'NRL Report 6481

Organic AdsOrption at Electrodes
| B J. PiErsMA ’ |

Electrochemistry Branch
Chemistry Division

March 6, 1967

NAVAL RESEARCH LABORATORY
' Washington, D.C. ‘

DISTRiBUTICiN OF THIS REPORT IS UNLIMITED



.CONTENTS

ADSETACE .. ccvutiii it ettt et e et e ettt et e e e e e e e e e s e e e s aensrennennennnsatnsasnaernnseannsennnerannss 1
INTRODUCTION....ceviviiiiiniinienennns e ittreseertreserraretrerrttarteteairnerarareatetatetrarenarans 1
COMPARISON OF METHODS FOR ADSORPTION STUDIES IN .
_ THE GAS PHASE AND AT ELECTRODES IN SOLUTION ............... rereereeenaes Civeeeen 1
ENERGETICS OF ADSORPTION .. oueuitinieiiiniteieeneeaareaeeeanaraaenanens S PP 3
TRENDS IN ELECTROSORPTION .......cccoviiiiveninnnnn, vrerrenenns et er e e 6
MODES OF ADSORPTION AND STRUCTURE o . .
OF ADSORBED SPECIES....T ............................. eetenersetenvereesnerasetnetnesrnaneenrnstesnnnne 8
THE ADSORPTION CHARACTERISTICS 4 ‘ _ :
OF SOME SELECTED COMPOUNDS......covvviiieninennansd T PRSI . S
Carbon Monoxide ........cccocvvvivivniinininns e e et .8 .
Formic Acid ....ccovuiiniiiiiiiiiii e e 11
YN 16 V) TSP SRR 13
Hydrocarbons.......cccoooouviiiiiiiniiiinniininnnnn. S PN 14
OPEN-CIRCUIT ADSORPTION BEHAVIOR ....................................... ereererieesteenes 17
SUMMARY «...ceoveeeeereeeeeeereeeseeseseeenens ettt ettt ettt ees e 19

REFERENCES..........cciiiiiiiiiiiininincciianens e e T seerverseensenierins 19



Organic Adsorption at Electrodes

B. J. PiErsmA

Electrochemistry Branch
Chemistry Division

Abstract: A review of the methods used to investigate the adsorption of organic compounds on solid
metal electrodes shows that all of the available methods have very definite limitations. In the absence of
a really good method, it is wise to employ all the available techniques which give complementary
information.

The available experimental information obtained from electrosorption measurements is compared
with the data obtained from gas-phase studies. As an example of the difficulty encountered in making
a comparison of gas-phase and electrosorption measurements, it is found in the study of adsorption
energetics that the heats of adsorption are much lower in electrosorption. When water vapor is present,
electrosorption is most likely similar to competitive gas-phase adsorption. A discussion of the energetics
of adsorption clearly shows the competitive nature of adsorption at electrodes in solution.

The adsorption characteristics of carbon monoxide, formic acid, methanol, ethanol, and hydro-
carbons, especially ethylene, are discussed in some detail.

A review of adsorption phenomena observed at open circuit shows that when a steady potential is
established at platinized Pt electrodes in solutions of alcohols and aldehydes containing more than one
carbon atom, processes of dehydrogenation and self-hydrogenation of the original substances and their

decomposition products occur.

INTRODUCTION

The types of information required for a dis-
cussion of adsorption of gases at metal surfaces
have been enumerated by Bond (1). With minor
variations, similar information is desired from the
measurements of adsorption of organic com-
pounds on solid metal electrodes. This informa-
tion includes:

1. the conditions of adsorption—under what
conditions- of temperature, pressure or concen-
tration, etc., and on which metals does the com-
pound in question chemisorb;

2. the stoichiometry of the adsorption process—
is chemisorption associative or dissociative, how
many sites are involved for the adsorption of one
molecule, is the adsorbed species mobile on the
surface, what is the nature of bonding;

3. the energetics of adsorption—the equilibrium
constant and its temperature variation, free
energy, heat and entropy of adsorption, their
variation with coverage, the activation energy for

NRL Problems C05-06 and C05-13; Projects SR 007-12-01-0809 and
RR 001-01-43-4754. This is an interim report on one phase of the
problem of electrode mechanism; additional work on this problem is
continuing. Manuscript submitted August 30, 1966.

NOTE: This research was performed while the author was an NAS-
NRC Postdoctoral Research Associate at NRL.

adsorption and desorption, and the strengths of
the bonds involved in the adsorption process;

4. the adsorption isotherm—the variation of
coverage with pressure or concentration, tem-
perature, potential, solvent, and pH; and

5. the kinetics of adsorption—the rates of ad-
sorption and desorption.

With the only-recently-developed interest in
adsorption at solid metal electrodes, it should be
obvious that very little of this information has been
obtained for even one system. As a matter of fact,
the desired information is far from complete for
even a single system in gas-phase adsorption (1,2).
Therefore, any discussion of organic adsorption
at solid electrodes must necessarily be incomplete
with respect to experimental evidence and in-
formation. In the next section we shall present
much of the available data on the electrosorption
of organic compounds, although no attempt is
made at completeness. Information from adsorp-
tion on mercury, recently reviewed by Frumkin
and Damaskin (3), and gas-phase adsorption
are presented where comparison seems justified.

COMPARISON OF METHODS FOR
ADSORPTION STUDIES IN THE GAS PHASE
AND AT ELECTRODES IN SOLUTION

The experimental methods for the study of elec-
trosorption have been reviewed for equilibrium
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TABLE 1
Methods for the Study of Adsorption

Gas Phase

Solid Electrodes in Solution

1. Volumetry and gravimetry

2. Accommodation coefficients

3. Magnetic susceptibility

4. Specific magnetization

5. Work function changes

6. Electrical conductivity

7. Kinetic studies —isotopic
traces

8. Infrared spectroscopy

9. Gas-solid chromatography
10. Electron spin resonance
11. Field ion microscopy
12. Field emission microscopy

13. Low-energy electron
diffraction (LEED)

14. Flash desorption

. Coulometric: galvanostatic
" charging, galvanostatic

. Differential double-layer

. Radiotracer: isotope-labelling

. Spectrophotometric: change in

. Ellipsometry

hydrogen deposition, potential
sweep, chronopotentiometry

capacity

detection in solution or on
the electrode

solution absorption of uv

adsorption (4) and for adsorbed intermediates (5).
Methods applicable in gas-phase studies have
been reviewed by Bond (1) and by Hayward and
Trapnell (2), and modern techniques are discussed
by Ehrlich (6). The fundamental difference of the
solution phase presents severe limitations on the
experimental approach to electrosorption, and
many of the exciting techniques now being utilized
in the gas phase are simply not applicable. Table 1
lists the various methods which can be used to
study adsorption in the gas phase and at elec-
trodes in solution. In gas-phase study, tremendous
advances have been made due primarily to the
development of ultrahigh vacuum techniques.
For the first time it has become possible to specify
exactly .the environment at an interface and to
perform meaningful measurements on samples
with small surface areas (6). The use of high
vacuum has permitted the use of the field emission
microscope, which can scan the surface on a scale

that approaches the realm of atomic dimensions,
and the field ion microscope, which gives an even
greater resolution. In many cases new problems
arise in the study of clean systems. The structural
studies of clean surfaces with low-energy electron
diffraction (LEED) have caused more problems
than they have solved (7), and at present adsorp-
tion is being investigated before the clean surfaces
themselves are understood.

For the study of adsorption two requirements
should be met: both the metal surface and ad-
sorbing species must be in known reproducible
states, and the environment must be adjusted to
prevent introduction of impurity. The speed of
contamination of clean metal surfaces has been
realized for some time in gas-phase studies (8).
In the gas phase the time 7 for 1% contamination
of the metal surface, assuming that one out of
every four molecules striking the surface will
stick, is given by (6)
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7= (10"7/p) sec.

Thus at a pressure p of 1078 torr, 100 msec are
available for experimentation with a metal sur-
face less than 1% contaminated. The above re-
quirements have been fairly well met in a few
studies by the use of ultrahigh vacuum techniques,
and the problem is now well understood for gas
phase adsorption measurements.

