15 cmz.

C. Current-Potential Studies

1. 2Apparatus

A list of the apparatus used in this study.is in Appendix
C. A diagram of the cell and electronic equipment is shown in
Figure 2. The cell of Pyrex glass had three compartments:
anodic, cathodic, and reference. The aﬁodic and cathodic come
partments (capacity 600 ml) were separated by a water-sealed
stopcock which was open fo;'potentiostatic and closed for
galvanostatic operation.miThe reference electrode was con-
nected to the anodic compartment through a water—sealgd stop~-
cock and Luggin capillary. The reference electrodes were at
room témperature during the experiments. All potentials of
the working electrode were referred to the SHE at zero at
the temperature of.the experiment by means of a procedure
described previously24. Both electrode compartments contained
inlets and water-sealed outlets for the nitrogen and/or
ethyléne flow. The temperature in the anodic compartment was
controlled to within * 0.5 C°. Heat was supplied by an
electric heating tape wrapped around the compartment. The
heating and cooling cycles were made approximately the same
by adjusting the volﬁage to the tape with a variable trans-
former. »

A dual-flow proportioner was used to control the gas
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Figure 2. Diagram of the apparatus used for potentiostatic studies

in the anodic oxidation of ethylene.
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flow rate into the anode compartment. It could be used to
meter both nitrogen and ethylene flow rates independently. All
measurements were made with constant flow rates into the cell.
A potentiostat was used to maintain a constant potential
difference between the workiné and reference electrodes. The

current was recorded from the potentiostat output.

2. Procedure

‘An important part of the procedure was‘the anode acti-
vation before each experiment. The Au electrode was placed
in 1 N H2504 solution along &ith a small Au strip which acted
as a counter—-electrode. A power supply was connected to the
electrodes through a double-pole double-throw switch so that
the polarity of the current could be reversed rapidly. The
electrode was alternately made cathodic (hydrogen evolution)
and anodic {oxygen evolution) with a constant current of two
amperes for pulses of ten seconds during a one minute pericd.
The pulsing was stopped on a cathodic pulse and hydrogen
was evolved for two minutes. For the Au-~-Pt alloy electrodes,
the counter-electrode used in activation was a small strip of
platinized Pt. Because of the poesibility of selective dis-
solution of one component of the alloy, the pulse technique
wae not applied. The electrodes were activated by passing
four amperes cathodic current (hydrogeﬁ evolution) for ten
minutes. After activation, the anode was immediately removed,
brinsed with distilled water, and transferred to the cell.

The cell had been previously charged with sufficient
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electrolyte to completely cover the electrode. The electrode
was adjuéted so that its bottom edge was very near the Luggin
capillary. Nitrogen purging and heating was stérted and
after one hour, the nitrogen flow to the ancde compartmenﬁ
was stopped and ethylene was introduced. Potential meas-
urements were begun when nitrogen flow and heating commenced.
The potential was allowed to come to a steady state with no
current flowing (rest potential). The potential on the anode
was then increased approximately 0.05 to 0.10 v above the
rest p@tential and held constant by means of the potentiostat.
The current was recorded continuocusly and after it had come
to a steady state, the potential was again increased by

0.025 v or 0.050 v, jﬁhé steady state was arbitrary defined
as that value offcurreptﬂwhich'changed less than 10 percent
’in one hour). This’ﬁrocedure’waé continued until a limiting

value of current was reached.

3. Data and Results

Current~potential relationships were determined in
solutiohs with pH's 0.35, 1.4, 3.0, 10.1, 10.9, and 12.7 at
80°C. The normality of the various solutions was kept con-
stant at 1 N. The ethylene pressure was 1 atm and its flow
rate was 1005cﬁ3/min. A

The daté are tabulated in Appendix .D. Tafel plots are
shown in Figures 3 to 8. There is an apparent transition
in the curves of acid solutions on Au-Pt alloy electrodes.

Linear Tafel regions above and below the transistion region
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Figure 3. Tafel curves for the anodic oxidation of ethylene on Au
at 80°C (P, = 1 atm). (pH = O, 0.35: A, 1.4; O,
3.0; @, 10.1; A, 10.9; B, 12.7)
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Figure 4. Tafel curves for the anodic oxidation of ethylene on

80Au-20Pt alloy at 80°C (P.= 1 atm). (pE = O, 0.35;
A, 1.4; O, 3.0; @ , 10.1; A, 10.9; B, 12.7)
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Figure 5.

log i, amp/cm2

Tafel curves for the anodic oxidation of ethylene on

60AUu~40Pt alloy at 80°C (PE = 1 atm). (pH = O, o0.35

;AN\, 1.4; O, 3.0; @, 10.1; A, 10.9; @&, 12.7)
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Figure 6. Tafel curves for the anodic oxidation of ethylene on

40Au-60Pt alloy at 80°C (P, =1 atm). (pH = O, 0.35;
A, 1.4; O, 3.0; ®, 10.1; A, 10.9; B, 12.7)
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Figure 7. Tafel curves for the anodic oxidation of ethylene on

20Au-80Pt alloy at 80°C (PE = 1 atm). (pH = O,
0.35; &\, 1.4; O, 3.0; ®, 10.1; A, 10.9; B, 12.7)
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Figure 8. Tafel curves for the anodic oxidation of ethylene
smooth Pt at 80°C (P, = 1 atm).  (pH =0, 0.35;
B, 12.7)
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have different slopes. The values of the slopes are apprYox-—
imately 70 mv (70 to 80 mv) in acidic solutions on Au and
above the transition region on Au-rich alloys. In basic
solutions and below the transition region, the slopes are
approximately 140 mv (130 to 150 mv) on all electrodes. The
linear Tafel region was very short in basic solutions com-
pared to acid. Increasing the potential above the linear.
region indicated the electrode to be passivated.
The rest potential obtained for the various electrolytes
are shown in Table IV. They decreased with increasing pH.
After each run, the anode was observéd to be as clean
as before the.run. There was no evidence of formation of
any polymerization products on the anode and no discoloration

of the anolyte during extended periods of operation.

D. Current-Temperature Studies

1. Apparatus

The apparatus employed in this section was the same as

that described in the previous section.'

2. Procedure

.The cell was charged with solution, and the anode was
activated and positioned as described previously. The
potential was held constant at valués within the linear
Tafel region. The ethylene pressure was kepﬁ constant at
1 atm. The temperatﬁre was adjusted with the temperaturé

controller while the current was continuously recorded. A



TABLE IV
REST POTENTIALS FOR ETHYLENE ON Au AND Au-Pt ALLOYS

IN AQUEOUS SOLUTIONS AT 80°C (P, = 1 atm)
pH Rest Potentials, v(SHE)
Au 80Au-20Pt 60Au-40Pt  40Au-60Pt  20Au-80Pt
0.35 0.605 0.397 0.417 0.397 0.357
1.4 0.597 0.357 0.362 0.367 0.317
3.0 0.407 0.287 0.257  0.267 0.257
10.1 -0.053 -0.001 -0.001 -0.011 -0.153
10.9 - =0.113 - =0.111 -0.116 ~0.091 -0.213

12.7 -0.196 -0.181 -0.201 -0.176 -0.291

8¢€
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thermometer was also incorporated in the cell to check the
temperature of the solution. The temperature was varied
from 80 to 55 or 60°C depending on the magnitude of the cur-

rent at the lower value by increments of 5 C°.

3. Data and Results

The temperature studies were conducted in 1 N HZSO4
(both below and above the transition region) and 1 N KOH
- solutions. The experimental data are tabulated in Appendix D.
Arrhenius plots have been prepared and are shbwn in FPigures 9
to 13. |

The slopes of the curves were determined and the appar-
ent activation energy calculated for each. These values and
the change in the activation energy with respect to the po-
tential (eEa/BV) are shown in Table V. This latter quantity
(BEa/BV) will be réferfed to later in the discussion as it

can be derived from the reaction mechanism.

4. Sample Calculations

The sample calculations for this section are based on
the data in Table XVIII. The daté for the test in 1 N HZSO4
at a potential of 0.897 v on the Au electrode were selected
for the sample calculations.

The Arrhenius equation involving the activation energy is

E
a

Z.303 ®F TSR (3-1)

log k = -
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Figure 9. Current-temperature relation for the anodic oxidation

of ethylene on Au (P, = 1 atm). ( O, 0.897 v, 1 N

H,SO,; ®, 0.847 v, 1 N H,SO,; A, 0.104 v, 1 N KOH;
A, 0.054 v, 1 N KOH)



41

10 ¥

10

i, amp/cm

- l l
10 7
2.8 2.9 3.0
%.103, ox~L
Figure 10. Current-temperature relation for the anodic oxidation

‘of ethylene on 80Au~20Pt alloy (PE = 1 atm).

