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Hall and co-workers used CO. poisoning to determine the upper bounds for active
site densities in hydrogen equilibration and o-p hydrogen conversion on alumina.
This concept is generalized to the use of strongly adsorbed poisons to provide
mechanistic interpretations for hydrogen equilibration over group VIII transition
metals. Using known coverages of preadsorbed CO as a specific poison on poly-
crystalline Pt and Rh wires, hydrogen equilibration rates (293-400°K, 0.5 Torr)
were measured and compared to the equilibration rates in the absence of CO, after
cleaning in ultrahigh vacuum (10® Torr). It was concluded that (i) the hydrogen
equi'ibration reaction required a dual-site mechanism showing dissociative chemi-
sorption to be the rate-determining step, (ii) the Pt and Rh surfaces were uniformly
active, and (iii) the upper bound to the number of active sites was ~10*/em?, or
every surface metal atom. Hydrogen equilibration is a facile reaction for these ex-
perimental conditions but the reaction may become demanding under conditions
where the surface coverage by adsorbed hydrogen is small (<0.2 monolayer). Other
surface reactions, such as the electrocatalytic hydrogen molecule oxidation on Pt
poisoned by CO and CO:’~ (reduced carbon dioxide), show nearly identical results.

INTRODUCTION

The study of hydrogen' equilibration
over supported Pt by Poltorak and
Boronin (1, 2) indicated that this reaction
should be termed a facile reaction in the
classification of reactions by Boudart et al.
(8). Such reactions are insensitive to the
mode of catalyst preparation, have every
surface metal atom as an active site, and
are insensitive to the size of catalyst
crystallites. Recent investigations have
raised some questions as to the appro-
priateness of this classification. A depen-
dence of equilibration rate on pretreatment
of Pt wire (4), on the density of (100)
steps in a (111) Pt single crystal (5), and
the observation of intrinsic heterogeneity
for hydrogen adsorbed on Pt (6, 7) indicate

*Both H: and D: will be referred to throughout
this work as “hydrogen” in discussing H.-D:
equilibration.
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that this reaction may not be a facile reac-
tion in the general sense.

It is the purpose of this work to examine
the relationships of intrinsic or induced
heterogeneities in Pt and Rh metal surfaces
to the activities of the metal surfaces for
hydrogen equilibration and to obtain a
measure of the number of active sites for
this reaction. Hall and his co-workers
(8, 9) pioneered the use of CO, poisoning
to measure the site density on alumina, and
the heterogeneity of the alumina surface,
for hydrogen equilibration. This technique
is applied in this work to transition metals,
with carbon monoxide as the poison. To
use the technique successfully, the poison
must have special adsorptive properties.
It must be so strongly adsorbed that there
is no displacement of the poison from the
surface by reactant species, nor any chemi-
cal reaction between the adsorbed poison
and reactant surface species. A one-to-one
correspondence between an adsorbed poison
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molecule and a reactant adsorption site and
similar distributions in energies of adsorp-
tion for both poison and reactant mole-
cules are required. Carbon monoxide is
strongly chemisorbed on both Pt and Rh,
is not displaced from the surface by hy-
drogen, does not react with hydrogen below
200°C (10), and the CO/H stoichiometry
is nearly 1/1 (10, 11). Hydrogen and car-
bon monoxide have similar distributions
of the energies of adsorption on the sur-
faces of Pt and Rh, as shown by TPD
curves and the variations in the heats of
adsorption with coverage (12-16). Poison-
ing of the Pt and Rh surfaces by carbon
monoxide can, therefore, be used to inves-
tigate the effect of surface heterogeneity on
catalytic activity, and to titrate the surface
for the site density. Knowledge of these
factors is requisite for the proper classifi-

cation for the hydrogen equilibration
reaction.