The study of adsorption in solution presents
somewhat more of a problem. Although the in-
fluence of impurity was realized by Frumkin’s
school in the 1930’s, and reemphasized by Bockris
and coworkers, acceptable conditions of purity
have not in general been maintained in electro-
chemical systems. A recent and rather unfortunate
trend in electrochemical measurements has been
to substitute transient methods and electrode pre-
treatment sequences for the design and main-
tenance of clean systems. Just as gas-phase studies
required the development of the Bayard-Alpert
inverted ionization gauge to measure pressures in
ultrahigh vacuum systems, perhaps methods for
testing the purity of solution and electrode clean-
liness are required before consistent and meaning-
ful measurements at electrodes -in solution are
made. A step in this direction has been made by
Schuldiner and Warner (9), who have suggested a
simple method for determining the cleanliness of
a platinum anode. Using the equivalent of high-
vacuum techniques (electrochemical measure-
ments in solution can never approach ultrahigh
vacuum techniques for obvious reasons), it has
been possible to maintain highly clean systems for
periods of several months (10). These results
show that with proper system design and a little
effort, electrochemical measurements can be made
in clean systems reproducibly without resorting
to techniques which act as substitutes for system
purity. Thus the design and operation of clean
electrochemical systems would seem to be a pre-
requisite before reproducible, and indeed mean-
ingful, information on electrosorption of organic
compounds can be obtained. The often-heard
argument that the organic species being examined
is itself an impurity, and therefore system cleanli-
ness is impossible, is not relevant.

The question of which method is best for the
study of electrosorption may be simply answered
by stating that all of the available methods have
very definite limitations, and in the absence of a

really good method, it is wise to employ all of the
available techniques which give complementary
information. The experimental problems involved
in radiotracer techniques are relatively greater;
however, the results are more easily interpreted
in terms of the total amount of species formed and
are based on fewer assumptions than are the
various electrochemical methods. Other methods
have been attempted, e.g., infrared spectroscopy
using internal reflection and electron spin reso-
nance (11), but with little success. Electrosorption
is still awaiting the development of a good in situ
method of examining adsorbed layers at metal
surfaces.

ENERGETICS OF ADSORPTION

The intention of this section is to compare the
thermodynamic quantities determined for the
adsorption of selected compounds in the gas phase
with those for the electrosorption of the same
species. This comparison is at best difficult since
gas-phase studies have in general determined the
heat of adsorption primarily from calorimetric
measurements or from isotherms using the
Clausius-Clapeyron relation, while the few studies
of electrosorption which have considered the
energetics have determined free energies from
isotherms. Heats of adsorption have been deter-
mined at platinum electrodes for ethylene (12) and
benzene (13) from the variation of equilibrium
constant, determined from the adsorption
isotherms, with temperature using the Van't
Hoff equation. However, the adsorption of these
compounds on platinum in the gas phase has not
been reported. Hydrogen adsorption, which has
been extensively studied in the gas phase (2) on a
number of metals, has been examined at Pt, Rh,
and Ir electrodes by Breiter (14) using the tech-
nique of cyclic voltametry to obtain free energy,
heat, and entropy of adsorption. While this is not
organic adsorption, it can give an indication of
the differences in gas-phase processes and electro-
sorption. Heats in the gas-phase range from —45
kcal/mole on tungsten to —26 kcal/mole on pal-
ladium and —28 kcal/mole on rhodium (2). On
platinum and rhodium, Breiter has obtained heats
of adsorption of about —18.5 kcal/mole at zero
surface coverage (8 =0) and from —8.5 to —13.0
kcal/mole for a coverage of 6 = 0.5. These values
tend to show that the heats of adsorption on
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TABLE 2
. Comparison of Heats of Adsorption
from Gas-Phase and Electrosorption Measurements

Gas Phase (kcal/mole) Electrosorption (kcal/mole)
Metal |y, co CzH, H. C:H: | CgHs
(Ref. 2) | (Refs. 1 and 2) | (Refs. 1 and 2) | (Ref. 14) | (Ref. 12) | (Ref. 13)
w —45 —82 —102 - — -
Ni -30 —42 —58 — — -
Fe —32 —46 —68 - - -
Rh —28 - —50 —18.5 - -
Pd —~26 - - - - —
Pt - - - —18.5 0 +10
Cu - -9 —19 - - -
Au - -9 —-21 — - —
electrodes in solution are in general much less TaBLE 3

than those in the gas phase, which is to be ex-
pected for the replacement reaction (15). Limita-
tions on the quantities determined by Breiter have
been discussed by Frumkin (16) so that these
values should be used with caution. In addition,
Breiter has assumed the Nernst relation to de-
termine the partial pressures of hydrogen from
electrode potentials. This assumption has been
shown not to be valid below 10-6 atm hydrogen
partial pressure (10), because of hydrogen ab-
sorbed in the Pt, and becomes invalid at somewhat
higher partial pressures in the presence of
oxygen (17).

Table 2 shows the difficulty in making a com-
parison of gas-phase and electrosorption measure-
ments. In general, the heats of adsorption are
much lower in electrosorption. This has been ex-
plained by the fact that electrodes are covered
with water molecules and energy is required to
displace them from the surface. The idea that
electrosorption is a replacement reaction is more
clearly brought out by examining the free-energy
quantities determined for the adsorption of a
number of organic species at electrodes.

The net free energies of adsorption AGY, de-
fined as (18)

ATy = (&= — ) — n (o — i),
are given for a number of butyl, phenyl, and
naphthyl derivatives in Table 3. Here m%¢ and

Net Free Energies of Adsorption AG? of
Butyl, Phenyl, and Naphthyl Derivatives
on Hg (18) (0.1N HCI, potential at electro-

capillary maximum surface coverage
6 =0.25)
—AG? (kcal/mole)
Functional Group N-CsHs | CoHj | CioH,

OH 3.7 5.6 8.8
CHO 6.5 6.6 9.0
COOH 4.5 6.7 8.6
CN 4.5 6.0 -
NH; 29 |39 | 73
SH 4.9 7.5 -
SO; 26 | 3.8 [775
co ~8 - -

r%% are the standard electrochemical potentials of
adsorbate and water in the adsorbed state, referred
to unit mole fractions on the metal surface, u%* and
9%, are the standard electrochemical potentials of
adsorbate and water in solution, réferred to unit
mole fractions in the solution, and n is the number
of water molecules replaced, determined on mer-
cury by the electrocapillary method.

The standard electrochemical free energy of
adsorption, as obtained from the Langmuir iso-
therm in the form
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TasLE 4 _
Comparison of Free Energies of Adsorption AG? of Organic Bases and
Their Conjugate Acids on Hg (19) (potential —600 mv vs S.C.E., 26°C)

—AG%kcal/mole) | 1IN HCl | —AG°kcal/mole) | IN KCl
Adsorbate (ef = 0(5) ! (6=10.25) (ie( = 0{5) ) (6=0.25)
pyridine 2.5 4.8 33 -
2-NH,-pyridine 45 5.3 4.0 -
2-Cl-pyridine 3.5 5.6 5.3 5.9
1,2,3,6-tetrahydra-
pyridine 3.7 4.6 4.5 -
piperidine 3.6 4.3 4.6 -
aniline 4.1 - 4.5 -
TaBLE 5
Standard Free Energies of Adsorption at Potential
of Maximum Adsorption as ¢ = 0
—AG® (kcal/mole)
Metal Naphthalene* | n-decylaminet | Ethylenei Cyclohexanei
(Ref. 20) (Ref. 20) (Ref, 12) | Denzenet (Ref. 22)
Ni 6.0 6.8 - — -
Fe | 7.0 6.6 - - -
Cu |70 7.3 - - -
Pd - 6.2 - - —
Pt 8.4 7.4 5.6 5.7-8.7 (Ref. 13) -
Au | 0.7% (Ref. 22) — - 6.1 (Ref. 22) <5.8
*IN NaClO;.
0.9N NaClO,; 0.IN NaOH.
$IN H:SO,.
_0 _ Ca o-AGORT equal to one, are given in Table 5 for solid metal
1—6 555 ’ electrodes.

has been determined for the adsorption of several
organic bases and their conjugate acids on mer-
cury (19) and are presented in Table 4.