(O, 0.897 v, 1 N H,S0, ; @, 0.847 v,

/A, -0.071 v, 1 N XOH; A, -0.121 v,
0O, 0.597 v, 1 N H,SO,; B, 0.547 v,
O, ®, a.t.r.; 0, R, b.t.r.)

1N HZSO4;

1 N KOH;

1N HZSO4?
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Figure 11. Current-temperature relation for the anodic oxidation

of ethylene on 60Au-40Pt alloy (PE = 1 atm).
(O, 0.872 v, 1 N H,SO,;; @, 0.822 v, 1 N H,SO,;
A, -0.071 v, 1 N KoH; A, -0.121 v, 1 N KOH;
g, 0.587 v, 1 N H2804; B, 0.547 v, 1 N HZSO4;
OI 01 a.t.r.; .} :-, b.t.r.)
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Figure 12. Current-temperature relation for the anodic oxidation

of ethylene on 40Au-60Pt alloy (PE = 1 atm).

(O, 0.822 v, 1 N H,SO,; ©®, 0.772 v, 1 N H,S0,;

A, -0.071 v, 1 N xoH; A, -0.121 v, 1 N KOH)
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Current-temperature relation for the anodic oxidation
of ethylene on 20Au-80Pt alloy (PE = 1 atm).

(O, 0.847 v, 1 N H,SO,; ®, 0.797 v, 1 N H,S0,;
/\, -0.096 v, 1 N KOH; A, -0.146 v, 1 N KOH)
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TABLE V
APPARENT ACTIVATION ENERGIES FOR THE ANODIC OXIDATION
OF ETHYLENE ON Au AND Au-Pt ALLOYS (PE = 1 atm)

Electrode Solution Potential Activation —aEa/av
- Enerqgy
v (SHE) Kcal Rcal/volt
Au 1 N H,S0, 0.847 19.2 23.0
0.897 18.05
1 N KOH 0.054 26 .59 12.0
0.104 25.99
80Au-20Pt 1N HZSO4 0.847%* 19.61 21.6
0.897%* 18.53
0.547*%* 19.46 12.4
D.597%* 18.84
1 N KOH -0.121 22.99 11.4
-0.071 22.42
60AU-40Pt 1N H2504 0.822%* 18.33 22.4
0.872* 17.21
0.547*% 18.26 12.8
0.597*%%* 17.62
1l N KOH -0.121 23.33 12.6
-0.071 22.70
40Au~-60Pt 1N H2804 0.772 21.44 12.8
0.822 20.80
1l N KOH -0.121 28.28 11.4
-0.071 27.71
20AUu-80Pt 1N H2804 0.847 22.70 10.2
0.897 22.19
1 N KOH ~0.146 27.25 11.4
-0.096 26.68

* a.t.r.
** bh.t.r.
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Since k is proportional to the rate, or current, Ea may be

calculated from the slope of a plot of log i versus 1/T where,

log i, - log il

slope = ——=— = -3,945°K
T, T,
E_ = -(2.303) (R) (slope)

~-(2.303) (1.987) (-3,945)

= 18,050 cal (or 18.05 Xcal)

E. Current-Partial Pressure Studies

1. Apparatus

The apparatus used was the same as that described pre-

viously.

2. Procedure

The procedure was essentiallf the same as discussed
previously. However, after obtaining a rest potential, a
potential inside the linear.Tafel region was selected andA
a steady state current obtained at 1 atm ethylene partial
pressure; The partial pressure then was reduced and the
corresponding steady state current recorded. 1In order to
get sizable current changes, the partial pressure was varied
in the oxrder 1.0, 0.3, 0.1, 0.03, and 0.01 atm. The partial
pressures were obtained by diluting the ethylene with nitrogen
using a dual-flow gas proportioner. The total gas flow rate

was kept constant at 100 cm3/min.
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3. Data and Results

Two or three partial pressure studies were carried out

in 1 N H,SO, (both below and above the transition region) and

2774
in 1 N KOH at constant potential. The data obtained are
listed in Appendix D and are also shown in Figures 14 to 18.

The current decreased as the partial pressure of ethylene

decreased in acid and basic solutions on all electrodes, i.e.,

the system exhibited a positive pressure effect.

F. Coulombic Efficiency Studies

1. Apparatus

A sketch of the apparatus as used in this section'is
shown in Figure 19. The power for the constant current
(galvanostatic) experiments was supplied by a constant
voltage power supply. A large power resistor was placed in
series with the cell to keep the current constant. A gas
trap (maintained at 0°C) and a U-tube (filled with Ascarite)
were used to collect the condensable components and to absorb

the COC respectively, from the gas coming from the anodic

2'
compartment of the cell.

2. Procedure

The rest potential was obtained in the same manner as
for the potentiostatic experiments. The stopcock between
compartments was closed and the current was adjusted to a

desired value by varying the voltage applied with the power
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Figure 15. Current-partial pressure relation for the anodic

oxidation of ethylene on 80Au-20Pt alloy at 80°C.

(O, 0.872 v, 1 N sto4; ®, 0.822 v, 1 N sto

A, -0.071 v, 1 N koH; A, -0.121 v, 1 N KOH;
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Figure 16. Current-partial pressure relation for the anodic

oxidation of ethylene on 60Au-40Pt alloy at 80°C.
(O, 0.872 v, 1 N H,SO, ; @, 0.822 v, 1 N H,SO, ;
A, -0.071 v, 1 N KoH; A, -0.121 v, 1 N KOH;
O . . .
s 0.597 v, 1 N H2$O4, M, 0.547 v, 1 N HZSO4'
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51

10 1

i, amp/cm

107U 1 l

1072 107t : 1
PE, atm

Figure 17. Current-partial pressure relation for the anodic

oxidation of ethylene on 40Au-60Pt alloy at 80°C.
(O, 0.872 v, 1 N H,S0,; @, 0.822 v, 1 N H,SO,;

®,0.772 v, 1 N H,SO,; A, -0.071 v, 1 N KOH;

A, -0.121 v, 1 N KOH)
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Figure 18. Current-partial pressure relation for the anodic

oxidation of ethylene on 20Au-80Pt alloy at 80°C.
(O, 0.897 v, 1 N H,SO,; &, 0.847 v, 1 N H,SO,;

©, 0.797 v, 1 N sto4; A, -0.096 v, 1 N XOH;

A, -0.146 v, 1 N KOH)
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Figure 19. Diagram of the apparatus used for galvanostatic studies

in the anodic oxidation of ethylene.
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supply. The efficiencies were determined at potentials in
the linear Tafel region. The experiment was allowed to run
for 10 hours to allow the system to reach steady state con-
ditions. The exit gas from the anodic compartment was then
passed through thé‘gas trap, concentrated H2804 to remove

any residual water, and a ﬁ—tube containing a measured amount
of Ascarite. The weight gained by the Ascarite during the
remaining period of experiment was equal to the amount of CO2
prﬁduced by the oxidation.

It was necessary to pass current for a day or more in
order to produce a quantity of CO2 that could be measured
with reasonable accuracy. Frequent checks of the potential
were made to insure that it remained within the linear Tafel
region.

The material collected in the trap and a sample of the
anolyte were analyzed with a flame-ionization gas chromato-

graph.

3. Data and Results

All results of ﬁhe coulombic efficiency studies in
1N H2804 are reported in Table VI. It can be seen the
efficiency of CO2 production decreased as the amount of Pt
in the alloy decreased. On the Au electrode, no CO2 was
produced. At 0.1 atm ethylene partial pfessure in 1 N sto4
on the 20Au-80Pt alloy, the efficiency was about one third

of that at 1 atm. In other words, as the partial pressure

of ethylene decreased, the overall conversion to CO2 also
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TABLE VI
COULOMBIC EFFICIENCY OF C02 PRODUCTION FOR THE ANODIC
OXIDATION OF ETHYLENE ON Au AND Au-Pt ALLOYS

IN 1.0 N H,SO, AT 80°C

2574
C2H4 Partial CO2 Oxidation
Electrode Current Time
Pressure Efficiency
atm ma hours percent
Au 1.0 6.0 40 0
1.0 6.0 35 0
80Au-20Pt 1.0 5.0 36 5.1
1.0 5.0 36 4.55
60Au-40Pt 1.0 5.0 36 11.5
40Au—-60Pt 1.0 5.0 30 43
20Au-80Pt - 1.0 5.0 31 65.7
‘1.0 5.0 35.5 68

0.1 1.5 40 20.1
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decreased. The anode surface was still clean and no dis-
coloration occurred in the anolyte after the experiment had
run for two or three days. Due to the ébbreviated Tafel
region, no measurable amounts of CO2 couid be produced in

alkaline solution even after operation for several days.

