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The energetics and reversibility of ethylene sequential dehydrogenation on the (111) platinum
single crystal surface has been investigated at 300-600 K using thermal desorption spectroscopy
and a carbon-14 radiotracer technique. Ethylidyne species produced by [*C]C,H, chemisorption at
300-400 K were stable with respect to hydrogenation at room temperature. However, at atmo-
spheric hydrogen pressure and temperatures above 350 K, ethylidyne species were easily elimi-
nated from the platinum surface by hydrogenation. For [*C]C,H, adsorption temperatures above
450 K, radiotracer studies revealed the presence of both ‘‘active’” and “‘inactive’” forms of partially
dehydrogenated carbonaceous deposits on the platinum surface which differ greatly in their reac-
tivity for hydrogenation and hydrogen transfer with unlabeled hydrocarbons. The inactive fraction
increased with increasing adsorption temperature as the surface species became more hydrogen
deficient. Removal of the active “C-containing species by hydrogen transfer occurred readily.
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INTRODUCTION

The formation of stable alkylidyne sur-
face species with well-defined atomic struc-
ture has now been carefully demonstrated
for the hexagonal (111) crystal faces of rho-
dium (), palladium (2), and platinum (3-
6). In the case of platinum, recent reaction
studies in our laboratory (7) have provided
direct evidence for an olefin hydrogenation
mechanism wherein the alkylidyne surface
species function as an important and unique
co-catalyst in the hydrogenation pathway.
Specifically, during ethylene hydrogenation
at atmospheric pressures and 300-370 K, an
ordered ethylidyne (Pt;:==CCHj;) overlayer
is formed immediately as the reaction com-
mences. High-resolution electron energy
loss spectroscopy (HREELS) (8) and a ra-
diotracer technique (reported here), have

! Present address: Exxon Research and Develop-
ment Laboratory, P.O. Box 2226, Baton Rouge, Loui-
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both shown that this ethylidyne is stable to-
ward rehydrogenation and desorption un-
der the conditions where ethylene hy-
drogenation occurs (300 K, 1 atm H,).
Hydrogen—deuterium exchange of the
methyl group in ethylidyne is also a slow
process in comparison to the high-pressure
hydrogenation (5, 7-9). It now appears
very likely that the hydrogenation reaction
actually takes place on top of this ordered
metal-organic layer, which acts as a trans-
fer agent for hydrogen atoms from the me-
tallic surface to the reactant ethylene. Fur-
thermore, it appears that the ‘‘structure
insensitivity”’ of ethylene hydrogenation
over platinum catalysts (10, 11), originates
at least in part from the presence of this
active ethylidyne layer which effectively
masks the underlying platinum structure.
At higher temperatures (450-800 K), the
chemistry of all hydrocarbons adsorbed on
platinum is dominated by dissociative che-
misorption involving the scission of one or
more C-H bonds (12). Detailed under-
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standing of these elementary C-H bond
breaking processes is essential for estab-
lishing reaction mechanisms for important
hydrocarbon skeletal rearrangements such
as isomerization and aromatization. These
reactions are catalyzed directly at metal
sites (13, 14), and only at high tempera-
tures (=500 K), where C~H bond breaking
occurs easily. Of particular importance are
the energetics and reversibility of the se-
guential C—H bond breaking processes.

Hydrogen thermal desorption (TDS) and
carbon-14 radiotracer studies have been ap-
plied here to investigate the energetics and
reversibility of ethylene sequential dehy-
drogenation on the flat (111) platinum single
crystal surface. The evolution of hydrogen
under UHV conditions was monitored as a
function of adsorption temperature to de-
termine the activation energies for sequen-
tial C—H bond breaking and the average (H/
C) composition of the adsorbed species.
Simultaneous radiotracer studies were em-
ployed to explore the adsorption reversibil-
ity. Reactivity studies carried out near at-
mospheric pressure revealed two distinct
types of carbonaceous species on the plati-
num surfaces: (1) an active form consisting
of ethylidyne species and fragments which
undergo hydrogenation and hydrogen
transfer under mild conditions, and (2) an
inactive form that displays little reactivity
over the entire range of temperature (300-
700 K) and pressure (10719-1 atm) investi-
gated.