EXPERIMENTAL
Catalysts

Englehard Pt black was used for the
measurements of carbon monoxide and
hydrogen coverages on Pt. The Pt black
had an initial BET surface area of 27
m?/g. In order to assure a constant surface
area during the adsorption experiments,
the catalyst was presintered by heating in
flowing H, at 250°C for 4 hr. The BET
area dropped to 5.5 m?/g. The catalyst was
again sintered in H, at 250°C for an addi-
tional 2 hr, and the BET area had leveled
out at 3.8 m?/g. Rh black was found to be
unsuitable for accurate adsorption experi-
ments because of nearly continuous sinter-
ing at 150-250°C in H,. Instead, a Rh
supported on graphitized ecarbon black
catalyst was used. Conventional impreg-
nation techniques were used with the ap-
propriate amount of RhCl. in aqueous
solution to give a 17.5% Rh. The supported
Rh was reduced and presintered in flowing
H, for 4 hr at 250°C. The Rh content of
the catalyst was measured by atomic ad-
sorption spectroscopy. X-ray diffraction
studies of this material indicated an aver-
age crystallite size of 75 A (64 m?/g).
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H,-D. equilibration experiments were
carried out on polyerystalline Pt and Rh
wire from Englehard.

Gases

Both hydrogen (Matheson CP grade)
and carbon monoxide (Linde CP grade)
used for gas-phase chemisorption measure-
ments were purified by passage through
0.5% Pd on asbestos catalyst at 350°C,
followed by a trap containing zeolite at
—195°C.

For H,-D, equilibration experiments,
hydrogen (Precision Gas Products Ultra-
High Purity Grade) and deuterium (Pre-
cision Gas Products Research Grade) were
used after passage through a liquid nitro-
gen trap; carbon monoxide (Precision Gas
Products Research Grade) was used with-
out further purification.

Gas-Phase Adsorption

A conventional glass BET volumetrie
apparatus equipped with a Hg diffusion
pump capable of a vacuum of 1 X 10-®
Torr was used.

The pretreatment in most experiments
was reduction in H, at 200°C for 2 hr,
followed by evacuation at 200°C and 10-¢
Torr for 2 hr. The number of sites for hy-
drogen chemisorption was obtained by
measuring the volume of hydrogen ad-
sorbed at 25°C and at gas pressures of 40—
300 Torr. There was no significant adsorp-
tion of hydrogen on the carbon support,
and there was no evidence of hydrogen
gpillover in the Rh—carbon system, as the
surface area calculated from the hydrogen
adsorption agreed closely with the value
indicated by the X-ray diffraction. The
adsorption was very rapid and equilibrium
was reached in less than 10 min.

Hydrogen chemisorption was poisoned
by preadsorbing carbon monoxide to a
measured pressure at temperatures from
100 to 200°C for 30 min. The nonadsorbed,
excess carbon monoxide was pumped out
and the temperature adjusted to 25°C. It
was confirmed in separate experiments
with the mass spectrometer that no carbon
monoxide was desorbed from the surface
of either Pt or Rh during the pump-out
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and temperature adjustment. The hydrogen
chemisorption was then carried out at the
baseline temperature and hydrogen gas
pressures, and the number of unpoisoned
hydrogen chemisorption sites obtained.

Chemisorbed carbon monoxide was com-
pletely removed by oxidation with 300 Torr
oxygen for several minutes, followed by
outgassing and the standard reduction
pretreatment.

H.,-D, Equilibration

The apparatus for measuring H,-D,
equilibration rates was a static reactor
system similar to that of Breakspeare
et al. (4). The reactor, gas mixing, and
sampling system were constructed entirely
from Pyrex. H,, D,, and HD concentra-
tions were measured with a CEC Mass
Spectrometer, Model 21-614. A cylindrical
Pyrex tube reactor containing the wire
catalvst was connected to the vacuum
manifold and a gas mixture bulb via a
magnetically operated ground glass dekker
valve with an intervening liquid N. trap,
and to the mass-spectrometer sampling
system by a 3-ft length of 250-pm Pyrex
capillary. Gases were separately metered
into the system with partial pressures
monitored by a calibrated pirani gauge.
Sampling from the reactor was continuous
and at constant pressure, with the rate ad-
justed by a micrometer-calibrated fine
metering value. Experiments carried out in
an empty reactor confirmed there was no
exchanee in the gas handling system or on
the walls of the mass spectrometer.