Finally, the standard free energies of adsorption
for ethylene and benzene as determined from
equilibrium constants (12,13) and for n-decylamine
and naphthalene as determined from the isotherm
(20,21)

0 [0+n(1_0)]n_1_corg
(1—6)n nn 555

e~AGYRT,

which reduces to the usual Langmuir isotherm
when n, the number of water molecules displaced
by one organic molecule on adsorption, becomes

It is readily apparent that the standard free
energies of adsorption of a wide variety of organic
compounds on a number of solid metal electrodes
and on mercury are quite similar, with a variation
of less than 10 kcal/mole, and in most cases less
than 5 kcal/mole. This leveling effect in electro-
sorption is thus a good indication of the strong in-
fluence of solvent molecules in determining ad-
sorption energies. There are also some indications
that the presence of water vapor in gas-phase
adsorption can have large effects on the heats of
adsorption (1,2). The effect of the adsorption of
water vapor on contact potentials has been known
for some time, and particularly large effects are
obtained in critical ranges of water vapor below
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1% and above 75% (23). Thus, electrosorption is
most likely similar to competitive gas-phase ad-
sorption when water vapor is present and, in this
sense, is not a special type of adsorption.
Thermodynamic quantities other than the
standard free energy of adsorption of electro-
sorption have been worked out only for the cases
of ethylene (12) and benzene (13) adsorption on
Pt electrodes. Using a thermodynamic cycle of
the type
AH o,
—> organic,,+nH,0

2 (soln)

organic, + nH, O,

(soin) 2 {ads)

AH| AH 3 nAH2 nAH.;

nH,0O

organic,,,, 2(gas)

and appropriate values for the various enthalpy
quantities AH, the calculated heats of adsorption
for the overall process were in good agreement
with the observed values. The entropies of ad-
sorption AS were calculated in the usual way
from the free-energy and enthalpy values. These
- values are collected in Table 6. It is noted that
the entropies of adsorption are positive, as a
result of the desorption of water molecules.

Further comparison of the energetics of ad-
sorption from the gas phase and of electrosorp-
tiori must await more experimental data from both
type of systems. In general, comparisons will
have to be restricted to specific systems. For
example, Smith and Burwell (24) have suggested
that results for liquid-phase hydrogenation
closely resemble those in the vapor phase, and it
appears unlikely that there is any substantial
difference between the mechanism of hydrogena-
tion on Pt catalysts in the vapor phase and that
in the liquid phase. While Bond and Wells (25)
have stated that on energetic and steric grounds

TABLE 6
Thermodynamic Quantities for
Adsorption of Ethylene (12)
and Benezene (13) on Pt Electrodes

Organic | =, AH AS
Specie AG® (keal/mole) (kcal/mole) | (e.u.)
C.H, 5.6 ~0 +16
CsHs 5.7-8.7 +10 +50

it should be expected that certain processes will
occur on a nearly bare surface, the same processes
would be unable to proceed on a highly covered
surface.

TRENDS IN ELECTROSORPTION

From the large number of adsorption measure-
ments made at Hg electrodes, definite trends for
the electrosorption of organic molecules in general
can be suggested. These are taken primarily
from the summary of Frumkin and Damaskin (3)
and the papers of Barradas and Conway (19)
and of Blomgren and coworkers (18). Further
trends, when evident, from adsorption measure-
ments at solid electrodes will also be given (12,13,
20-22).

Electrocapillary measurements show that the
decrease in interfacial tension in organic systems
reaches its maximum in the vicinity of the poten-
tial of zero charge (p.z.c.). This is of course re-
lated to the “bell-shaped” curve for the variation
of surface coverage with electrical potential
observed for adsorption at solid electrodes,
particularly at lower solute concentrations. This
has been explained in terms of the water competi-
tion model of Bockris, Devanathan, and Miiller
(26). More recently, Devanathan has objected to
this model (27) and attributed the displacement
of organic species by water molecules to the
hyperpolarizability of water. These authors also
suggest that any substance with a dielectric con-
stant greater than that of water in the double
layer will displace water even at high field
strengths. Frumkin has recently proposed (28)
that the potential dependence of organic ad-
sorption on Pt is related to competition with
hydrogen at low potentials and oxygen at high
potentials, and not primarily with water molecules.
This theory would require oxygen species to be
present on the electrode beginning at about 0.6 V,
relative to the normal hydrogen electrode
(N.H.E.), in sufficient amounts to compete with
organic species.

While the exact reason for the potential de-
pendence of organic adsorption can remain open
for discussion, the fact of this dependence does
remain and is typical of the electrosorption of
neutral organic molecules. The adsorption maxi-
mum is in general slightly negative to the p.z.c.
This can be interpreted, at least by the water
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competition model, as due to the slightly pre-
ferred orientation of water molecules with oxygen
toward the metal surface at the p.z.c. From some
measurements on Hg, where the p.z.c. is well
established, there are good indications that the
adsorption maximum is on the negative side for
aliphatic molecules, but on the positive side for
aromatic molecules (18). The p.z.c. was displaced
to positive values by the adsorption of aliphatic
compounds and to negative values by aromatics.
This shift in p.z.c. is due to the substitution of
organic molecules for water dipoles. From ad-
sorption studies of aromatic and cyclic bases, it
was reported (19) that no sharp maximum in
adsorption near the p.z.c. is observed as compared
with aliphatic species. The suggestion that this
was not related to the m-orbital character of the
rings was made because hydrogenated derivatives
of pyridine maintained the tendency.

The shift of the p.z.c. in a negative direction
,and the adsorption of aromatic compounds on
positively charged Hg surfaces is attributed to
mr-electron interaction, which is facilitated by the
flat orientation of the benzene ring. Neutral or-
ganic molecules, which do not contain 7-electrons,
were not found to adsorb on Hg at large positive
surface charges. Adsorption on positive surfaces
was found to increase as the number of double
bonds or w-electrons increased. A comparison of
electrocapillary curves measured in solutions of
organic substances forming an homologous series
showed that the decrease in interfacial tension,
and consequently the adsorption at identical
concentrations, increases with an increase in
chain length. Adsorption increases with the in-
creasing concentration of solute and also with the
concentration of the supporting electrolyte. This
latter effect has been attributed to a salting out
effect and not to adsorption of inorganic ions.
Adsorption is strongly reduced by competitive
adsorption of anions. Surface-active ions can either
increase or decrease organic adsorption. The
adsorption of anions decreases adsorption of
neutral molecules, but it can increase the ad-
sorption of organic cations by decreasing the
mutual repulsive forces on the surface. From an
examination of the simultaneous adsorption of n-
butyl alcohol and tetraalkylammonium cations, it
was found that desorption of the alcohol was less
pronounced with the larger cations, being in the
sequence K+ > (CH3)4N* > (CoH;)4N*+ > (C4Hg)aN*.

From electrocapillary measurements it can be
concluded that, in general, aliphatic organic
molecules are oriented perpendicular to the metal
surface, while aromatic molecules are oriented
parallel, i.e., adsorbed flat, on the metal surface.
In neutral solutions, the values of limiting ad-
sorption for aniline, pyridine, and their derivatives
correspond to an orientation of adsorbed dipoles
perpendicular to the surface. Butyl derivatives
were found to adsorb perpendicular- with the
hydrocarbon end of the molecule toward the
metal (18). However, it has been reported that for
aliphatic oxygen compounds the molecule is
oriented with the hydrocarbon end toward the
interface and the negative end toward the metal
(3). Obviously, the orientation of the dipoles
will generally depend on the charge on the metal
surface. It has also been proposed that the orienta-
tion will depend on the charge; e.g., the vertical
orientation of molecules, which is characteristic
of negatively charged surfaces, can be substituted
by a horizontal one, in which case the 7-electrons
of an aromatic ring can interact with the positive
charges of the Hg surface.

In terms of energy changes, the standard free
energy of adsorption was found to change sym-
metrically about the p.z.c. for some organic
species, e.g.,, ethylene, but to change unsym-
metrically for others, eg., aromatic bases, where
AGY,, was lower at more anodic potentials. In
general, the free energy increases with coverage,
i.e., becomes more negative, on negatively charged
surfaces, and it decreases with increasing coverage
on positively charged electrode surfaces. Conway
(19) was able to obtain a linear correlation of
AGS,. with %2, but with sharp inflections which
were attributed to reorientation of dipoles as 6
increased and to condensing of the dipole film.

A comparison of differential capacity curves in
the presence of organic species shows a similarity
in the first approximation of those obtained on
solid metals to those obtained with Hg. A de-
crease in double-layer capacity with adsorption
is observed, and the organic specie is seen to de-
sorb with increasing electrode charge. The peaks
on the capacity-potential curves were less pro-
nounced on solid metals than on Hg. With an
increase in chain length of the adsorbing organic
molecule, the double-layer capacitance is observed
to decrease due to an increase in thickness of the
double layer.
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In terms of isotherms, it has been suggested that
the Temkin isotherm is but of limited applicability
to the adsorption of neutral organic molecules (3).
This statement is supported by the fact that the
changes in energies and heats of electrosorption
are relatively small, being on the order of a few
kilocalories per mole. This point concerning the
applicability of the Temkin isotherm to organic
adsorption at electrodes has been further treated
in this light (29).