Removal of the active *C-containing spe-
cies by hydrogen transfer reactions with
unlabeled hydrocarbons was also studied,
and significant reaction rates at 520-570 K
for such processes were found. The propor-
tion of the total surface carbon which exists
in the active form decreased with increas-
ing adsorption temperature as the surface
species became more hydrogen deficient.

EXPERIMENTAL

Experiments were carried out in an ultra-
high vacuum (UHV) system, described pre-
viously (14), that was equipped with facili-
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Fi1G. 1. Schematic diagram of the radiotracer count-
ing system for adsorption and catalysis studies using
small area surfaces in ultrahigh vacuum.

ties for low-energy electron diffraction,
Auger electron spectroscopy, thermal de-
sorption, radiotracer analysis, and in situ
sample treatment at atmospheric pressures.
The counting system for “C radiotracer
studies was detailed in a separate report
(15), and is shown schematically in Fig. 1.
It consisted of a solid-state surface barrier
detector which was mounted on a rotative
feedthrough in the center of the UHV
chamber. The detector could be reprodu-
cibly positioned directly in front of the sin-
gle crystal surface (within 1 cm) for counting
adsorbed species, or rotated away for back-
ground corrections, high-pressure reac-
tions, or LEED and AES studies. It was
interfaced to conventional counting elec-
tronics and to a pulse height analyzer where
N(E) spectra of the beta emission from “C
could be stored and integrated to obtain the
total radioactivity present on the surface.
The absolute detection efficiency (in the
range 2.4-3.2%) was calibrated for the ex-
perimental counting geometry by deposit-
ing thin films of [**C]polymethylmethacry-
late onto the single crystals and by
monitoring the *C count rate as a function
of the amount deposited (/5). Using this
system “C-containing species could be eas-
ily detected at surface concentrations of
1012-10 molec/cm?. Counting times were
in the range of 3—10 min, and count rates
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for adsorbed species and background were
in the ranges 200-1600 and 2-5 counts per
minute (cpm), respectively.

The (111) single crystal sample used in
these investigations was deliberately cut
very thin so that the polycrystalline edges
would constitute less than about 15% of the
total platinum surface area. The crystal was
cleaned by repeated cycles of 1.0-keV Ar*
bombardment at 1000 K, O,-treatment at
1077 Torr and 900-1200 K, and annealing to
1300 K. The crystal temperature was con-
tinuously regulated to =2 K with a preci-
sion temperature controller referenced to a
Chromel-Alumel  thermocouple  spot-
welded to the edge of the crystal. Heating
rates in the range 12-90 K/sec were em-
ployed for all thermal desorption measure-
ments.

Unlabeled hydrocarbon reagents were of
the highest obtainable research purity. The
liquid hydrocarbons were outgassed by re-
peated freeze-pumping cycles at 77 K prior
to use. “C-labeled ethylene (Amersham,
128 mCi/mmole, radiochemical purity
=99.5%) was used as supplied after brief
freeze pumping at 77 K.

RESULTS AND DISCUSSION

A. [UC)Ethylene Chemisorption and
Dehydrogenation on Pyl111)

Isotherms obtained for [**Clethylene che-
misorption on Pt(111) at 330-570 K are
shown in Fig. 2. For temperatures below
about 450 K, the initial sticking coefficient
So and the saturation coverage C, were con-
stant. At higher temperatures a second and
slower adsorption process was apparent,
which continued for exposures above 20 L
(1 L = 107¢ Torr - sec, uncorrected for ion
gauge sensitivity). As demonstrated below,
the slow adsorption process was accompa-
nied by extensive dehydrogenation and re-
arrangement of the surface species.

Ethylene chemisorption on Pt(111) at
300-430 K leads to the formation of surface
ethylidyne species which display a 2 x 2
overlayer structure. Dynamical LEED in-
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Fi1G. 2. Adsorption isotherms for {“CIC,H, chemi-
sorption on Pt(111) at 330-570 K (left frame). The ad-
sorption behavior at 330-420 K is well described by a
first-order Langmuir model (right frame).

tensity analysis (3, 6), HREELS (3, 4), and
TDS (4, 5) studies have revealed that they
occupy threefold hollow adsorption sites
with the C-C internuclear axis directed
normal to the platinum surface and with C—
C and Pt-C bond distances of 1.5 and 2.0
A, respectively. The radiotracer uptake
curve (Fig. 2) shows that this species forms
according to first-order Langmuir kinetics,
ie.

do So

e COmmip 4~ 0. ()

where ¢ is the gas exposure, C; is the ethyli-
dyne saturation coverage (C, = 3.8 x 104
molec/cm?), and S, was constant at 0.9 =
0.2 over the temperature range 330-420 K.