4. By-Product Analysis

The by-products from the anodic compartment collected
.in the trap and analyzed by g.c. were found to be acetalde-
hyde. It was produced on both Au and Au-Pt alloy electrodes.
Therebapparently is a branching in the reaction by which
either a partial oxidation product, acetaldehyde, or the
total oxidation product, C02, can be formed. This branching

probably occurs after the rate determining step.

5. Sample Calculations -

The calculations in this section are based on the follow-
ing equation for complete oxidation of ethylene to CO2 in

acid solution:

+
C H, + 4H20—>2 co, + 12 H + 12 e (3.2)

The data used are taken from Table VI for the 3l-hour effi-
ciency study in 1 N H2804 at 1 atm ethylene pressure on the
20Au-80Pt electrode.

The theoretical amount of CO2 formed per Faraday of
chargé can be calculated by an expression derived from

Faraday's law:



57

2 it
We = 137 (44) (3.3)

The faradaic efficiency is defined as the actual amount of
CO2 formed during an experiment divided by the theoretical
amount formed if the oxidation were complete. Substituting

numerical values:

. (2) (0.005) (31) (3600)
£ = T (12)(96,500)

(44) = 0.04241 gm

=
]

0.02785 gm

Faradaic efficiency = ;= = g gast> = 0.6567 or 65.67
N :

percent.
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Chapter IV

DISCUSSION

It is evident from the experimentalvwork that there is a
transition region (inflection point)'in some of the Tafel
curves. This indicates a change in the reaction mechanism.
Thus, in acid solutions on Au and above the transition region
on Au-rich alloys, the mechanism is'different from that in
basic sblutions on other electrodes of the Au-Pt system.
Phenomenologically, the Au-rich alloys behaved similarly to
Au as did the Pt-rich alloys to Pt. This has also been
observed in surface oxidation studieszs.

?he discussion is presented in three major sections.

(1) Summary of experimental results, (2) deduction of the
mechanism, and (3) correlation of eéperimental data with the
proposed mechanism. Due to the nature of the observations,

it seems expedient to discuss separately the experimental

observations above and below the transition region.

A. Summary of Experimental Results

"1l. Current-Potential Studies

Tafel slopes obtained in acid solutions on Au and above
the transition region on Au-rich alloys were found to be
v70 mv. In basic solutions and below the transition region,
the slopes were n140 mv. These normally fix the rate deter-
mining steps as a chemical reaction following the first elec-

tron transfer in the former case and as the first electron



59

transfer in the latter. Since the products of this study were
varied, neither the reversible potentials nor the correspond-
ing exhange currents could be calculated. The pH dependence
of current, 9 log i/3 pH, was approximately zero in strong
acid solutions and unity in strong base solutions on the Au-

Pt alloys.

2. Temperature Studies

Apparent activation energies calculated from the temper-
ature studies ranged from 17 to 28 Kcal. They were consist-
ently higher in basic solutiéns than in acid. Values of
(s Ea/a V) fell into two groups corresponding to F and oF
Kcal/volt. This is in agreement with the different Tafel
slopes which suggest some change or alteration in the re-
action’mechanism. The chemical (zero over—-potential) acti-
vation energies could not be evaluated because of the in-
ability to calculate the reversible potentials as mentioned

previously.

3. Partial Pressure Studies

The partial pressure studies showed that the current
decreased as the partial pressure of ethylene decreased in

all solutions on all electrocdes, i.e., 3i/3p > O.

4. Carbon Dioxide Efficiency Studies

It was found from the efficiency studies in 1 N HZSO4

that the relative amounts of the CO2 produced decreased as
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the Pt content of the alloy decreased. On Au, no 002 was
produced. . Due to the small amounts of Co, involved as a
consequence of the small limiting currents, it was not pos-

sible to determine efficiencies in basic solutions.

5. By-Product Analysis

Acetaldehyde (identified by gas chromatograph) was found
to be the only other product. It was produced on both Au and
Au-Pt alloys in acid solutions. No analyses were possible

in basic solutions due to reasons stated previously.

B. Postulation of a Reaction Mechanism

1. Adsbrption of Ethylene

Two modes of ethylene adsorption, associative and dis-
sociative, have been examined from the point of view of the
energetics of adsorption6'26. In associative adsorption,

the double bond is opened and the orbitals are released to

form bonds with the metal, i.e.,

—> H.C —— CH (4.1)

2 2 2

]

M M

HZC f CH

Alternatively, hydrogen may be split off with the double

bond remaining intact (dissociative adsorption), i.e.,

C =CH, —> HC —=— CH + 2 M-H (4.2)

]

M M

H,
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Evidence of both associative and dissociative adsorption in
the gas phase has been reported, although associative adsorp-
tion is favored on the basis of energy considerations.

In electrosorption, the process of dissociative adsorp-

tion may be better represented as

C=CH,—>HC =CH + 2H' + 2 e (4.3)

S]] :

M M

Hy

in the potential region where hydrocarbon oxidation occurs.
Thus, the energies of ionization and solvation of hydrogen
and a proton respectively, as well as the electronic work
function of the metal; have to be considered. Taking all
these-faétors into account, the associative mode of adsorp-
tion is still found to be more probablezs.
Further support for associative adsorption of ethylene
is obtained from .comparison of the kinetics of the anodic
oxidation of ethylene and acetylene. The species left on
the surface in the dissociative adsorption of ethylene would
be an adsorbed acetylene molecule. Thus, dissociative adsorp-
tion should lead to the same kinetic behavior for ethylene
and acetylene, which has not been found experimentally6’27.
Based on steric considerations as well as taking into
account the covalence with d-band vacancies as being respon-
sible for ethylene chemisorption, the model of adsorption
involves four surface sites of Pt per molecule of ethylenes.

The adsorpﬁion isotherm (assuming Langmuir-type adsorption)

is then of the form
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e |
E = K. C (4.4)

| 4
(1-65)
or, = k P

the values of Kp have bgen estimated as 2.3 < Kpbg 150.

It has also been shown that the physical properties of
Au and Pd and their behavior for the anodic oxidation of
ethylene are similar7. Pd has 0.55 vacant d-orbitals per
atom available for covalent bonding as does Pt, but Au has
none. Thus, if d-orbitals are important for adsorption, one
would expect Pd and Pt to behave similarly in oxidation
studies and for no reaction to occur on Au. Such is not
the case as studies with acetylene on Au showed both high
currents and coverages of acetylene24. This may be associ-
ated with the energy required for d-s promotion which is
uniquely small (3.25 ev) for Au. It is possible that such
promotion accompanies chemisorption, creating d-band vacan-
cies and hence allowing covalent bondingzs.

The mechanism of associative adsorption postulated for
ethylene on Au would involve a two point attachment. However,
due to the size of the ethylene molecule and the inter-atomic
distances of the Au atoms, it is probable that the ethylene
blocks two or more adjacent sites. Therefore, Langmuir iso-

therm for the adsorption of ethylene on Au and Au-Pt alloys

is taken as
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0
B = K P

—ee (4.5)
(1-e)® P

E

where n can be equal to 2 or more (possibly 4, 6, or 8).
The heat of adsorption of ethylene on various metal films

from the gas phase has been found to depend on the position of

the metal in the periodic tablezg. No data are available for

Pt but values of -21 and -58 Kcal/mole héQe been obtained for
Au and Ni, respectively. The law value of the heat of adsorp-
tion on Pt from solution, 0 * 4 Kcal/mole, observed by Gileadi
et al., was interpreted in térms of the replacement of water

molecules from the surface and, to a small extent, the enerqgy

of solvation of ethylene26; It was represented as

'Y

C2H4 (sol) + 4 H.O (ads) —> C H4 (ads) + 4 H_O (sol) (4.6)

2 2 2

These hypotheses will be considered later in testing the
pressure relationship that results from the proposed reaction

mechanism.