Prior to sealing the wire catalyst in the
reactor tube, the wire was cleaned electro-
chemically by potential cyeling, dipped
into boiling nitrie acid, washed in triply
distilled water, and sealed into the reactor
tube. The reaction svstem (ionization
gauge, dekker value, reactor tube) could
be baked out at 523°K to give, after cool-
ing, a residual pressure of 5 X 10-% Torr.

To measure the equilibration rates for
clean Pt and Rh, a cycle of treatments in
1 Torr oxvgen at 773-973°K followed by
reduction in 2 Torr hvdrogen at 773°K
and by outgassing at 773°K was used. The
H.-D, reaction was carried out batchwise,
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by admitting a stoichiometric mixture to
the reactor and closing the dekker value.
Time zero was established by appearance
of D. in the mass spectrometer. To observe
the H.—D, equilibration rate on a poisoned
Pt or Rh surface, an accurately metered
pressure of carbon monoxide was admitted
to the reactor, the nonadsorbed carbon
monoxide pumped out, and the stoichio-
metric mixture of H.—D, admitted to start
the reaction. All poisoning experiments
were carried out at total (H,—D,) pressures
of 0.5 Torr and temperatures from 273 to
473°K. Following the pumping out of non-
adsorbed carbon monoxide, no ecarbon
monoxide could be observed in the mass
spectrometer, nor could any reaction prod-
ucts of hydrogen and carbon monoxide
(methane, methanol, formaldehyde, etec.)
be observed in the short time period for
equilibration (less than 10 min).

Analysis of Equilibration
Reaction Kinetics

Due to a residual background of hydro-
gen in the mass spectrometer, the time
progress of the reaction was monitored
from the relative heights of the HD and
D. peaks. Let y be the conversion at time
t, y. the conversion at equilibrium. If R =
{height of D. peak)/(height of HD
peak) = Py /Pyp, then y =1/(2R + 1).
The sampling rate was adiusted so that
over the time course of the reaction to
equilibrivm the total pressure changed less
than 10%. If both the forward and reverse
reactions follow first-order rate laws, then,
for constant total pressure,

Y/ye = (1 — ™), (D)
where &k {min™) relates the rate to the dis-
tance from equilibrivm. It was found that
for pressvres 0.5-10 Torr and temperatures
295-473°K, plots of In[l — y/y.] vs ¢
vielded straight lines, with slopes —k. The
absolute rate defined by Eley (12) is k.
(molecules em2 sec'), where

NI
km = 6'0—4' ’ (2)

N is the number of molecules in the reactor,
and A is the area of the wire.
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Fic. 1. Poisoning of hydrogen chemisorption on
Pt by preadsorbed carbon monoxide. Hydrogen ad-
sorption at 25°C: (Q) clean Pt, (V) following ad-
sorption of 2 Torr CO at 175°C.

Resurts

Poisoning of H, Chemisorption

Isotherms for chemisorption of hydrogen
on Pt and Rh are shown in Figs. 1 and 2.
The volume of hydrogen chemisorbed on
unpoisoned Pt and Rh is exactly what was
expected from the BET and X-ray diffrac-
tion results, respectively (4 and 64 m?/g
based on 1.12 X 10*®* H atoms cm™2). When
carbon monoxide was preadsorbed on the
catalyst surface, the hydrogen chemisorp-
tion was uniformly reduced at every hy-
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Fic. 3. Fraction of hydrogen chemisorption sites
on Pt poisoned as a function of carbon monoxide
pressure for ([]) 110°C, (Q) 150°C, (V) 190°C.

drogen partial pressure. If the fraction of
hydrogen chemisorption sites removed by
carbon monoxide poisoning is denoted fco,
then

bco = 1 — (vco/v), 3)

where v is the volume of hydrogen chemi-
sorbed on the clean surface and v¢o is the
volume of hydrogen chemisorbed on the
carbon monoxide-poisoned surface. The ¢o
values are shown in Figs. 3 and 4 as a func-
tion of the temperature and carbon monox-
ide partial pressure. The maximum amount
of hydrogen sites poisoned by carbon mon-
oxide was found to be greater for Rh than
for Pt, and the Rh surface was poisoned
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Fia. 4. Fraction of hydrogen chemisorption sites
on Rh poisoned as a function of carbon monoxide

pressure: ([ 1) 25°C, (O) 150°C, (V) 190°C.