Hydrogen thermal desorption spectra
representing the sequential dehydrogena-
tion of ethylene chemisorbed on Pt(111) at
110-570 K are shown in Fig. 3. As dis-
cussed in detail by Salmeron (3), ethylene
dehydrogenation following adsorption at
about 110 K is characterized by three sets
of H)-desorption peaks. The initial C-H
bond activation produces a sharp peak at
295 K which corresponds to ethylidyne for-
mation. The second dehydrogenation reac-
tion occurs at about 470 K and corresponds
to the loss of two hydrogen atoms per ethy-
lidyne (4, 5). A final dehydrogenation of
the carbonaceous residue occurs at higher
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FiG. 3. Hydrogen thermal desorption spectra repre-
senting the sequential dehydrogenation of C;H, chemi-
sorbed on Pt(111) at 110-565 K. The heating rate was
88 K/sec except for the top curve reproduced from
Ref. (5) where it was 12 K/sec.

temperatures and leads to the formation of
graphite on the surface.

Activation energies for the C-H bond
breaking processes that produced the dif-
ferent hydrogen desorption peaks were es-
timated by assuming that all are unimolecu-
lar reactions. Kinetic analysis of the
dehydrogenation steps is then identical to
that for first-order molecular desorption
which may be conveniently treated with the
Redhead formula (16)

E. = RTXv/B) exp(—E/RT,), (2)

where g is the sample heating rate, v is sur-
face reaction preexponential factor, and 7,
is the temperature of the desorption peak
maximum. The assumption of first-order re-
action kinetics was justified by the fact that
the desorption peak temperatures were in-
variant to changes in initial surface cover-
age. Assuming v = 10!3 sec~!, the activation
energies for ethylene dehydrogenation
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were found to vary widely from about 18
kcal/mole for ethylidyne formation to 35-43
kcal/mole for complete dehydrogenation.

The average (H/C) stoichiometry of the
adsorbed species, expressed as hydrogen
atoms per surface carbon atom, was deter-
mined as a function of adsorption tempera-
ture from the total areas under the hydro-
gen thermal desorption spectra. The
desorption peak area was assumed to be
proportional to the amount of hydrogen
originally retained by the adsorbed species.
Comparison of this peak area with the Cyy/
Pty;; AES peak-to-peak height ratio pro-
vided a measure of the initial (H/C) compo-
sition, as described in detail previously
(13).

The composition of the strongly bound
species resulting from ethylene chemisorp-
tion is temperature dependent in the 300-
670 K range, as shown in Fig. 4. The hydro-
gen content of the surface species
decreased with increasing adsorption tem-
perature and approached zero at tempera-
tures higher than 670 K.

B. Reversibility of Sequential
Dehydrogenation: Radiotracer Studies
of Ethylene Rehydrogenation and
Hydrogen Transfer Reactions

Radiotracer decay curves representing

20

tH/C) ol
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F1G. 4. Composition and reactivity of ['*Clethylene
chemisorbed on Pt(111) at 320-670 K. The irreversibly
adsorbed fraction determined by radiotracer analysis
displays an excellent correlation with the average hy-
drogen content (H/C) of the strongly bound surface
species.



244

0.0l 1 ] ] ] 1

Time (minutes)

Fi1G. 5. Radiotracer decay curves illustrating the re-
hydrogenation of [*Clethylidyne species chemisorbed
on Pt(111).