2. Reaction Mechanism

The rate determining step in acid solutions on Au and
above the transition region on Au-rich alloys* must have the
fecllowing characteristics (1) be a chemical reaction follow-
ing the first electron transfer since the Tafel slope is

2.3 RT/F, {(2) involve adsorbed ethylene, or species derived

* : k3 - > »
It should be kept in mind that the transition region existed
only on alloy electrodes in strong acid solutions.
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therefrom since 3i/9p > 0, and (3) exhibit no pH dependence
in strong acid solutions.

In basic solutions and below the transition region on Au
and Au-Pt alloys*, the rate determining step must: (1) be the
first electron transfer since the Tafél slopes are 2(2.3 RT/F),
(2) involve adsorbed ethylene, or species derived therefrom
since 3i/3%p > 0, and (3) exhibit no pH dependence in strong
acid solutions but show a unity pH dependence in basic solu-
tions.

There is apparently branching in the reaction or parallel
reactions by which acetaldehyde (partial oxidation product)
and/or CO2 (total oxidation product) are produced. If branch-
ing is the case, it most likely occurs after the rate deter-
mining step since the r.d.s. apparently occurs in the early
part of the reaction sequence.

In the kinetics of simplified open reaction sequences,
each step in the sequence is taken to be simple and first
order with respect to the involved species. All éteps prior»
to the r.d.s. are considered to be in equilibrium. Steps
after the r.d.s. are not considered to be in equilibrium as
their forward rates are greater than that of the r.d.s.

The following reaction scheme was proposed by Dahms

7

et al.’, and has been applied here to the reaction sequence

in acid solutions on Au and above the transition region on

Au-rich alloys.

S 3 4.7
C,H, (sol) «<—=C,H, (ads) ( )
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+
C2H4 {ads)—> C H4 (ads) + e (4.8)

2

r.d.s.

C,H, (ads) + H,0 (sol) F=2:8: C,H,0H (ads)
+ uF  (4.9)
C,H, (OH) (ads)—>CH,CHO + H' + e (4.10a)
orxr )
H,0 X

3CHO, H , and electrons (4.10b)

C,H, (OH) (ads)—>+++—>CO,, CH

This mechanism involves the assumption of a Csz (carbonium
ion) intermediate. Evidence that reactions with these species
could be slow arise from their stabilization by solvation7.

From the qguasi-equilibrium in reaction 4.8

- FV] |
cm} =%4.8 %8 QXP(RT] (4.11)

Thus, the rate of anodic oxidation of ethylene can be

expressed as

i = nF k

’ FV
4.9 Ka g 3y © exp(——} (4.12)

20 E RT

In basic solutions and below the transition region on Au
and Au-Pt alloys, the first electron transfer is the r.d.s.
A reaction sequence which is qualitatively consistent with

all requirements is represented by

U, 4 ‘ .
C2H4 (sol)<__5 C2H4 (ads) (4.13)
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C,H, (ads) + E,0 —>C,H,OH (ads) + at + e (4.14a)
r.d.s.
C2H4 (ads) + OH-~—>'C2H4OH (ads) + e (4.14b)
H,0 A + -
C2H4OH (ads)——>"'-?C02, CH3CHO, H , and electrons

(4.15)

Using this sequence the rate of the anodic oxidation
of ethylene in basic solutions and below the transition region

on all electrodes can be expressed as
s aFV
t=nF (kg 14a Pm0 * ¥a.14p Pon”) e eXP{“ﬁT] (4.16)

Equation 4.12 and 4.16 can now be tested by their ability to

correlate the experimental data.

. C. Correlation of Experimentaleésults with the Theoretical

Rate Equations

This section consists of correlating the experimental
data with derived rate equations. An ability of these
equations to correlate the data would lend support to the

validity of the proposed mechanisms.

1. Current-Potential Relationship

Taking the logarithm of both sides of eguation 4.12

. FV
- log i = log (nF k4.9 K, g aH20 OE) + >3 &T (4.17)

"The partial differential of V with respect to log i from



67

equation 4.17 gives the Tafel slope

3 V _ 2.3 RT
dlog 1 F

= 70 mv (for 80°C) (4.18)
A similar treatment of equation 4.16 yields

3V _ 2.3 RT

- (=] .
5 Tog T = —oF = 140 mv (for 80°C) (4.19)

Thus, the values of the theoretical and experimental

Tafel slopes agree.

2. Current—-pH Relationship

Values of current density determined from the experi-
mental data on the alloys and the corresponding pH for a
potential of 0.4 v are shown in Figures 20 to 23. These
values were obtained by extrapolating the linear Tafel regions
to a potential of 0.4 v.

Equation 4.12 shows the rate to be independent of pH,

i.e.,
3 log i _ (4.20)
o pH
. : aFv . .
Considering the term [nF eE exp(—iﬁ}], in equation 4.16 to

be constant, then

a, O + k

aFV]
Hy

i = constant (k4.l4a 4.14b aOH—) @E eXp[_§T (4.21)

and
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Figure 20. Comparison-of the theoretical and experimental effect of electrolyte pH on
current density (V = 0.40 v) for the anodic oxidation of ethylene on 80Au-20Pt
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3 log i _ 4
d pH Tk (4.22)

a
4.14a HZO

Ky4.14p 20m™

+ 1

The value of k can be calculated from the experi-

a
4.14a H20

mentally measured current in 1 N H,S0, where the contribu-
tion to the current from OH discharge would be negligible
due to its low concentration. The term k;.l4b can be calcu-
lated using similar data from 1 N KOH assuming the value of
k4.14a aH20 to be correspondingly insignificant. These
predicted current-pH dependence are also shown in Figures 20
ta 23,

The experimental values differ slightly from the theo-
retical values. However, thé trend is correct and errors of
these magnitudes could easily arise from the extrapolation

of the Tafel curves and from the assumption that GE was

independent of potential.

3. Temperature Studies

The variation of the apparent activation energy with
potential in acid solutions on Au and above the transition
region on Au-rich alloys can be found from equation 4.12.

The term k is equivalent to a chemical rate constant which,

4.9
by use of the Arrhenius relationship, can be expressed as

1
A - exp(—Ea/RTJ. Substituting for k and taking the deriv-

4.9
tive of the log of both sides of equation 4.12 with respect

to (1/T), one obtains
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1
8 log i _ "a . ¥v __ “Fa
5 (1/T) 2.3 RTZ.3R_23 K

(4.23)

Using this expression, the variation of the apparent activa-

tion energy with potential is found to be

a’: -F = -23.06 Kcal/volt (4.24)

A similar treatment of equation (4.16) gives

< = —oF = -11.53 Kcal/volt (4.25)

for basic solutions and below the transition region on all
electrodes. These values agree well with that obtained

experimentally (See Table V).

4. Partial Pressure Studies

The mode of ethylene adsorption during the reaction
has already been discussed. Qualitatively, a positive
pressure effect was observed on Au and Au-Pt alloys in both
acidic and basic solutions.

For the case represented by'équation 4.12 (in aéid
solutions on Au and above the transition regién on Au-rich
alloy;), the reaction rate depends on the coverage of CZHZ,
which can be related to GE‘ Since carbonium ions readily
react with water (not necessarily adsorbed), the number of
points of attachment of ethylene to the electrode surface
can be assumed to be either two or four.

- In the case of equation 4.16, H20 (or OH ) may undergo
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discharge only when it is adsorbed adjacent to an adsorbed
ethylene molecule, so the rate of reaction also depends on
GE. However, the @E term will include not only the sites
occupied by the ethylene, but also those next to it that are
necessary for water discharge. Therefore, an adsorption
isotherm involving four to eight adjacent sites would be
feasible.

In order to correlate the ethylene partial pressure
with current, @E was caleulated as a function of pressure
using equation 4.5. Appropriate values of n and Kp were
found by trial and error. For illﬁstration, the results
from an adsorption isotherm using four point attachment
(p = 4) are shown in Figure 24 for various values of Kp.
The current was calculated with the appropriate value of
OE for each case and compared to the experimental value .
This procedure has been described previously30 and was used
to find values of n and Kp that would best correlate the
data.

For equation 4.12, n = 4 and Kp = 1 and 5 for Au and
Au-rich alloys, respectively, give the best agreement with
the experimental data.

For equation 4.16, it was found that both four and
eight point attachment with appropriate values of Kp fit
the data within experimental limits. Eight point ettachment
would seem more feasible considering the additional sites
required for H,0 (or OH ) discharge. A further decrease in

pressure might assist in selecting the best value of n if
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Figure 24.

Ethylene adsorption isothexrms for a four point

attachment.
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there were not current limitations on the experiments.

The calculated values of current versus partial pressure
are shown in Figures 25 to 29 along with the experimental
data for comparison. The agreement is considered to be quite
good.