Rh by preadsorbed carbon monoxide. Hydrogen ad-
sorption at 25°C: (Q) clean Rh, () following ad-
sorption of 0.3 Torr CO at 150°C.
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Fia. 5. Hydrogen equilibration on unpoisoned Pt
and Rh surfaces: (O) Pt at 25°C, (A) Rh at 25°C,
(@) Pt at 150°C, (A) Rh at 150°C.

at lower carbon monoxide pressures than
those required to achieve the same level of
poisoning on Pt.

H,-D, Equilibration

(i) Unpoisoned Pt and Rh. The kinetic
properties of Pt and Rh for hydrogen
equilibration were nearly identical. The ab-
solute rates of equilibration are shown in
Fig. 5 for hydrogen pressures of 0.3-10
Torr. The order of reaction at 0.3-0.6 Torr
was approximately 0.5, and the order de-
creased as the pressure increased, ap-
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F16. 6. Arrhenius plot for hydrogen equilibration

on unpoisoned (O) Pt and (A) Rh at 10 Torr
pressure.
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on (&) Pt and (A) Rh by adsorbed carbon monox-
ide. Solid line is (1 — 6co)? vs 6co, where 6¢o is the
fraction of H, chemisorption sites poisoned.

proaching zero order at 10 Torr. The orders
of reaction did not change significantly
with temperature in the range 295-473°K.
The nearly zero-order activation energy de-
termined from the Arrhenius plot of Fig.
6 was 2.5-3 keal/mole for both Pt and Rh.
The k, values for Pt found in this work
are very similar to the previously reported
results of Breakspeare et al. (4) for the
same conditions of temperature and partial
pressure (273°K, 0.4 Torr, logk,, = 17.646).

(ii) CO-poisoned equilibration. It was
found that the results of H,-D, equilibra-
tion over both Pt and Rh poisoned by

400 ;

200 —

100 —

20— -

Km [molecules/cm2 sec) x 10-"%

e o oS
L

0 25 30 35 10
103/T [°K-1)

Fia. 8. Arrhenius plot for unpoisoned (@) Pt and
(A) Rh and for poisoned Pt, (O) fco = 0.50, ()
fco = 0.62, and Rh, (A) 6co = 0.60.
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carbon monoxide could be reduced to a
single correlation with ¢o, the fraction of
hydrogen chemisorption sites poisoned by
carbon monoxide. Figure 7 shows the cor-
relation of the ratio of k,°°, the rate of
equilibration on a CO-poisoned surface at
a given temperature to k,, the rate on the
unpoisoned surface at the same tempera-
ture. At a given coverage, variation in the
exchange temperature did not change the
kwC°/k,, ratio significantly, indicating the
activation energy on poisoned and unpoi-
soned surfaces was essentially the same.
The temperature dependence of the equili-
bration rate at different extents of poison-
ing is shown in Fig. 8. The activation en-
ergy on the available sites remained
constant at about 3 keal/mole.

Discussion

Surface Heterogeneity

There is little doubt that the surface of
Pt and Rh is heterogeneous for hydrogen
chemisorption, as indicated by flash de-
sorption (6) and field emission (14) ex-
periments. Flash desorption of carbon
monoxide from Pt indicated (15, 16) a
similar heterogeneity and a similar sequen-
tial formation of the tightly bound species
at low coverage with progressively weaker
bound species at higher coverages. It seems
likely that the hydrogen chemisorption
sites with the highest heat of adsorption
are poisoned first, followed by sites with
successively higher heats of adsorption as
the carbon monoxide coverage increases.
This would be expected to give rise to an
activation energy which changed with
poisoning of the surface. This was not ob-
served to be the case, and it would appear
that the surface is uniformly active for
hydrogen equilibration.