the rehydrogenation of ethylidyne chemi-
sorbed on the (111) platinum surface are
shown in Fig. 5. These species were pre-
pared by chemisorbing [}*Clethylene at
335-345 K and 1077 Torr using a constant
exposure of 6 L. The rehydrogenation reac-
tions were carried out at 300-470 K in the
presence of 1 atm of flowing hydrogen. The
reactions were interrupted at intervals of 1-
10 min so that the residual coverage (6(¢)/6(¢
= 0) = /6, in cpm/cpmy) of the radioactive
surface species could be determined as a
function of total reaction time. Two obser-
vations are significant: (1) the ethylidyne
species became highly reactive only at tem-
peratures higher than about 340 K, and (2)
the rehydrogenation was not a first-order
process. At 300 K only about 25% of the
surface moieties were removed by rehydro-
genation in 30 min of reaction time. By con-
trast, at 370 K or higher temperatures, the
same surface species underwent essentially
complete rehydrogenation in just 2—5 min.
From the initial slopes of the decay curves
the activation energy for ethylidyne hydro-
genation can be very roughly estimated to
be 5~10 kcal/mole.

These results are in excellent agreement
with those obtained using HREELS, where
the stability of ethylidyne was inferred from
the observation that no changes occur in
the vibrational spectra after 1 atm H, expo-
sure at temperatures up to about 330 K (8).
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Hydrogenation of ethylene occurs readily
under these conditions with turnover fre-
quencies of 1-100 molecules/Pt - sec (7),
implying therefore that hydrogenation re-
actions proceed in the presence of an ethy-
lidyne saturated surface.

A similar series of rehydrogenation reac-
tions was carried out following the chemi-
sorption of [“C]Jethylene on Pt(111) at 473
and 600 K. Ethylene adsorption at these
temperatures produced surface species
with average compositions ‘‘C,H”’ (473 K)
and ““C” (600 K). Representative results
are shown in Fig. 6. Rehydrogenation of
these more strongly adsorbed species at
370-640 K proceeded in at least two dis-
tinct stages. A very rapid initial reaction
which was complete within about 2 min was
always followed by a very slow rehydro-
genation process (R, = 1073 mole/Pt atom -
sec), which continued for hours without
reaching completion. The rapid initial reac-
tion appears to represent the hydrogenation
of small C, C,, CH, and/or C,H fragments
that are reportedly present following ethyl-
ene chemisorption at 470-650 K (4, 5). The
second process, on the other hand, appears
to represent the gasification of polymer car-
bon islands with very low hydrogen con-
tent. Similar catalytic behavior charac-
terized by a two-stage rehydrogenation
reaction was reported by Krebs and Bonzel
(17) for the hydrogenation of surface car-
bon deposited on iron foils at 560 K.

1 L
0] 20 40 60 O 20 40 60
Reaction Time (minutes)

FiG. 6. Radiotracer decay curves illustrating the par-
tial rehydrogenation of ethylene decomposition prod-
ucts with average composition ‘‘C,H’’ (left frame) and
“C” (right frame). These species were prepared by
chemisorbing [“C]C,H, on Pt(111) at 470 and 600 K.
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F1G. 7. Radiotracer decay curves illustrating hydro-
gen transfer reactions between n-hexane (left frame) or
cyclohexene (right frame) with ““C,H"’ surface species
that were produced from [“Clethylene chemisorption
on Pt(111) at 470 K.

These results show that for temperatures
higher than about 470 K, ethylene chemi-
sorption on Pt(111) is always partially irre-
versible. The proportion of the total surface
carbon which exists in the inactive form in-
creases with increasing adsorption temper-
ature. In Fig. 4 the irreversibly adsorbed
fraction is shown as a function of tempera-
ture along with the (H/C) stoichiometry of
the adsorbed layer as determined from ther-
mal desorption studies. The irreversibly ad-
sorbed fraction was defined as the propor-
tion of preadsorbed [“Clethylene which
could not be removed by rehydrogenation
(40-80 min reaction time) at the same tem-
perature at which the initial adsorption was
carried out. The (H/C) ratio displayed a
striking correlation with the adsorption re-
versibility. Sequential dehydrogenation of
ethylidyne to “‘C,H’’-like species at 450—
470 K was accompanied by a corresponding
decrease in reversibility from 95-100% to
about 50-70%. The reversibility ap-
proached zero as the hydrogen content de-
creased further at higher adsorption tem-
peratures.