Adsorption of ethylene in basic solutions is thought to
depend on potential with desorption occurring at higher
potentials30. This is consistent with the gbbreviated Tafel
curves and a greater ease of formation of passivation oxideé
observed in these studies in basic solutions. |

The different reaction parémeters in acid and basic
solutions on Au arise from the r.d.s. changing from the
first electron transfer to a chemical reaction following the
first electron transfer. In acid solutions, the potentiall
is high (positive) enough to cause the adsorbed ethylene
molecules to give up an electron, thereby forming the C2Hz
intermediate. At lower potentials, H20 (or OH ) is dis- |
charged when adsorbed adjacent to an adsorbed ethylene mole-
cule, such is the case in basic solutions. A phenomena
similar to this has been observed for oxygen reduction on
Au32.

The observed change in the reaction from one r.d.s.
occurring at lower potentials to another at high potentials
occurs on Au-Pt alloys. At lower potentials, H,0 (or OH )
is discharged when adjacent to adsorbed ethylene molecules

and further reacts with the ethylene. When the potential

has been increased to a certain point, the behavior is as if
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Comparison of the theoretical and experimental effect of
partial pressure on current density for the anodic oxi-

dation of ethylene on Au at 80°C. (---, equation 4.12,

n =4, Kp = 1; —, eguation 4.16, n = 8, Kb = 1;
O, @, A, A, experimental data)
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Comparison of the theoretical and experimental effect
of partial pressure on current density for the anodic
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the reaction with OH® is inhibited possibly due to the poten-
tial influence in removing electrons from adsorbed ethylene
to form the carbonium ions. This is the transition region,
Further increases of potential supply the required energy

to completely remove the electrons to form the CZHZ on the
electrode surface. The deficiency of electrons in the
carbonium ion which aré necessary for covalent bonding re-
tards the reaction with CH®, thus allowing the reaction to
proceed directly between the carbonium ion and water.

The Tafel slopes above the transition region are ob-
served to increase in going from Au-rich to Pt-rich alloys.
This can be explained on the basis of separate reactions
occurring on the Au-rich and Pt-rich phases present in the
alloys in which the compositions are the same but their
relative amounts are changiné from one electrode to another.
This indicates the carbonium ion to be formed primarily on
Au-rich phases (where the electron can be most easily remoVed)
leading to écetaldehyde as a product and reaction by H,0
(or OH ) discharge to form CO, on Pt-rich phases (where
eléctrons could only very difficultly be removed). The
geometric summation'of currents on these phases with Tafel
slopes of 70 and 140 mv respectively would give pseudo Tafel
curves with slopes varying between 70 to 140 mv in going from
predominately az—phase to predominately al—phase. This is
consistent with the experimental observations on Au, Pt and

Au-Pt alloy electrodes.
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5. Reaction Products

The explanation for the incomplete oxidation of ethylene
on Au and Au-Pt alloys is probably that presented by Dahms
et al.7 Their reasoning involved the bond strength between
the metal electrodes and the adsorbing hydrocarbons. Using
Pauling's equation,vthe covalent bond strength between a

metal and a carbon atom isl6

M-C 2

2
wem + Eo_g) + 23.06 (X-X,) (4.26)

The heats of sublimation for Au and Pt, approximately equal
to their bond energies, are given in Table II. The electro-
negativities of Au, Pt, and C are 2.54, 2.28 and 2.55
respectively33. Ethylene has one 7 bond and one o bond. One
may assume, as an approximation, that the energy required to
breék the 7™ bond is ~ 63 Kcal (ﬁhe difference in the bond
enerqgy ofVC = C and C—C)33. According to the associative
adsorption model, the 7 bond is bfoken when ethylene is

adsorbed. The strengths of the respective metal-carbon bonds

on Au and Pt are:

- 1 ; _ 2
Epy-c = 7 (84 + 63) + 23.06 (2.55 - 2.54)

= 73.5 Kcal ' (4.27)
E = L (135 + 63) + 23.06 (2.55 - 2.28)°2
’Pt—C 2 \

= 100.68 Kcal (4.28)

There are two metal-~carbon bonds formed in each case from the
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ethylene 7 bond rupture. This leaves for the adsorbéd
ethylene, one C-C o bond and two carbon-metal bonds. In
the case of Pt, the next most probable bond rupture would
be the C-C ¢ bond (v 83 Kcal versus ~ 101 Kcal for Pt-C
bond). The Au-C bond strength (5 74 Kcal) is less tﬁan that
of C-C ¢ bond. Therefore, it is possible that the metal-
carbon bond for Au could be broken before<the C-C ¢ bond,
thus allowing a partially oxidized ethylene molecule to be
desorbed.

The intermediate oxidation product of Au is acetaldehyde
and no CO2 is produced. The Cbz produced on Au-Pt alloys is

proportional to the Pt content and is apparently balanced by

" the acetaldehyde.

6. Comparison of Electrocatalytic Activity

The Au-Pt system, studied by Darling et al., is shown
in Figure 3034. It indicates that below 1260°C, the-mutual
solubility of Au and Pt becomes limited and the solid solu-.
tions separates into Pt-rich (al) and Au-rich (az) phases.
At lower temperatures, it can be seen that the composition

of the a,-phase approaches that of pure Pt, and the az—phase

1
that of about 80 percent Au. (Relative amounts of these
phases for the alloys studied were given in section B,
Chapter II).

It is likely that the reaction rates on the alloys are

related to the relative amounts of the individual phases.

This allows the reaction to be expressed as
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iT = flll + £51, (4.29)

Values of iT have been calculated for each alloy at 0.4 v
and are shown in Figure 31. The reaction rates on the
metals are also included for comparison.

Comparison of the theoretical and experimental values
shows fair agreement considering the approximations used to
evaluate the rates on the separate phases. Iﬁ can be seen
that a small amount of Pt added to Au increases the electro-
activity of the métél over ten times in basic solution and
over 104 times in acid solution. A further increase of the
Pt component increases the activity to some extent, but not
so dramatically.

Due to the heterogeneity of the alloys, it does not
seen possible to relate the d-band vacancies to the bulk
compositions, therefore, one has not been attempted. It is
contemplated that an extension of this work will be an

attempt to produce solid-solution alloys for use in such

studies.

7. Comparison of the Electro-Oxidation Rates of

Ethylene and Acetylene

A comparison of the studies on Au24 and Pt6’27

shows
that the currents reéulting from acetylene electro-oxidation
are significantly higher than those from ethylene. As this
is of considerable interest, a brief discussion of possible

explanations follows:

(1) Relative Solubilities, Solubility of ethylene in
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Figure 31. Comparison of the electrocatalytic activity ofv
electrodes from the Au-Pt system for the anodic
oxidation of ethylene at 80°C. (——, equation 4.29,
O, 1NHSO, A, 1 N KOH)
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agueous solutions is smaller than that of acetylene35. Since

the coverage of a species is related to its bulk concentration
in solution, it is expected that the coverage of adsorbed
acetylene would be higher than ethylene possibly giving higher
currents on Au. |

(2) Accessibility to Adsorption Sites Acetylene'is more

accessible to the active sites on the metal surface than
ethylene due to the size of the molecules. The low value of
‘limiting coverage is ofteﬁ claimed to be due to inactive
sites or small crevices on the surface. A fraction of the
sites may be unavailable for adsorption, either due to a
different degree of affinity of the surface atoms for the
adsorbent (inactive sites) or due to some of the sites being
inside small crevices inaccessible to the larger organic
molecules. The relative number of inactive sites would be
expected to increase as the size of the adsorbing molecules
increases.