The solid line through the data of Fig.
7 is just the function (1 — fco)? Vs fco.
This function is what one would expect for
dissociative (dual-site) mechanism on a
uniform surface. The recent works of
Breakspeare et al. (4) and Tsuchiya et al.
(6, 7) of H,—D, equilibration on Pt have
indicated that the most likely high-temper-
ature mechanism (T > 200°K) 1is the
Bonhoeffer-Farkas sequence

ROSS AND STONEHART

1$H, + 15Dy + 2M = MHMD = HD + 2M.

Measurements of hydrogen atom diffusion
rates (14, 15) across transition metal sur-
faces have indicated that the collision rate
of adsorbed atoms at 400°K was 10* times
greater than the rate of exchange at
equivalent conditions. It is therefore un-
likely that surface diffusion is limiting the
equilibration rate at the temperatures of
this work. The rate of equilibration for a
uniformly active surface will then be given
by either the rate of chemisorption,

km = kap(l - 0)2: (4>

where p 1s the partial pressure of hydrogen,
or the rate of desorption

km = kqb?, (5)

where 6 is the fraction of the total avail-
able adsorption sites occupied. In the
presence of carbon monoxide poisoning,

6 = 8 4+ bco,

where 05 is the fraction of the total avail-
able sites occupied by adsorbed hydrogen.
8% and 6¢o are related by Eq. (3):

00 = (1 — 6co)fu, 6)

where 0y is the fraction of the unpoisoned
surface covered by adsorbed hydrogen at a
given temperature and hydrogen pressure.
Then the rate of equilibration over a car-
bon monoxide poisoned surface will be
given by

EnC0 = (1 — 6co)%koP(1 — 0n)?
or
knC? = (1 — 8c0)%kabu

For either adsorption or desorption con-
trolling, it is clear that the ratio of k., on
the poisoned surface to the k.°® on the
unpoisoned surface will be just (1 — fco)®.
This function fits the observed data ex-
tremely well, as Fig. 7 indicates, for both
Pt and Rh.

From the results of selective poisoning of
hydrogen chemisorption sites on Pt and Rh
surfaces, it can be concluded that although
the surfaces are heterogeneous in the sense
of heats of adsorption that vary with cov-
erage the surfaces are uniformly active
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for high-temperature H,-D. equilibration.
Some of the results of Van Cauwelaert and
Hall (8) indicated this may also be true
of H,-D, equilibration on activated alum-
ina. These investigations used selective
poisoning of alumina by carbon dioxide and
found that the activation energy for H,—D,
equilibration (273°K) was the same for
both poisoned and unpoisoned surfaces and
was independent of coverage by the poison.
It may be that homogeneity is a general
property of surfaces which catalyze H,-D,
equilibration through the dissociative
mechanism (Bonhoeffer-Farkas). This uni-
formity, however, may also arise from the
conditions at which equilibration reactions
are usually carried out. These conditions
are generally 1 Torr, or more, and tem-
peratures from 273 to about 500°K. From
the orders of reaction observed in this
work, and those reported by Breakspeare
et al. (4), the average hydrogen coverage
of the metal surface during equilibration
experiments on Pt or Rh at 1 Torr and
273-473°K varies from 0.5 to 1.0. During
equilibration on the poisoned surface, at
least 0.3 of the surface is covered by carbon
monoxide, and half of the remaining un-
poisoned sites are covered by adsorbed
hydrogen, so that equilibration is actually
catalyzed by only that portion of the sur-
face characteristic of coverages from 0.65
to 1.0. In the region of coverage from 0.65
to 1.0 the heat of adsorption of either
hvdrogen or carbon monoxide does not
change (13, 16) greatly with coverage.
Therefore, the conclusion that the surface
of Pt and Rh is homogeneous with regards
to high-temperature H,-D, equilibration
should be restricted to the experimental
conditions of this work, 02-10 Torr,
273-473°K.