A number of trends are also readily available
from ‘adsorption studies in the gas phase. For
example, alkynes and dienes are generally very
strongly adsorbed on all metals, and it is assumed
that these are w-bonded to the surface. Metals
which form ethylene complexes will also form
complexes with other olefins, and vice versa. The
extent of olefin isomerization and exchange is
always characteristic of the metal and substantially
independent of molecular weight. In addition,
correlations have been made between the organo-
metallic chemistry of transition metals and their
adsorption properties and catalytic chemistry (25).
For example, m-olefin complexes are formed by
virtually all group-eight metals and the strength of
olefin-metal bonds may vary considerably de-
pending on other ligands present in the complex.
All these metals adsorb olefins and are active in
olefin hydrogenation. Both in catalytic and
organometallic chemistry, an acetylene molecule
can displace an olefin molecule unless the latter
is either adsorbed at a metal surface or functioning
as a ligand in a complex. In general, such correla-
tions are not as easily applicable to electrosorption
as, for example, are the trends in adsorption on
Hg, and so these will not be further discussed. It
would be very instructive to compare such trends
in gas-phase adsorption obtained in the presence
of water vapor, ie, under conditions of com-
petitive adsorption which apply in electrosorption,
but unfortunately such information is not avail-
able.

MODES OF ADSORPTION AND
STRUCTURE OF ADSORBED SPECIES

Although a relatively large number of studies
recently have been concerned with organic ad-
sorption at solid electrodes, the information
obtained has in general been rather meagre.
Table 7 gives a fairly complete listing of systems

which have been studied and the experimental
methods used. In general, the aim has been to
obtain coverages using coulombic methods which
are subject to several limitations. The information
on coverages has been discussed elsewhere (4)
and will be reviewed only briefly here for com-
pleteness. The aim in this discussion will be to
examine information concerning the adsorbed
species and the comparison with relevant gas-
phase studies. This can best be accomplished by
dividing the information into two sections: (a)
that resulting from the usual adsorption studies,
particularly from radiotracer measurements, and
(b) that resulting from studies (83) of dehydro-
genation, hydrogenation, etc., at open circuit.

THE ADSORPTION CHARACTERISTICS
OF SOME SELECTED COMPOUNDS

Carbon Monoxide

Carbon monoxide chemisorbs on Pt from
aqueous solutions to essentially full coverage be-
tween 0.4 and 0.9 Vyug, the coverage falling off
rapidly to zero at about 0.91 V. An indication of
the strength of the Pt-CO bond is obtained from
the fact that chemisorbed CO is not displaced by
hydrogen even at potentials negative to 0.0 Vyyg.
Carbon monoxide remains adsorbed at a full
monolayer even after essentially all traces of CO
have been removed from solution. Using transient
techniques, Gilman was able to distinguish
between two types of adsorbed CO species which
he termed linear, or one-site, and bridged, or
two-site, adsorption following evidence for these
two species from infrared spectroscopy measure-
ments in the gas phase. An examination of the
gas-phase and catalysis literature on CO adsorp-
tion should permit a better understanding of
the types of bonding involved. However, with the
larger amount of information available, the
situation for CO adsorption in the gas phase is
in perhaps a considerably more confused state.
Eischens and Pliskin (84) have given a fairly com-
plete discussion of CO adsorption studies in the
gas phase using infrared spectroscopy from which
the linear and bridged forms of adsorbed CO
were suggested. In more recent studies of CO
adsorption on Ni using infrared techniques,
Blyholder (85) found strong absorption bands
at 1940 and 2080 cm~! and a medium band at
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TasLE 7
Information Concerning Electrosorption of Organic Compounds on Solid Metal Electrodes

System Electrolyte T;,Iél)p ’ Irg(};:;?s::gn Method* | Ref.
CO, Pt IM H,SO4 25 Q at open circuit A 30
CO, Plat. Pt IN H.SO4 15-50 | Q as f(V,T) A 31
CO, Pt IN HCIO, 20 T as f(V) B 32
CO, Pt 1IN HCIO, 30 0 as f(V) B 33
CO, Pt IN HCIO, 40 | Q,8n or f(V) AC 34
HCOOH, Pt IN HCIO4 30 0 as f(V, conc) A,C 35
HCOOH, Pt 1M HCIO, + 40 0 as f(V) A,C 36
NaOH

HCOOH, Plat. Pt 5N H.SO4 25-90 | 6 as fA(V) C 37
HCOOH, Pt 1N HCIO, 40 0 as f(V, conc) A 38
HCOOH, Plat. Pt 1M H.SO, 25 Q B 39
HCOOH, Pt IN HCIO, 25 0 as f{Time, conc) B 40
CH;0H, Pt 1IN NaOH 25 0 as f{conc) A 41
CH;0H, Pt IN HCIO,4 25 0 as f(V, conc) B,C 42
CH;0H, Pt IN HCIO4 25 Rate of adsorb. B 43
CH3;OH, Pt, Ir, Au, Pd, Rh 1IN HCIO, 30 Capacity as f{conc) B 44
CH;3;0H, Plat. Pt 0.1N H.SO, ? Q as f(V open circuit) A 45
CH;OH, Plat. Pt H.SO,, KOH ? Q as f(pH) A 46
CH30H, Plat. Pt 0.1N H,SO4 20 0 as f(V) B 47
CH3;0H, Plat. Pt IN H.SO4 ? Q A 48
CH;0H, Pt IN H,SO4 25 8 as f(V, conc) D 49
CH;3;0H, Plat. Pt H.SO4, KOH 20 Q as f(pH) AB 50
Pt-Ru, Pd-Ru, CH;OH, Plat. Pt ‘H.SO4, KOH 20 Q as f(pH) A 51
CH;0H, Pt IN H.SO, 25 Q AB 52
CH;0H, Pt-Ru H,SO4, KOH 20 | Qas f(pH) A 53
C:H;0H, Plat. Pt IN H,SO. ? Capacity as f(¥, conc) E 54
C:H;OH, Plat. Pt 0.1N H.SO, 20 Q as f(V, conc) AB 55
Ci-Cs alcohols, Au IN HCIO, 5-25 | Capacity as f(V) F 56
allyl alcohol,
allyl methanol, ] Pd H.SO,, KOH ? Q C 57
acrolein, methacrylic acid
CH:CHCH:OH, Plat. Pt 0.1N H.SO, Q, capacity as f{conc) A,C 58
Butane-1-4-dial
and derivatives} Pt ? ? o.r A 59
(COOH); Au H,SO, ? Film thickness G 60
pyridine, acridine

quinoline, poly- } Cu, Ag, Ni Aq. and methanol 25 0 or f(conc) H 61

vinylpyridine
Hydroquinone

phenylenediamine ] Ag Na,CO; 20,40 | 6 as f(conc) H 62

methylaminophenol ,
thiourea, Au H:S0,-Na,SO, 25 0 or f{conc) energetics | I 63

*A —anodic galvanostatic charging; B —linear anodic potential sweep; C—cathodic galvanostatic charging; D~ linear cathodic potential sweep;
E—ac impedance; F—differential capacitance from galvanostatic pulse; G—ellipsometry; H—uv absorption in solution; I—radiotracer; J—
volumetric; and K —potential decay. '

(Table Continues)
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TABLE 7 (Continued)
Information Concerning Electrosorption of Organic Compounds on Solid Metal Electrodes

Temp.