(3) Mode of Adsorption  As discussed previously, the

adsorption by hydrocarbon from solution can be intgrpreted

in terms of replacement of water molecules on the metal
surface. Within limits, the lower the enérgy required for
hydrocarbon adsorption, the easier it is for the hydrocarbon
to replace the adsorbed water molecules on the surface.
Acetylene has two 7 bonds and one o bond. The energy required
to break the first m bond is ~ 54 Kcal (the difference in bond
energy of C=C and C=C). Assuming that the first m bond is

broken when acetylene is adsorbed, and using Pauling's equation,
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the bond strength of Au-C for acetylene adsorption is v 69
Kcal. Therefore, acetylene molecules could replace water
molecules on the metal surface more easily than ethylene
(v 74 Kcal). Unfortunately, no reliabie data on the
adsorption energy of water on Au are available. Similar

arguments can be applied to Pt.
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Chapter V

RECOMMENDATIONS

It may be expectéd on the basis of the eéuilibrium
diagram for Au-Pt alloys that different methods of prepara-
tion or heat treatment lead to different phase compositions
within the alloy. Thus, cOrrelations‘between cataiytic or
electrochemical properties and certain properties of the
bulk, for instance, the d-band character’is not possible.
Attempts should be made to produce electrodes that consist
of a homogeneous solution of Au and Pt to see if d-band
character is an important consideration. Alloys of Au with
other noble and non-noble metals which show catalytic
activity (e.g., Fe, Co, Ni, etc.) might give valuable
insight to the effect of d-band filling on the electro-
catalytic activity. ”

. Further studies with other hydrocarbons should be of
interest. In order to take advantage of the reactiveness of
compoundS‘With unsaturated bonds, substituted acetylenic
and ethylenic compounds should be used as far as possible.
The reaction products should be particularly scrutinized
for possible syntheses using electrochemical oxidation.
This could be one of the more important aspects of the study.
It was recently emphasized by Dr. G. E. Evans of Union
Carbide Corporation, that fuel cells will ultimately be used
primarily as reactors to produce various chemicals and that
the electricity generated during the process will be

considered only a by—-product?6
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APPENDIX A

NOTATIONS

A = Frequency factor in Arrhenius equation
a.t.r.= Above transition region

b.t.r.= Below transition region

Cg = Concentration of ethylene in solution, gmole/cm3
-

Ea = Apparent activation energy, Kcal

Eé = Chemical activation energy, Kcal

E~.c = Carbon-carbon bond energy, Kcal

EM«C = Metal-carbon bond energy, Kcal

Ey.y = Metal-metal bond energy, Kcal

F = Faraday constant, 96,500 coulombs/equiv.= 23;06/v-equiv.

:l‘ = Fraction of al-phase in solid solution

f2 = Fraction of az—phase in solid solution

iT = Total current density, am.p/cm2

il = Current density contributed by al~phase, amp/cm2

i2 = Current density contributed by az—phase, amp/cm2

k = Rate constant, sec”l

KC = Concentration equilibrium constant

KP = Pressure equilibrium constant

P.Z2.C.= Potential of zero charge

PE = Partial pressure of ethylene, atm

R = Gas constant, 1.987 cal/gmole-K°

"r.d.s.= Rate determing step
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Standard hydrogen electrode
Absolute temperature °K
Potential, wvolt
Experimental CO2 formed for okidation, gm
Theoretical CO2 formed for complete oxidation, gm
Pt-rich phase in solid solution |

Au-rich phase in solid solution

Fraction of total active sites covered with ethylene

Fraction of total active sites covered with

chemisorbed species
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APPENDIX B

MATERIALS

The following is a list of the materials and reagents
used in this investigation. A detailed analysis of the
reagents may be obtained from the chemical catalogue of the
respective supplier.

1. Acid, Sulfuric. Reagent grade, Fisher Scientific

Co., Fairlawn, N.J.

2. Ascarite. 8 to 26 Mesh, Arthur H. Thomas Co.,
Philadelpha, Pa.

3. Ethylene. C.P. grade, 99.0 % min., Matheson
Scientific Co., Joliet, Ill.

4. Gold. (0.003 in. thick sheet) Engelhard Industries
Inc., Newark, N.J.

5. Gold-Platinum Alloy. (0.003 in. thick sheet)

Engelhard Industries Inc., Newark, N.J.

6. Mercurous Chloride. Reagent grade, Fisher Scientific

Co., Fairlawn, N.J. (used in reference electrode)

7. Mercurous Sulfate. Reagent grade, Fisher Scientific

Co., Fairlawn, N.J. (used in reference electrode)
8. Nitrogen. Prepurified grade, Matheson Scientific Co.

Joliet, Il1l.

9. Potassium Chloride. Reagent grade, Fisher Scientific

CO., Fairlawn, N.J. (used in reference electrode)



10. Potassium Hydroxide. Reagent grade, Fisher

Scientific Co., Fairlawn, N.J.

11. Potassium Sulfate. Reagent grade, Fisher

Scientific Co., Fairlawn, N.J.

97
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APPENDIX C

APPARATUS
The following is a list of the principal components
used in this investigation.
1. Ammeter. Ultra high sensitivity volt-ohm-
microammeter, Simpson 269, Simpson. Electric Co., Chicago, Ill.

2. Electrometer. Multi-range type, Model 610B,

Keithley Instruments Inc., Cleveland, Ohio.

3. Gas Chromatograph. Model 810 Research Chromatograph,

F & M Scientific Corp., Avondale, Pa.

4. Gas Proportioner. Matheson Model 665, Dual-flow

control, Matheson Scientific Co., East Rutherford, N.J.

5. Potentiostat. Wenking 66TS1l, Gerhard Bank Elektronik,

Gottinger, West Germany.

6. Power Supply. Sorensen, QRB (0.75 amp, 40 v) D.C.

power supply, Raytheon Co., South Norwalk, Conn.
7. Recorder. Laboratory Recorder V.0.M.-5, Bausch &
Lomb Incorp., Rochester, N.Y.

8. Temperature Controller. YSI Thermistemp Model 71,

Yellow Springs Instrument Co., Yellow Springs, Ohio.
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APPENDIX D

DATA

The following tables include the data obtained in the
current-potential studies, current-temperature studies,
and'current—partial pressure studies. The listed current
can be converted to current density by dividing by the

geometric surface area of the electrode.

171055
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TABLE VII
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON Au AT 80°C (PE = 1 atm)

1N H2804 HZSO4—K2804 Mixture HZSO4-K2804 Mixture
pH = 0.35 pH = 1.4 pH = 3.0
Potential Current Potential Current Potential Current
v (SHE) ma v (SHE) ma v (SHE) ma
0.747 0.010 0.747 0.011 0.547 0.008
0.794 0.042 0.797 0.040 0.597 0.013
0.822 0.110 0.822 0.0%0 0.647 0.020
0.847 0.295 0.847 0.240 0.697 0.038
0.872 0.750 0.872 0.560 0.747 0.138
0.897 2.60 0.897 1.50 0.797 0.400
0.947 5.90 0.947 3.70 0.847 0.770
0.997 13.0 0.997 7.50 0.897 1.20
1.047 22.0 1.047 14.0 0.947 1.63
 TABLE VIII

CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON Au AT 80°C (PE = 1 atm)

KQSO4~K2CO3 Mixture 1N K2C03 1 N XOH

pH = 10.1 pH = 10.9 pH = 12.7
Potential Current Potential Current Potential Current
v (SHE) ma v (SHE) ma v (SHE) ma
0.122 0.010 0.047 0.009 -0.071 0.006
0.172 0.012 - 0.097 © 0.015 -0.046 0.008
0.197 0.014 0.122 0.019 -0.021 0.012
0.222 0.018 0.147 0.026 0.004 0.020
0.247 : 0.022 0.172 0.039 0.029 0.037
0.272 0.030 0.197 0.064 0.054 0.059
0.297 0.045 0.222 0.088 0.079 0.093
0.322 0.065 0.247 0.100 0.104 0.120
0.347 0.093 0.272 0.090 0.129 0.145
0.372 0.117 0.154 0.14
0.397 0.125 ‘

0.422 0.120




TABLE IX

CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF

ETHYLENE ON 80Au-20Pt ALLOY AT 80°C (PE = 1 atm)
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1N H SO

2 4

pH = 0.35

H, SO , -K S50, Mixture

2 4
PH

274
= 1.4

H_sSO,-K 80, Mixture

2

4
PH =

2 74
3.0

Potential Current

Potential Current

Potential Current

v (SHE) ma v (SHE) ma v (SHE) ma
0.422 0.0055 0.397 0.004 0.347 0.0045
0.447 0.011 0.447 0.009 0.397 0.010
0.497 0.025 0.497 0.0165 0.447 0.0195
0.547 0.0505 0.547 0.029 0.497 0.039
0.597 0.103 0.597 0.090 0.547 0.100
0.647 0.195 0.647 0.180 0.647 0.470
0.697 0.200 0.697 0.225 0.697 0.440
0.747 0.210 0.747 0.245 0.722 0.430
0.797 0.640 0.797 0.430
0.847 2.70 0.847 1.15
0.872 6.0 0.897 2.80
0.897 8.80 0.922 2,70
0.922 8.50