The fact that the amount of inactive car-
bon deposited at 473 K was dependent
upon the temperature of subsequent rehy-
drogenation reactions suggests that the pro-
cess that causes the formation of the inac-
tive carbon involves two independent
pathways. The initial formation of inactive
carbon responsible for the overall shape of
Fig. 6 appears to occur during adsorption.
Further polymerization, which competes
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with direct hydrogenation, appears to occur
during the initial stages of the rehydrogena-
tion reactions. Provided that the activation
energy for inactive carbon formation is
smaller than that for hydrogenation, the ir-
reversibly adsorbed fraction should de-
crease with increasing reaction temperature
as observed experimentally. Further stud-
ies are in progress to better clarify the inac-
tive carbon formation process.

The formation of inactive metal-organic
surface species derived from [“Clethylene
on alumina-supported Ni (/8), Pd (18), Rh
(18, 19), Ir (20), and Pt (18) catalysts was
previously investigated by Thomson and
Webb and co-workers. Inactive carbona-
ceous species were detected under all con-
ditions of direct hydrogenation and hydro-
gen transfer with unlabeled ethylene and
acetylene at 290-470 K. At 290 K, the irre-
versibly adsorbed fraction decreased in the
sequence Pd (63%) > Ni (20%) > Ir (6-
13%) > Pt (4-7%). The inactive fraction re-
tained by the platinum catalyst increased to
40-60% at 470 K. These results appear to
be in excellent agreement with those re-
ported here for the small area (111) plati-
num single crystal surface.

The strongly adsorbed ‘‘C,H”’ fragments
resulting from [“Clethylene chemisorption
on Pt(111) at 470 K were also active for
intermolecular hydrogen transfer reactions
with unlabeled hydrocarbons. Radiotracer
decay curves illustrating hydrogen transfer
between ‘‘C,H’’ and n-hexane or cyclohex-
ene at 523-573 K are shown in Fig. 7. An
interesting feature of the hydrogen transfer
reactions is the ease with which they oc-
curred. Initial disappearance rates for the
active "C-containing species by hydrogen
transfer with 20 Torr of n-hexane or cyclo-
hexene appear to be within an order of mag-
nitude of those for direct hydrogenation in 1
atm of hydrogen. Hexenes and benzene
were detected as by-products of the hydro-
gen transfer reactions. Cyclohexene (a
good hydrogen donor) underwent hydrogen
transfer to ‘‘C,H’’ more rapidly than n-hex-
ane (a poor hydrogen donor). In the ab-
sence of hydrogen, the hydrogen transfer
reactions were accompanied by the forma-
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tion of high concentrations of carbonaceous
deposit on the platinum surface (Cy;/Ptasr
= 5-8), as measured by AES. The pathway
by which hydrogen transfer takes place re-
mains uncertain at this time. While a direct
transfer mechanism cannot be ruled out, it
appears more likely that this reaction is me-
diated by dehydrogenation of unlabeled hy-
drocarbon molecules on the metal surface
followed by addition of chemisorbed hydro-
gen to the “C-containing species.

It should be noted that neither hydroge-
nation nor hydrogen transfer could be de-
tected at low reactant pressures (10-3-10-¢
Torr). Weakly adsorbed species that can be
produced at atmospheric pressures appears
to be an essential requirement for activity
in these chemical reactions.

The radiotracer studies clearly demon-
strate that hydrogen transfer reactions take
place readily between hydrocarbon species
strongly chemisorbed on the (111) platinum
single crystal surface. Previous studies of
cyclohexene hydrogenation and dispropor-
tionation catalyzed at 425 K over Pt(322) re-
vealed that direct hydrogenation was 10
times faster than hydrogen transfer (12,
20). Because the activation energy for dis-
proportionation (~16 kcal/mole) was larger
than that for direct hydrogenation (5-6
kcal/mole), the importance of the hydrogen
transfer pathway is expected to increase
with increasing reaction temperature.

The notion that hydrogen transfer reac-
tions may be important in hydrocarbon ca-
talysis is not new. Thomson and Webb (22)
have argued that a hydrogen transfer mech-
anism provides a general explanation for
the patterns of catalytic activity displayed
by metal catalysts in olefin hydrogenation
reactions. Gardner and Hansen (23)
reached a similar conclusion in connection
with studies of ethylene hydrogenation
over tungsten catalysts. Our results (7) cer-
tainly tend to confirm that hydrogen trans-
fer reactions are important. More detailed
kinetic studies of the hydrogen transfer
pathway would be very valuable to deter-
mine the relevance of these processes.
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