Information

System Electrolyte Q) Obtained Method* | Ref.
amyl alcohol Capacity as AV, conc)
caprylic acid ] Pt 1M HCIO, ? 0 as f{V, conc) B.E 64
diphenylamine
C:H,, Pt IN NaOH 60 | T as f(¥, time) 1 65
C2H4, Plat. Pt IN HzSO4 25 Q B 66
C:H4,Cz:Hs, Plat. Pt ITNHIEZ?; 91-97 | 0,0 as A(T) A 67
C2H,, Pt IN H,SO4 30-70 | @ as f(T, V, conc,
time) energetics of
ads. I 12
C;-C; hydrocarbons} ‘Plat. Pt H:S0,, KOH
KHCOs 25-65 | Q, volume ads. AJ 68
C:H4,C:H;, Pt IN HCIO4 30,60 | Q as f(¥, time) B,D 69
C.H¢ Pt IN HCIO4 60 | Q as f(V, time) B,D. 70
C2Hg,CsH10,CsH s} Pt IM H.SO4 25,65 | Q as f(¥, time)
@ as f(V, conc) Al 71
CzHsg, Pt 13M H3;PO, 80,110 | Q as f(V, time) A,C 72
C:Hs, Plat. Pt 4.3N HCIO, 60 Q as f(V, time) B 73
C3H;g Pt 80% H3PO, 80-140| 6,Q as f(V,T, time) AC, 74
C4Ho, Plat. Pt 3.7M H.SO;4 95 9,0 as f( V, time) B 75
CsHs, Pt NaC;H3;O: ? Capacity as f(¥, conc) | K 76
CsHs, Pt H:S04, H3PO,, 30-70 | 6 as f(V, cong, time, I 13
NaOH pH) energetics of ads
naphthalene Au HCIO,, NaClO, 25 I',8 as f(V, conc) I 77
benzene
naphthalene IN H.SO 95 0 .
PNION as f(¥, conc, time) I 78
phenanthrene
cyclohexane
naphthalene} Ni, Fe. Cu, Pt IN NaClO, 25 T or f(¥, conc) free I 21
energy
n-decylamine} Ni, Fe, Cu, Pb, Pt NaClO4, NaOH 25 T as f(V, conc) free I 22
energy
thiourea, Ni 0.5M NazSO, 25 I" as f(conc) 79
CH3COONa 0.1IN NasSO4 ? T, capacity as E1I 80
SV, conc)
CF3COOH/CF3COOK,} Pt. Au. Pd aqueous and 5-30 | Q,8, capacity ACK | 81
HCOOH/HCOOK, T nonaqueous
Cgﬁfgggga} Pt, Au, Ir, Ni buffers 2 |0 A 82

*A —anodic galvanostatic charging; B —linear anodic potential sweep; C—cathodic galvanostatic charging; D —linear cathodic potential sweep;
E—ac impedance; F—differential capacitance from galvanostatic pulse; G—ellipsometry; H—uv absorption in solution; I —radiotracer; J—

volumetric; and K—potential decay.
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435 cm™!, but no other. Introduction of oxygen
into the system gave several other bands. From
this he concluded that the two strong bands arise
from independent structures but that there is no
evidence to assume a bridged structure. Using
field emission and ion microscopes, considerably
more detailed information for the adsorption of
CO on W has been obtained (86). Four distinct
states of adsorbed CO were found with desorption
energies of 20, 53, 75, and 100 kcal/mole. The a
state (lowest desorption energy) was characterized
by a spread of interaction energies, was formed on
bare metal sites only in the presence of other states,
and was in equilibrium with CO gas. The other
three states, Bi, B2, and Bs, occurred on distinct
crystal planes. The low-index planes, particularly
the (110) plane, were covered only after the
other planes were already heavily covered with
CO. It was suggested that all the planes were in-
volved in bonding the energetic 8 states, and there-
fore special planes on which only the aform might
be held were unlikely. Ehrlich further suggested
that the complexity of the surface system is such
that generalizations are difficult and must be
subjected to careful experimental tests. Another
study, which applied spectrophotometric methods,
proposed the presence of five different species of
CO adsorbed on Ni (87) which were assigned to
five observed intensity bands. The intensities of
these adsorption bands were found to vary in-
dependently as the experimental conditions were
changed (88), further suggesting that the species
were different. Many of the observed variations
may well be explained by the surface heterogeneity
of the metal, which could have sites with a rather
wide range of adsorption energies. Studies of
metal surfaces now being made, for example,
with low-energy electron diffraction show that
the adsorption of a single gas on a single crystal
surface is vastly more complex than had been
previously imagined (7). Clean metal surfaces
are not static assemblies of atoms; the surface
atoms have a degree of mobility and when a gas
is strongly adsorbed the substrate atoms can move
to new positions. This surface reconstruction
often occurs readily at room temperature and is
well known, e.g., for oxygen adsorption. Burwell
and Peri (89) have concluded from their review
of CO adsorption that more careful study is
needed, and especially independent verification
of band assignments which have been based on

doubtful analogies to spectra of simple carbonyls
or gaseous CO ions. The same statement that more
careful study is needed is even more true of CO
electrosorption where the work has been very
limited and the methods very few.

Formic Acid

The chemisorption of formic acid on Pt anodes
has been studied only by coulometric methods.
The information obtained from these measure-
ments is summarized in Fig. 1. Typical “bell-
shaped” behavior of the coverage-potential
curves is observed for those cases which have been
corrected for hydrogen coverage. The rate of
adsorption of HCOOH was found to be fairly
slow, 150 sec being required to obtain equilibrium
coverage (35). It was concluded that formic acid
is adsorbed according to a Langmuir-type
isotherm.

The nature of the electrosorbed species has
been the subject of much discussion, with the
result that several possibilities have been proposed
with no definite conclusion being formed. In the
solution phase, evidence on the type of adsorbed
species is necessarily indirect. The information,
primarily obtained from the anodic oxidation of
HCOOH, concerning the nature of adsorbed
HCOOH is summarized in Table 8 (see Ref. 4).
It would appear that the formic acid molecule is

SURFACE COVERAGE 6

02 03
POTENTIAL Vyug (VOLTS)

04 05 06 07 08 09 10

Fig. 1 — Fraction of Pt surface covered with HCOOH under
various experimental conditions: (1) 10-*M, 30°C; (2) 1M,
90°C; (3) 1M, 25°C; (4) 1M, 40°C; and (5) 1M, 30°C. (From

" Refs. 35-37.) .
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TaBLE 8
Evidence for the Nature of Electrosorbed HCOOH
Species Observation Ref.

HCOOH Optimum acidity for oxidation is in the range of pH 0-1 90
HCOOH Addition of HCOOH caused no change in cyclic polaro-

grams in 2N NaOH, while oxidn. peaks were observed in

2N H:SO, 91
HCOOH Observed c.d. for HCOOH oxidn. were much larger than

could be accounted for by the calculated limiting diffusion

currents of other species (HCOO-, (HCOOH-HCOO)-,

(HCOOH)q, etc.) 35
not HCOO~ | Methanol oxidized almost quantitatively to formate in basic

soln., but completely to COs: in acid. 41,90,92
not HCOO~ | 0 decreases with increasing anodic potential, making adsorb.

of a negatively charged species unlikely 36
not HCOO | Max. charge observed for adsorb. from anodic charging

(Q = 210 pcoul/cm?) would imply area of formate radical

of 7 A% as compared with ~14 A? for HCOOH 36
not CO Q for CO at =1 (~340 ucoul/cm?) is higher than Q for '

HCOOH (~210 pcoul/cm?) and anodic traces are signifi-

cantly different 36
not CO Lack of similarity in cyclic polarograms for oxidn. of CO

and of HCOOH 93
not CO CO requires much higher potential to oxidize than HCOOH | 30,34

favored by the available evidence for electro-
sorption. Considerably more work on this sub-
ject has been done in the gas phase in connection
with the catalytic decomposition of HCOOH.
This has recently been summarized by Bond (1)
who concludes “It is evident that there remains
substantial disagreement concerning the normal
adsorbed state of formic acid. There is a prima
facie case for believing that the structures and
species present on nickel are not the same at all
temperatures.” The absorption bands observed
with infrared have been generally assigned to the
formate ion (HCOO—) by analogy with metal
formates. It appears that the formate ion is formed
on Ni catalysts between 20° and 100°C. The formic
acid molecule is favored at —60°C. On MgO at
temperatures below 100°C, the formic acid
molecule has been favored (94). From mechanism
studies of HCOOH decomposition over AlOs
and MgO, the formate ion is formed at 200°C (95).
From infrared spectra for HCOOH adsorption on
Pt, the formate ion has been suggested as the

adsorbed species (96). On Ni it has been con-
cluded that the adsorbed species was positively
charged (97), negatively charged (1,98), or the co-
valently chemisorbed neutral molecule (99). Mars
et al. (98) have suggested that differences in results
may in part be due to observations on Ni-H cata-
lysts rather than free Ni since at lower tempera-
tures HCOOH cannot displace adsorbed H. They
conclude that more surface coverage measure-
ments are needed, particularly with special
precautions taken to prevent poisoning or con-
tamination, and that a lack of knowledge of the
precise distribution of exposed crystallographic
planes and the number of sites necessary for the
adsorption of a single molecule must be filled in.