TABLE X

CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF

- ETHYLENE ON 80Au-20Pt ALLOY AT 80°C (PE = 1 atm)
K2504—K2C03 Mixture 1 N K.2CO3 1 N KOH
pH = 10.1 pH = 10.9 pE =12.7
Potential Current Potential Current Potential Current
v (SHE) ma v (SHE) . ma v (SHE) ma
0.029 0.005 -0.096 0.0045 -0.171 0.010
0.054 0.008 -0.071 0.007 ~-0.146 0.017
0.079 0.012 -0.046 0.012 -0.121 0.026
0.104 0.015 -0.021 0.0165 ~-0.096 0.048
0.129 0.018 0.004 0.024 -0.071 0.068
0.154 0.018 0.029 0.040 -0.046 0.082
0.173 0.016 0.054 0.045 -0.021 0.086
0.079 0.043 0.004 0.082
0.129 0.042




TABLE XI

CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF

ETHYLENE ON 60Au-40Pt ALLOY AT 80°C (PE

1l atm)
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‘1N HZSO4 HZSO4—KZSO4 Mixture H2SO4—K2804 Mixture
pH = 0.35 PH = 1.4 pPH = 3.0

Pctential Current Potential Current Potential Current
v (SHE) ma v (SHE) ma v (SHE) ma
0.447 0.006 0.397 0.004 0.347 0.006
0.497 0.016 0.447 0.008 0.397 0.012
0.547 0.043 0.497 0.016 0.447 0.024
0.597 0.100 0.547 0.030 0.497 0.048
0.647 0.182 0.597 0.060 0.547 0.128
~0.697 0.225 0.647 0.170 0.597 0.320
0.722 0.235 0.697 0.200 0.647 0.570
0.747 0.260 0.747 0.300 0.672 0.720
0.772 0.400 0.797 0.640 0.697 0.690
6.797 0.850 0.847 1.650

0.822 1.480 0.8297 3.60

0.847 2.750 0.922 3.50

0.872 5.50

0.897 8.70

0.922 10.0

0.947 8.0

TABLE XII

CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF

ETHYLENE ON 60Au—-40Pt ALLOY AT 80°C (PE = 1 atm)

- i N 1 N KOH
KZSO4 K2CO3 Mixture 1 K2C03

pH = 10.1 pH = 10.9 pH = 12.7

Potential Current

Potential Current

Potential Current

v (SHE) ma v{SHE) ma v (SHE) ma
0.004 0.007 -0.096 0.009 -0.196 0.013
0.02° 0.010 -0.071 0.013 ~0.146 0.025
0.054 0.0le -0.046 0.022 C=-0.121 0.050
0.079 0.022 ~-0.021 0.037 -0.096 0.082
0.104 0.027 0.004 0.050 -0.071 0.120
0.12° 0.027 0.029 0.060 -0.046 0.140
0.154 0.026 0.054 0.062 -0.021 0.135

0.079 0.060

0.129 0.050
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TABLE XIII
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 40Au-60Pt ALLOY AT 80°C (P_ = 1 atm)

E
1N sto4 H2504—K2804 Mixture H2504—Kzso4 Mixture
pH = 0.35 pH = 1.4 pH = 3.0

Potential Current Potential Current Potential Current
v (SHE) ma v (SHE) ma v (SHE) ma
0.447 0.0075 0.447 0.010 0.347 0.004
0.497 0.016 0.497 0.020 0.397 0.008
0.547 0.029 0.547 0.046 0.447 0.016
0.597 0.070 0.597 0.084 0.497 0.032
0.647 0.175 0.647 0.240 0.547 0.094
0.697 0.285 0.697 0.500 0.597 0.230
0.722 0.365 0.747 0.780 0.647 0.480
0.747 0.470 0.797 1.10 0.697 0.780
0.772 0.760 0.847 2.10 0.747 0.800
0.797 1.20 0.897 2.40 0.797 0.700
0.822 1.95 0.922 2,20

0.847 3.10

0.872 6.0

0.897 9.0

0.922 8.5

TABLE XIV
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 40Au—-60Pt ALLOY AT 80°C (PE = 1 atm)

KZSO4-—K2CO3 Mixture 1N K2C03 1l N KOH
pH = 10.1 pH = 10.9 pH = 12.7

Potential Currant Potential Current Potential Current
v {SHE) ma v (SHE) ma v (SHE) ma
0.004 0.005 -0.071 0.012 -0.171 0.013
0.029 0.008 ~-0.046 0.020 -0.146 0.018
0.054 0.016 -0.021 0.032 -0.121 0.034
0.079 0.023 0.004 0.049 -0.096 0.067
0.104 0.031 0.029 0.055 -0.071 0.098
0.129 0.033 0.079 0.054 -0.046 0.110
0.154 0.034 -0.021 0.100
0.179 0.034

0.229 0.039

0.329 0.036




CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 20Au-80Pt ALLOY AT 80°C (PE

TABLE XV

= 1 atm)

104

1 NH

pH =

ZSO4
0.35

H_SO -XK_.SO

2 4

2 74
= 1.4

Mixture

H_SO -K_SO, Mixture

274 274

pH = 3.0

Potential Current

Potential Current

Potential Current

v (SHE) ma v {(SHE) ma v (SHE) ma
0.447 0.013 0.447 0.0075 0.447 0.026
0.497 0.024 0.497 0.015 0.497 0.050
0.547 0.043 0.547 0.035 0.547 0.110
0.597 0.082 0.597 0.077 0.597 0.245
0.647 0.152 0.647 0.150 0.647 0.460
0.697 0.280 0.697 0.283 0.697 0.700
0.747 0.530 0.747 0.500 0.747 0.900
0.797 0.860 0.797 0.960 0.797 1.60
0.847 2.20 0.847 2.80 0.847 2.00
0.872 3.90 0.897 4.40 0.897 1.40
0.922 7.20 0.922 3.30

0.947 5.00 ’

TABLE XVI

CURRENT-POTENTIAL VALﬁES FOR THE ANCDIC OXIDATION OF

ETHYLENE ON 20Au-80Pt ALLOY AT 80°C (PE = 1 atm)
—_ 3 K
KQSO4 K2C03 Mixture 1N K.2CO3 1 N KOH
pH = 10.1 pH = 10.9 pH = 12.7

Potential Current

Potential Current

Potential Current

v (SHE) ma v (SHE) ma v (SHE) ma
~0.053 0.011 -0.103 0.018 -0.221 0.014
-0.028 0.015 -0.078 0.027 -0.196 0.024
-0.003 0.023 -0.053 0.046 -0.171 0.042
0.022 0.031 -0.028 0.072 -C.146 0.073
0.047 0.049 -0.003 0.110 -0.096 0.220
0.072 0.075 0.022 0.140 -0.071 0.290
0.097 0.120 0.045 0.130 -0.046 0.310
0.122 0.157 -0.021 0.300
0.147 0.163
0.172 0.150
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TABLE XVII
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF
*
ETHYLENE ON SMOOTH Pt AT 80°C (PE = 1 atm)

1 N HyS0, ) 1 N KOH
pH = 0.35 pPH = 12.7
Potential Current Potential Current
v (SHE) ma v (SHE) ma
0.447 0.017 ~0.19¢ 0.015
0.497 0.034 -0.171 0.025
0.547 0.092 -0.14¢ 0.038
0.597 0.260 -0.121 0.086
0.647 0.610 -0.096 0.155
0.697 1.10 -0.071 0.220
0.722 1.40 -0.046 0.180
0.747 1.80 0.029 0.140
0.797 2.60 '
0.822 3.00
0.847 3.40
0.872 3.60

0.897 3.00

*
Surface area = 12.5 cm2

TABLE XVIII
CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION

OF ETHYLENE ON Au IN 1.0 N stO4 (PE = 1 atm)
Potential Temperature Current
v (SHE) °cC ma
0.847 80 0.730
75 0.525
70 0.360
65 0.250
60 0.170
55 0.105
0.897 80 2.50
75 1.75
70 1.135
65 0.79
60 0.54

55 : 0.37
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TABLE XIX
CURRENT~TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF

ETHYLENE ON Au IN 1.0 N KOH (PE = 1 atm)

Potential Temperature Current
V (SHE) °C ma
0.054 80 0.095

75 | 0.067
70 0.032
65 0.018
60 0.0115
0.104 80 0.285
75 0.165
70 0.098
65 0.067
60 0.035

55 0.018




TABLE XX
CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF

107

ETHYLENE ON 80Au-20Pt ALLOY IN 1.0 N H2804(PE = 1 atm)
Potential Temperature Current
v (SHE) °C ' ma