Facile Reactions

The absence of surface heterogeneity for
the H,-D, reaction on Pt implies that the
activitv should not be a function of Pt
crystallite size. This agrees with the previ-
ous observations (I, 2) that the activity of
Pt for equilibration at 0.05 Torr and 293°K
was not a function of Pt crystallite size.
The selective poisoning results of Figs. 7
and 8 clearly indicate that the surface is
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titrated by poison only when ¢, the frac-
tion of hydrogen adsorption sites poisoned,
reaches unity, so that every Pt or Rh sur-
face atom is an active site for H,-D.
equilibration, corresponding to a site den-
sity of ~10' cm=2. Boudart et al. (3)
described reactions which are insensitive
to the mode of catalyst preparation and
to the size of the catalyst crystallites
as facile reactions. Such reactions depend
only on the nature of the atoms of
the surface, and a site density of ~10%
cem~? is expected. The uniformity of the Pt
and Rh surface and the site densities mea-
sured for these surfaces meet in the most
general way the classification of the high-
temperature H,-D, equilibration reaction
as a factle reaction on Pt and Rh. Since all
of the group VIII, and VIII; metals have
very similar properties with regard to hy-
drogen activation and chemisorption, it
may be that this classification for hydrogen
equilibration can be extended to all the
group VIII, and VIII, transition metals.

The Rate-Determining Step in

Hydrogen Equilibration

The classification of hydrogen equilibra-
tion as a facile reaction would appear to be
in conflict with the recent results of
Bernasek et al. (5). The conflict arises be-
cause of the drastically different experi-
mental conditions employed. In the latter
work, equilibration was studied using a
H,-D, molecular beam and Pt (111) and
stepped (111) single crystals, with an effec-
tive pressure of ~10® Torr and tempera-
tures from 300 to 1000°K. Isotopic ex-
change was observed only for the stepped
surface, and led to the conclusion that
hydrogen dissociation occurs only at the
steps in the atomic surface. At these ex-
perimental conditions, the surface coverage
by chemisorbed hydrogen would be less
than 0.2 (4), a much lower hydrogen cov-
erage than is present during equilibration
experiments at higher pressures, and a
totally different surface energy distribution
is present at these lower coverages. The ex-
planation of the results of Bernasek et al.
(5) lies in the altered potential energy
diagram at low hydrogen partial pressures.

The present work and previous work of
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other investigators establishes with relative
certainty the dissociative (Bonhoeffer-
Farkas) mechanism for high-temperature
equilibration on Pt. Using Eqs. (4) and
(5) and assuming Langmuir adsorption,
the true activation energy for hydrogen
chemisorption and for desorption can be
caleulated from the apparent activation en-
ergy and the heat of adsorption, A.

Eopp = RT%(In k) /dT (7

and
E,=FE,, — N\ (8)
Eq = Euypp + (1 = O 9)

From the pressure dependence of k,, in Fig.
5 the coverage of the Pt and Rh surfaces
by chemisorbed hydrogen can be estimated
as 0.5-1.0. In this region of coverage, the
heat of adsorption is approximately (12,
13) 7.5 keal/mole. From the temperature
dependence of k, observed in this and
other work (4, 7), the true activation en-
ergy for chemisorption is essentially zero,
and the true desorption activation energy
is 4-8 kecal/mole. The corresponding po-
tential energy diagram for hydrogen chemi-
sorption is shown in Fig. 9, which applies
to the energetics of hydrogen equilibration
at higher coverage. Since the true activa-
tion energy for chemisorption cannot be
lower than it already is at high coverage,
the shape of the potential energy diagram

~M-H
,
//
= ,
o /
= ~
= S~ Y M-Hj DISTANCE
= M-H
= AB=1] z
= =1 -
iy
2
A(g=0)