A survey of mechanism studies on the anodic
oxidation of formic acid indicates that a process
involving the dissociative adsorption of HCOOH
is favored (4). Such studies have not been carried
out in sufficient detail or under acceptable control
of the system to permit reliable conclusions con-
cerning the mechanism. The situation could be



NRL REPORT 6481 13

considerably clarified by establishment of the
nature of the species “participating in the re-
action, i.e., the adsorption process.

Alcohols

Typical curves for the potential dependence of
coverage obtained for the adsorption of methanol
on Pt anodes determined by coulometric measure-
ments are given in Fig. 2 (from Ref. 83). The
potential and concentration dependence are very
similar to that generally found for the electro-
sorption of neutral organic molecules. It has been
suggested that methanol adsorption follows the
Temkin isotherm and that the potential at which
the methanol coverage begins to decrease coin-
cides with the potential of oxide formation (42).
These points should receive further attention for
experimental confirmation.

The principal gas-phase studies with alcohols
bearing on the nature of adsorption concern
catalytic dehydrogenation, which is the pre-
dominant process occurring when alcohols de-
compose on metal catalysts. In general, it has
been found that primary alcohols yield aldehydes;
however, methanol commonly decomposes to CO
and H:, and secondary alcohols yield ketones (1).
Since dehydrogenation of alcohols is an endo-
thermic process, it will be favored at increased
temperatures. From an analysis of gases evolved
when a platinized Pt electrode is immersed in
solutions of alcohols, processes of dehydrogena-
tion, hydrogenation, and self-hydrogenation were
proposed (100). When the Pt electrode is saturated

o | I
o] ol 02 03 04 0S5

bg' Vv

Fig. 2 — Dependence of methanol adsorption on the elec-
trode potential in 1N H,SO4 and various methanol concen-
trations: (1) 10-3M; (2) 10-2M; (3) 5 X 10-2M; (4) 10-'M;
(5) 5 X 10-'M; (6) 1M; and (7) 5M. (From Ref. 83.)

] |
06 0.7

08 0.9

with hydrogen, the hydrocarbon containing the
same number of carbon atoms as the original
alcohol predominates in the gas phase. A Pt
electrode essentially free from hydrogen gives
predominately cleavage between the first carbon
atoms. Decomposition of the C;—C: bond pro-
ceeded more readily with aldehydes than with
ethanol. It was concluded that alcohols in the
presence of Pt electrodes are thermodynamically
unstable substances. This point has been examined
in more detail by studies of the open-circuit poten-
tial behavior by Podlovchenko (100) and will be
discussed in a later section.

A few studies, particularly using infrared tech-
niques, have been concerned with the structures
of adsorbed alcohols. The interaction of ethanol
with Al:O; was reported to yield surface esters
of the type AlI—O—C,Hs (101). The only stable
surface species produced by the adsorption of
methanol on silica-supported Ni at 20°C was
chemisorbed CO (102). The principal reaction of
ethanol on Ni was to break the carbon-carbon
bond, producing an adsorbed hydrocarbon frag-
ment and chemisorbed CO. Some ethanol was
also thought to produce a species of the structure
CH;—CH,—Ni or CH3;—CH,—O—Ni (102). Bly-
holder and Neff noted the ready cleavage of C—C
and C—H bonds when one of the carbons had an
attached OH group. The rapid exchange of the
hydroxyl hydrogen with deuterium on metal
catalysts suggested that the first step in alcohol
decomposition is dehydrogenation to an aldehyde,
which further decomposes with breakage of the
C—C and C—H bonds. From a gravimetric study
of alcohol adsorption on AlO; catalysts, the
following conclusions were suggested (103):

1. The monolayer adsorption at 25°C of lower
normal aliphatic alcohols on a number of Al,O3
catalysts decreases in the order

CHsoH > C2H50H > I’I—C3H7OH
> n—C4sH,OH > n—CsH,;;OH.

2. At moderate temperatures, besides orienta-
tions of alcohol molecules normal to the catalyst
surface (adsorption due to hydroxyl groups),
planar orientation also occurs (molecule adsorbed
flat on surface).

3. At higher temperatures, the molecules of all
alcohols are wuniformly oriented with their
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hydroxyl groups directed towards the catalyst
surface.

4. Adsorption from gas phase and from solution
are not always comparable because the presence
of adsorbed solvent molecules can affect the
orientation of the alcohol molecules.

No mention of the various decomposition pro-
cesses of alcohols was made in this study.

Hydrocarbons

The adsorption of hydrocarbons on transition
metals has been extensively studied in the gas
phase with a particular emphasis on whether ad-
sorption is associative or dissociative. These
studies are of particular interest in electrosorption
where fairly detailed studies of ethylene have been
made. We shall attempt to summarize the results
of hydrocarbon adsorption measurements in the
gas phase and then compare these with adsorption
at electrodes in solution.* .

The results of Twigg and Rideal (104) on the
hydrogenation of C:H; at Ni surfaces could be
best explained if the carbon-carbon double bond
broke in chemisorption, giving a complex bond by
two-point attachment, ie, NiCH:—CH;Ni. Sub-
sequent work by Conn and Twigg (105) and by
Beeck et al. (106), confirmed this conclusion.
Twigg and Rideal (107) were able to show that
favorable spacing of the metal atoms for this
mechanism were available on Ni and the other
metals active in catalyzing ethylene hydrogenation.
However, using Ni films, Beeck (108) found that
the main process involved breakage of C—H rather
than C—C bonds. Trapnell (109) concluded that
initial chemisorption of C:Hs on W films was a
four-site process but that final adsorption was a
two-site process. He also found that hydrogen gas
is evolved when C:Hg is adsorbed on several
metals but that CHs was not extensively sorbed
and no gas liberation was detected (110). This
point was confirmed by Wright and co-workers

. (111). Jenkins and Rideal (112) obtained results
from self hydrogenation of C:H,s on Ni which fit
the equation

10NiH + 10C,H,4 — 3Ni.C.Hy
+ NiyCzH; + 6CoHs,

*The author wishes to acknowledge use of a summary of ethylene
adsorption prepared by Mr. B. Rubin.

suggesting that associative and dissociative ad-
sorption occur simultaneously. From the change in
magnetic susceptibility of Ni powder during
chemisorption of C:Hi at room temperature,
Selwood (113) favored a two-bond adsorption.
Assuming that the formation of a Ni—C bond
affects the magnetic properties of Ni in the same
way as a Ni—H bond, the chemisorption of ‘C.H,
resulted in the Ni gaining, on the average, slightly
more than two electrons per molecule. This im-
plies that most of the ethylene is associatively
sorbed but that a moderate fraction is held in a
dissociated form requiring four or more sites.
The C:H, on Ir was found to undergo self-hydro-
genation to C:;Hs at both 27°C and 100°C, with
some CHy also produced (114). The degree of
self-hydrogenation of C;H4 and of decomposition
of C;He was strongly dependent on the initial
amounts adsorbed.

In a study of the adsorption of hydrogen and

several hydrocarbons on Ir, using a field emission
microscope, Arthur and Hansen (115) found
that below 77°K H,, C:H,, and C.H4 are chemi-
sorbed and both C;H: and C:H, are adsorbed with-
out dissociation. The hydrocarbon species once
chemisorbed were substantially immobile below
700°K. Ethane was largely physically adsorbed
and a large portion was readily desorbed at
100°K, although residues remained which were
not desorbed below 1000°K. Above 200°K, C;H,
decomposed on Ir to CoH, and H, the H being
desorbed in the temperature range 250-400°K
while the C;H: dehydrogenated in the range
400-600°K to form a carbon residue. Bond (1)
has concluded that self-hydrogenation is absent
from ethylene chemisorption at —78°C on Ni
films and is of little importance over Pd at this
temperature, where most of the C;Hjs is held by
associative attachment in which the = bond is
broken and two carbon-metal bonds are formed.
There is also considerable evidence for the
associative form existing after C,H, sorption on
H-covered Ni-silica and on films when the re-
sulting complex is exposed to hydrogen.