Above Transition Region

0.847 80 2.25
75 1.40
70 1.0
65 0.73
60 0.50
55 0.30

0.897 80 7.5
75 5.6
70 3.5
65 2.32
60 1.53
55 1.0

Below Transition Region

0.547 80 0.026
75 : 0.018
70 0.012
65 0.0075
60 0.005
0.597 80 0.043
75 0.030
70 0.020
65 ' 0.014
60 0.0095

55 : 0.006
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TABLE XXI
CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF

ETHYLENE ON 80Au-20Pt ALLOY IN 1.0 N KOH (PE = 1 atm)

Potential Temperature Current
v (SHE) : - °C ma
-0.121 80 : 0.041

75 0.028
70 0.019
65 0.012
60 0.0067
-0.071 80 ' 0.138
75 0.096
70 0.059
65 0.035
60 0.021

55 0.012




109

TABLE XXII
CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF

ETHYLENE ON 60Au-40Pt ALLOY IN 1.0 N H2504{PE = 1 atm)

Potential Temperature Current
v (SHE) °C ma

Above Transion Region

0.822 80 1.81
75 1.28
70 0.90
65 0.54
60 0.42
55 0.28

0.872 80 5.6
75 4.3
70 3.2
65 2.0
60 1.2
55 0.76

Below Transition Region

0.547 80 0.047
75 0.035
70 0.025
65 0.0175
60 0.012
55 0.008

0.597 80 0.107
75 0.075
70 0.052
65 0.036
60 0.024

55 0.016




TABLE XXIII
CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 60Au-40Pt ALLOY IN 1.0 N KOH (PE = 1 atm)

Potential Temperature Current
v (SHE) el : ma
-0.121 80 . 0.052
75 0.031
70 0.0185
65 0.011
60 ' : 0.0078

-0.071 80 0.145
75 0.105
70 0.066
65 0.040
60 0.022
55 0.0135

TABLE XXIV

CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION COF

ETHYLENE ON 40Au-60Pt ALLOY IN 1.0 N HZSO4(PE = 1 atm)
Potential Temperature Current
v (SHE) °C ' ma
0.772 80 0.55
75 0.37
70 0.24
65 0.155
60 : 0.098
55 . 0.059
0.822 80 : 1.35
75 0.91
70 0.59
65 0.36
60 0.212

55 0.135
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TABLE XXV
CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 40Au-60Pt ALLOY IN 1.0 N KOH (PE = 1 atm)

111

Potential Temperature ' Current
v (SHE) °C ma
-0.121 - 80 0.025

: 75 0.016
70 , 0.009
65 0.0045
-0.071 80 0.110
75 0.070
7C 0.038
65 0.0205
60 0.012
55 . 0.006
TABLE XXVI

CURRENT—TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 20Au—-80Pt ALLOY IN 1.0 N H SO4(PE = 1 atm)

2
Potential Temperature Current
v (SHE) °C ma
0.797 80 ' 2.20
75 1.40
70 0.87
65 0.54
60 0.33
55 0.20
0.847 80 4.10
75 2.70
70 i.70
65 1.11
60 0.68

55 0.38
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TABLE XXVII
CURRENT-TEMPERATURE VALUES FCR THE ANODIC OXIDATION OF
ETHYLENE ON 20Au-80Pt ALLOY IN 1.0 N XOH (PE = 1 atm)

Potential Temperature Current
v (SHE) °C ma
-0.146 80 : 0.105

75 0.065
70 0.035
65 0.0195
60 , 0.009.
~-0.096 80 0.250
75 0.160
70 0.105
65 0.057
60 0.032
55 0.018

TABLE XXVIII
CURRENT~PRESSURE VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON Au IN 1.0 N H_SO, AT 80° C

2774
Potential C2H4 Partial Pressure Current
v (SHE) atm ' ma

0.847 1.0 0.33
0.3 0.165

0.1 0.090

0.03 0.033

0.01 0.016

0.897 . 2.10

1.0

0.3 1.07
0.1 . 0.57
0.03 0.25
0.01 0.127
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TABLE XXIX
CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON Au IN 1.0 N KOH AT 80°C

Potential C,H, Partial Pressure Current
v (SHE) atm ma
0.054 1.0 0.061

0.3 ' 0.035
0.1 0.016
0.03 0.009
0.01 0.007
0.104 1.0 0.075
0.3 0.041
0.1 0.020
0.03" 0.013

0.01 0.011
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TABLE XXX
CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF

ETHYLENE ON 80Au-20Pt ALLOY IN 1.0 N HZSO4 AT 80°C

Potential CzH4 Partial Pressure Current
v (SHE) atm ma

Above Transition Region

0.822 : 1.0 . 0.68
0.3 0.50
0.1 0.28
0.03 0.16
0.01 0.10

0.872 1.0 5.3
0.3 3.5
0.1 1.7
0.03 0.76
0.01 0.44

Below Transition Region

0.622 1.0 0.018
0.3 0.016
0.1 0.0125
0.03 0.0095
0.01 0.0070

0.672 . 0.025

1.0

0.3 0.022
0.1 0.0165
0.03 0.0135
0.01 0.0120
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TABLE XXXI
CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 80Au-20Pt ALLOY IN 1.0 N KOH AT 80°C

Potential C2H4 Partial Pressure - Current
v (SHE) atm ma
~-0.121 1.0 0.045

0.3 _ 0.035
0.1 0.025
0.03 0.014
0.01 0.008
~0.071 1.0 0.063
0.3 0.045
0.1 0.027
0.03 0.016

0.01 0.010




TABLE XXXII
CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF

ETHYLENE ON 60Au-40Pt ALLOY IN 1.0 N H2804 AT 80°C

1lle

Potential 02H4 Partial Pressure Current
v (SHE) atm ma

Above Transition Region

0.822 1.0 1.30
0.3 1.0
0.1 0.64
0.03 0.34
0.01 0.22

0.872 1.0 4.5
0.3 3.0
0.1 1.87
0.03 1.08
0.01 0.69

Below Transition Region

0.547 1.0 0.034
0.3 0.030
0.1 0.0255
0.03 0.0215
0.01 0.019

0.597 . 0.054

1.0

0.3 0.0455
c.1 0.0375
0.03 0.034
0.01 0.030




117

TABLE XXXIII
CURRENT—-PRESSURE VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 60Au—-40Pt ALLOY IN 1.0 N XOH AT 80°C

Potential C2H4 Partial Pressure Current
v (SHE) atm ma
-0.121 1.0 0.072

0.3 0.055
0.1 0.035
0.03 0.019
0.01 0.011
-0.071 1.0 0.105
0.3 0.08
0.1 0.06
0.03 .03
0.01 0.016

TABLE XXXIV
CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 40Au-60Pt ALLOY IN 1.0 N H_SO, AT 80°C

2774
Potential C2H4 Partial Pressure Current
v (SHE) : atm mna
0.772 1.0 0.69
0.3 0.53
c.1 0.37
0.03 0.24
0.01 0.16
0.822 1.0 1.65
0.3 1.20
0.1 0.73
0.03 0.41
0.01 0.32
0.872 1.0 4.6
0.3 3.6
0.1 2.2
0.03 1.3
0.01 0.71
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TABLE XXXV
CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 40Au-60Pt ALLOY IN 1.0 N KOH AT 80°C

Potential C2H4 Partial Pressure Current
v (SHE) atm . ma’

-0.121 1.0 0.034
0.3 0.026
0.1 0.017
0.03 0.009
0.01 : , 0.005
-0.071 ' 1.0 0.068
0.3 0.052
0.1 0.034
0.0 0.020
0.0

3
1 0.009

TABLE XXXVI
CURRENT—PRESSURE VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 20Au-~80Pt ALIOY IN 1.0 N H_SO,AT 80°C

2774
Potential C2H4 Partial Pressure Current
v (SHE) atm ' ma
0.797 1.0 4.3
0.3 3.4
0.1 2.2
0.03 1.45
0.01 0.95
0.847 1.0 5.35
0.3 3.90
0.1 2.50
0.03 1.60
0.01 1.20
0.894 R 7.50
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TABLE XXXVII
CURRENT~PRESSURE VALUES FOR THE ANODIC OXIDATION OF
ETHYLENE ON 20Au-80Pt ALLOY IN 1.0 N KOH AT 80°C

Potential C2H4 Partial Pressure Current
v (SHE) atm ma
-0.146 1.0 0.105

0.3 0.082
0.1 - 0.059
0.03 0.035
0.01 0.028
-0.096 1.0 0.188
0.3 0.133
0.1 0.078
0.03 0.048

0.01 0.028
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