Fia. 9. Potential energy diagram for hydrogen
chemisorption on a Pt or Rh surface. X is the heat
of adsorption, # the coverage of the surface by ad-
sorbed hydrogen.
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at low coverage, where A increases rapidly
to 32 keal/mole (13), is easily envisaged.
At high hydrogen coverages on Pt and Rh
surfaces, desorption from the surface takes
place from the low-energy chemisorption
sites and adsorption takes place uniformly
on any pair of unoccupied sites. As the cov-
erage is lowered, the heat of adsorption in-
creases from ~5 to ~10 keal/mole at half
a monolayer. According to the poisoning
results of this work, the variation in the
heat of adsorption changes the activation
energy by a negligible amount (less than
1 kecal/mole). This implies either (i) the
Brgnsted exponent for hydrogen chemi-
sorption is very small (0.1-0.2) or (ii)
desorption occurs preferentially from the
low-energy sites with rapid diffusion across
the surface from the high-energy sites. The
latter possibility seems more likely. As the
coverage of the surface decreases below
half a monolayer, the diffusion rate (flux)
across the surface may diminish to the
point where both the surface diffusion and
desorption from high-energy sites are rate
controlling. The apparent activation energy
will drop to essentially zero, since as § — 0,
E;s— X and E.,— 0 by Eq. (9). Such a
transition in activation energy was ob-
served by Breakspeare et al. (4) at T >
500°K. The results of Bernasek et al. (5)
can be interpreted as consistent with this
picture of the energetics of hydrogen equili-
bration. At the very low coverages em-
ployed in their work, the surface diffusion
to low-energy sites for desorption was prob-
ably rate controlling, these low-energy sites
corresponding to steps in the atomic sur-
face. On the (111) single crystal, the den-
sity of these steps is very much smaller
than it is on the high-Miller-index terraced
surface. Desorption from the high-energy
chemisorption sites is the only alternative
to diffusion to low-energy sites, and this
alternative is very slow owing to the large
(true) activation barrier for desorption at
low coverage.

Hydrogen desorption, therefore, from Pt,
and possibly from other transition metal
surfaces, is not a facile reaction in the
general sense. Hydrogen dissociation on Pt
and Rh is a facile reaction in the general
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sense. High-temperature (7" > 273°K) hy-
drogen equilibration may be classified as a
facile reaction when the experimental con-
ditions are such that the surface coverage
by chemisorbed hydrogen is high (0.5-1.0
monolayers) and may be termed a demand-
thg reaction at conditions such that sur-
face diffusion-desorption becomes rate
controlling,

Generalization to Other Systems

The poisoning of electrochemical hydro-
gen oxidation in acid electrolyte by carbon
monoxide and “reduced carbon dioxide”
adsorbed on Pt indicates the surface chem-
istry for this system is very similar to that
for the gas phase chemisorption of hydro-
gen. Figure 10 is a plot of the data of
Stonehart and Kohlmayer (17) put into the
form used for the analysis of hydrogen
equilibration. The results for poisoning by
carbon monoxide are close to the (1 —
Opoison) 2~V8-O0ison line, indicative of a uni-
formly active surface for a two-site step,
probably a hydrogen dissociation step.
Since, it has been demonstrated recently
(18) that the rate-determining step for
hydrogen oxidation on Pt is the dissociative
chemisorption step, this result is not en-
tirely unexpected.

“Reduced carbon dioxide” is a two-elec-
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tron surface species produced by the reac-
tion of CO, with chemisorbed hydrogen
atoms (19) on the Pt surface. The exact
configuration of the species is not known,
but it is clearly a physically larger mole-
cule than CO and one molecule may bridge
two Pt sites. The poisoning of hydrogen
oxidation by “reduced carbon dioxide” was
in fact observed to be greater than that ex-
pected for the elimination of one active
site per molecule, as indicated by the data
falling below the (1 — 0is0n)%VS~0poison
line.

These results on the poisoning of electro-
chemical hydrogen oxidation may be con-
sidered a generalization of the results for
hydrogen equilibration. Both reactions ap-
pear to have a common kinetic step, that
of hydrogen dissociative chemisorption.
Both reactions appear to be facile reactions
for the experimental conditions employed.
The facile nature of these reactions would
appear to be due to the properties of the
hydrogen dissociation reaction on transi-
tion metal surfaces, and it appears that
this reaction itself possesses the intrinsie
properties of a facile reaction.
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