Infrared studies of olefin adsorption indicate
the presence of both olefinic and paraffinic C—H
bonds (99,116). More recent magnetic suscepti-
bility measurements by Selwood (117) favor
associative adsorption of C:H4 on Ni at 0°C, but
the dissociatively adsorbed species becomes more
important at 28°C. Results of radiochemical
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studies (118) of ethylene chemisorption on Ni,
Rh, Pd, Ir, and Pt indicate two modes for adsorp-
tion, one being involved in hydrogenation and
molecular exchange, the other being an inert
form which is retained on the surface. These
two modes were supposed to be associative and
dissociative adsorption, and better correlation
of results was obtained if the retained, i.e., unreac-
tive, species was considered to be associatively
bonded. It was shown that acetylene could cause
desorption of even the portion of the adsorbed
ethylene layer which was retained in other experi-
ments. Once adsorbed, the C:H: behaved in a
manner similar to C:Hj, in the presence of hydro-
gen with regard to extent of retention on the
surface. The retentions of C1* were further in
agreement with observations that CzH4 adsorption
on evaporated Ni, Pd, and W is aécompanied by
the production of CyHg by self-hydrogenation.
Fragmentation of the adsorbed species appears to
become increasingly important as the temperature
is increased. Other evidence for retention of the
double bond in adsorption, i.e., associative ad-
sorption, is obtained from studies of olefin and
acetylene complexes of transition metals (119).
In olefin complexes of Ag and Pt, the olefin proton
resonance (from proton resonance spectra) does
not differ greatly from that in the free olefin,
which is a good indication that the double bonds
are retained (120).

The structure of chemisorbed acetylene has not
been definitely resolved, although several studies
determining the infrared spectra of the sorbed
species on several metals have been carrigd out
(121). The spectrum observed after chemisorption
of C;H: on a Pd-silica catalyst showed no evidence
for C—H bonds of saturated hydrocarbons. Ab-
sorption bands at 3090 and 3030 cm™! were
attributed to C—H stretching vibrations of olefinic
species (116). Eischens indicated that the pre-
ferred structure for adsorbed acetylene is of the
form

H H
\ /
C=C
|
Pd Pd

A number of studies of the electrosorption of
hydrocarbons, particularly ethylene, benzene, and

propane on Pt, have been carried out as indicated
in Table 7. Typical results for the adsorption of
ethylene on Pt as determined by the radiotracer
technique are seen in Fig. 3 (12). A Langmuir-
type adsorption isotherm was observed and the
rate of ethylene adsorption was controlled by
diffusion to the Pt surface. The mode of adsorp-
tion was considered to be associative. Calculations
of the energetics of adsorption from gas-phase
data show that the associative mode is only
slightly favored over the dissociative mode. Such
calculations are limited, however, since the bond
energies in adsorbed species are not likely to be
the same as in the gas phase. Further support for
associative adsorption of CzHj is obtained from a
comparison of the kinetics of the anodic oxidation
of CoH4 (122) and C.H, (123). The 2.3 (RT/F)
Tafel slope for C:H; oxidation as compared with
a 2.3 (2RT/F) Tafel slope for C.H, indicates that
the reactions have different rate-limiting steps.
This suggests that the reacting species are dif-
ferent, which is not the case if C.Hs were dis-
sociatively adsorbed.

The degree of surface coverage of Pt electrodes
by CzH4 has been the subject of 'some discussion.
The first coverage measurements reported for
the adsorption of C:Hi on platinized gold foil
electordes from 1N NaOH at 60°C using the radio-
tracer technique found a low coverage on the
order of @ = 0.1 (65). Similar values of 6 were
reported for adsorption onto platinized Pt at
80°C from IN H.SO, using coulometric tech-
niques (66). Refined measurements (12) with the
radiotracer method for adsorption from 1IN H2804
from 30-70°C onto platinized Au gave limiting
coverages in the range § = 0.35-0.4. These cov-
erage values were obtained assuming a double-
layer capacity for the Pt electrode similar to that
for Hg in order to calculate surface area. Vol-
umetric and galvanostatic studies of C2H, adsorp-
tion onto Pt black electrodes gave limiting cov-
erages in the range of § = 0.75-0.77 (68). Further
results using coulometric techniques found a
limiting coverage for ethylene of § =0.75 and also
indicated that, on the average, 3.5 sites per CaHy
molecule were required for adsorption (69). These
latter results are in agreement with results from
steady-state kinetic measurements which required
high coverage, in the range 6 = 0.8 and about four
sites/molecule, to correlate’ the experimental
data with the proposed mechanism (122). The
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Fig. 3 — Ethylene coverage as a function of potential on a platinum electrode in 1N H,SO;:
(+) 2X107°M, (O) 9x 10-9M, () 5X 10-M, (A) 4 X 10-6M, and (X) 2 X 10-5M. (From Ref. 12))

differences between the radiotracer measurements
and the coulometric results probably lie pri-
marily in the surface area determinations, a fac-
tor of two being easily explicable. The fact that
C:H, appears to be adsorbed associatively on
electrodes, while both associative and dissociative
adsorption may occur in the gas phase, is again
attributed to the presence of water molecules on
the electrode surface.

The adsorption of several saturated hydrocar-
bons onto Pt black electrodes has been examined
by volumetric and galvanostatic methods (68).
The results showed that hydrocarbons fall into
several groups in terms of surface coverage.
Methane is adsorbed to only a small extent, i.e.,
6 < 0.1. Higher-molecular-weight saturated hydro-
carbons adsorb to a somewhat greater extent, e.g.,
CsHg and C3Hg give 6 = 0.2-0.3. Unsaturated
hydrocarbons give § on the order of 0.7-0.8. These
results are essentially in line with gas-phase studies
which show that saturated hydrocarbons are often
only physically adsorbed. The electrolyte from
which adsorption was carried out had a marked
effect on the adsorption behavior of saturated
hydrocarbons. However, no detectable effects
were observed for unsaturated compounds. This
may be understood in view of the necessary re-
placement of adsorbed species, which would
depend on the electrolyte, and the energetics of

dissociative adsorption. Further studies of ethane
electrosorption have indicated that the structure
of the adsorbed species consists of species between
the composition of C,;H, radical and CO (73).
From galvanostatic studies of propane adsorption
on Pt it was suggested that at 0.2 Vyug each C3Hs
molecule covered one Pt surface atom, but at
from 0.3-0.5 V three sites were involved (72). At
0.25 V the initial chemisorption appeared to be
on one site, but then reverted to three-site attach-
ment, and all subsequently chemisorbed material
occupied three sites. Propane was assumed to
dissociate on the Pt surface. Studies to elucidate
the structure of the_adsorbed propane species
using anodic desorption techniques suggested that
three distinct adsorbed residues were present (74).
These were supposed to release 1.8, 1.3, and 6
electrons per covered Pt site when oxidized.
Studies of butane adsorption on Pt black gave in-
dications of some fragmentation of the hydro-
carbon on the surface (75). The adsorption of
butane has been indicated to be diffusion con-
trolled from radiotracer measurements (71).
However, coulometric methods have suggested
that adsorption, rather than mass transport, was
the limiting factor (75). In general, the assignment
of structure to adsorbed species from the various
coulometric methods has been by indirect and, in
general, rather obscure methods. Thus, it would
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seem that conclusions from these types of measure-
ments should be taken with considerable caution.
In general, it should be expected that saturated
hydrocarbons would undergo dissociation and
possibly fragmentation in adsorption since there
is no other way to chemisorb.

The rate of benzene adsorption (13) was found
to be controlled by mass transfer at low coverages,
as indeed was the electrosorption of most hydro-
carbons studied. Benzene was found, however,
not to fit either a simple or modified Langmuir
adsorption isotherm, but fairly good agreement
with the Temkin isotherm was obtained (13). It
was suggested that benzene adsorbs on Pt with a
probable loss of aromatic character, i.e., by break-
ing the double bonds, and that on the average
nine water molecules were replaced by a single
benzene molecule. Radiotracer studies of the
electrosorption of several aromatic hydrocarbons
at the Au-electrolyte interface have shown that
the planar, i.e., flat, orientation of the adsorbed
species is preferred (78). Naphthalene adsorbs
parallel to the electrode surface on several metals
and there are indications that some w-bonding
may occur (21). In the adsorption of n-decylamine,
best agreement with experiment was obtained by
assuming nonlocalized adsorption and nonrigid
molecules allowing the formation of dipole pairs
(21). The orientation of the adsorbed species was
found to depend on the metal electrodes, e.g.,
the amine group was adsorbed towards the metal
on Pt but towards the solution on Cu and Ni.

In general, one finds that where comparable sys-
tems have been studied, agreement between gas-
phase adsorption and electrosorption is found.
There is a need for considerable experimental
work before valid structure can be assigned to ad-
sorb species both in the gas phase and at electrodes
in solution. It should be noted that the tendency to
dissociate and fragment in gas-phase adsorption is
considerably lessened in electrosorption, probably
due to the presence of solvent molecules on the
electrode surface. This point shall now receive fur-
ther attention in reference particularly to alcohols
which have been examined by Frumkin’s school
using open-circuit potential measurements.

OPEN-CIRCUIT ADSORPTION BEHAVIOR

The subject to be discussed here is .not the
mechanism of establishment of open-circuit

potentials in the presence of organic species, which
has already been reviewed to some extent (4),
but the information which such studies have given
concerning the nature of the adsorption process
and the adsorbed species. Mass-spectrophotomet-
ric analysis of gases produced when acetaldehyde
was added to a 0.1N H2SOjs solution at a platinized
Pt electrode gave 46% C:Hg and 54% CH,, indi-
cating hydrogenation (124), when the electrode
potential was negative to 0.080 Vyyg; at higher
electrode potentials, acetaldehyde was assumed to
dehydrogenate. Halide ions retarded both the
dehydrogenation and hydrogenation processes.
Propanol and butanol were assumed to be hydro-
genated when added to a platinized Pt electrode
at 0.060 V (124). Analysis of the gaseous products
gave for propanol, 75% CsHs, C:Hs, and small
amounts of C.H4, and for butanol, 76% CiHj,,
23% C3Hs, C2H6, C2H4, and 1% CH4 These re-
sults were found in disagreement with reported
liquid-phase catalytic studies which reported no
hydrogenation of C3H,OH or CHyOH at plati-
nized Pt. It was concluded that the C—O bond
undergoes hydrogenation to the greatest extent,
the C;—C: bond to a much smaller extent, and
there is practically no cleavage of the other
C—C bonds. For the hydrogenation process to
occur it was considered essential for the alcohol
molecule to be oriented either with the OH group
toward the metal surface or, more probably, for
the molecule to be adsorbed flat on the surface.
The slight maximum before the beginning of the
potential plateau for galvanostatic charging curves
of acetaldehyde adsorbed at a Pt electrode from
0.IN H:SO,4 were explained by polymerization of
the CH;CHO which required additional energy
for oxidation to begin (125).

Podlovchenko and Gorgonova suggested that
their experimental data on methanol adsorption
on Pt obtained from charging curves was in good
agreement with the hypothesis that dehydro-
genation products of CH3OH are chemisorbed on
the platinized Pt surface (45). It was also suggested
that possibly a stronger chemisorption is charac-
teristic of species containing oxygen. From a de-
tailed” analysis of the data it was supposed that
methanol molecules primarily yield three hydro-
gen atoms on adsorption and a particle of the type

(I)_E_H was left chemisorbed on the Pt. In this
treatment it was assumed that the chemisorbed
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species occupied just as many sites as it gives up
electrons upon oxidation. These authors also
stated that in spite of the possibility of obtaining
specific information with the anode pulse method,
e.g., as used by Breiter and Gilman, it cannot be
stated with complete assurance that their adsorp-
tion measurements pertain to adsorbed CH3;OH
and do not include to a significant degree the
chemisorbed products of its oxidation.

The introduction of propyl alcohol to a plati-
nized Pt electrode at 0.064 Vuue resulted in the
evolution of gases which consisted of 19% Cz:He,
76% CsHs, and 4% CsHyo (126). Gases evolved at
platinized Pt at 0.041 V consisted of <1% CHa,
< 1% Csz, 23% CsHs, and 76% C4H1o, while at
0.50 V an analysis of the gases gave 2% C:Hs,
69% Cs;Hs, and 28% CsHje. The final products
were strongly dependent on the potential at which
the alcohol was introduced into the system. It
was observed that dehydrogenated species could
have rather large effects on electrode processes.
For example, the formation of residues poisons
the electrode and prevents the oxidation of
alcohols; at 0.40 V, the rate of oxidation of
alcohols decreased by a factor of 10* from pro-
cesses occurring on clean electrodes. By ad-
sorbing molecules, removing the electrode and
washing it, and then oxidizing the material re-
maining on the electrode, the nature of the ad-
sorbed species was examined. Tafel lines ob-
tained in methanol solution were compared with
Tafel lines obtained by oxidizing the residue
remaining after electrode washing, and a dif-
ference in overvoltage of only about 40 mV was
found (126). From this it was concluded that the
oxidation of methanol was limited by the rate of
removal of the firmly bound species. Larger over-
voltage differences were found with other alcohols
and with HCOOH, the difference being such that
it could not be assumed that the firmly bound
residue was an intermediate.

When alcohols were brought in contact with a
degassed platinized Pt electrode, a cleavage of the
C;—C: bonds was predominant (100). A decompo-
sition of the C;—C; bond was found to proceed
. considerably more readily for acetaldehyde than
for ethanol. This parallels a suggestion from
gas-phase studies (102) that aldehydes are more
easily decomposed than alcohols. For ethanol,
only about half of the chemisorbed species could
be displaced by interaction with hydrogen. The

amounts of chemisorbed ethanol and hydrogen
were strongly dependent on the ethanol concen-
tration. However, the final values of the open-
circuit potentials were essentially independent of
concentration and were assumed to be determined
by hydrogen. For a number of substances, the
final value of the open-circuit potential was in-
dependent of the potential at which the substance
was introduced into the system; however, alde-
hydes were an exception to this. It was proposed
that the steady states of the surface for several
substances differ considerably when they are in-
troduced at low and high values of potential,
e.g., as a result of chemisorption of various oxida-
tion products.

The behavior of methanol at Pt electrodes
differed considerably from that of other saturated
alcohols, presumably due to the absence of the
C—C group (46). At low potentials, near zero on
the hydrogen scale, no gas was evolved from
methanol adsorption, and chemisorbed species
did not accumulate with time.

In summary, it appears that when a steady po-
tential is established at platinized Pt electrodes in
solutions of alcohols and aldehydes containing
more than one carbon atom, processes of dehydro-
genation and self-hydrogenation of the original
substances and their decomposition products
(mainly along the C;—C. bond) occur (55). A
steady concentration of Ha4s on the electrode
surface, established and maintained by these
processes, determines the final open-circuit
potential.

Several suggestions concerning the nature of
the species resulting from methanol and formic
acid have been made and discussed. Many investi-
gators have accepted a proposal by Giner (127) of a
“reduced CO;” species having the form of carbon
monoxide or formate radical. Investigation by
Vielstich (93) have shown conclusively that the
species resulting from HCOOH adsorption is not
CO. More recent investigations of the nature of
the interaction of CO. with adsorbed H have
shown that the assumption of CO: reduction is
not necessary and that the results could be better
explained by a simple poisoning of the H oxida-
tion by interaction with CO, (128). It may be sug-
gested that this type of process, i.e., interaction of
CO:; resulting from oxidation of the organic with
hydrogen present on the electrode, may be a
general poisoning species below 0.3 Vyug.
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SUMMARY

In the past, electrosorption studies have con-
tributed little to the general knowledge of adsorp-
tion phenomena and have relied heavily on gas-
phase studies. While there are many techniques
available for the study of gas-phase adsorption
that cannot be used when solvent is present, they
have not been used with great success to deter-
mine the nature of adsorbed species at the elec-
trode surface. It would be of great value to have
more detailed studies of systems in the gas phase,
which could then be compared with solution-phase
adsorption at electrodes. The addition of water
vapor in gas-phase studies would greatly aid in
making comparison with solution-phase measure-
ments since then-both processes would be com-
petitive or replacement reactions. The presence
of solvent molecules is the one large difference in
electrosorption measurements, and this is strongly
in evidence in the energetic aspects of adsorption.
The ability to vary the energy of the systems much
more readily at electrodes, i.e.,, by control of the
metal-solution potential difference, is a consid-
erable advantage for electrosorption.

In general, it can be stated that the surface
structure of adsorbed organic species has not been
established for any case in electrosorption, but
this structure also has not been established for
any case in the gas phase. Considerable progress
has been made in gas-phase study by the introduc-
tion of ultrahigh vacuum techniques, with a
strong emphasis on system purity and control.
While such techniques are not applicable to elec-
trosorption, the control of system and purity are

extrmely important, and improved techniques and

procedures are now becoming available. Finally,
it should be stated that gas-phase catalysis and
electrosorption are not unrelated since both are
aspects of adsorption and each will have much to
contribute to the other if high standards of quality
in experimental measurement are required and
maintained.
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