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Ethylene hydrogenation catalyzed by a model Mo(100) single crystal catalyst is investigated using
an isolatable high-pressure reactor. The observed reaction kinetics are in agreement with those
measured for supported transition metal hydrogenation catalysts showing a zero-order dependence
in ethylene and a first-order dependence in hydrogen partial pressures. The reaction activation
energy is 8.1 £ 0.5 kcal/mol for a Mo(100) single-crystal model catalyst and for a foil and mass
spectral analysis of the products formed following substitution of deuterium for hydrogen shows
that a maximum of two deuterium atoms are incorporated into the ethane that is produced. Auger
analysis of the surface following reaction reveals the presence of large amounts of carbon (up to
~7 monolayers). This carbonaceous deposit decomposes on heating the surface to above 1000 K
to desorb C; species. The experimental data suggest that either hydrogen or ethylene can permeate
this layer so that hydrogen transfer takes place either at the metal surface or on top of the layer.
Blocking the fourfold sites on Mo(100) by oxygen or carbon has only a marginal effect on the overall
reaction kinetics, and does not substantially alter the amount of carbon deposited onto the surface
during reaction. This result implies that the enhanced catalytic activity observed on metal carbide
catalysts is not only due to site blocking, but also arises because of chemical modification of the

catalyst by compound formation.

1. INTRODUCTION

The hydrogenation of small unsaturated
hydrocarbons, and particularly ethylene, by
transition metal catalysts has been the sub-
ject of considerable interest for many years,
primarily since it is a model catalytic system
which is particularly amenable to fundamen-
tal study. The reaction has been extensively
studied over supported transition metal cat-
alysts (/-6), and the problem has more re-
cently been attacked using a combination
of surface analysis techniques along with a
detailed examination of the catalytic reac-
tion under high pressure using the same sin-
gle-crystal samples on which the surface
analysis experiments were performed (7).
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Such studies have primarily focused on
Group VIII transition metal-catalyzed reac-
tions since these generally provide the most
active and selective hydrogenation catalysts
8.

Detailed surface analysis has also re-
vealed that chemisorbed ethylene rapidly
transforms on these surfaces into an ethyli-
dyne species at room temperature, for ex-
ample on platinum (9, 10), rhodium (I1,
12), and palladium (13). The catalytic role
of the surface carbonaceous deposit, in this
case consisting of ethylidyne, in ethylene
hydrogenation has been probed by using
an isolatable high-pressure reactor to carry
out reactions using model single-crystal
catalysts, where it was established that the
Pt(111) single crystal surface provides a
good model for a supported hydrogenation
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catalyst (7). It was further proven, by
synthesizing an ethylidyne layer incorpo-
rating radioactive C, that the surface
ethylidyne was present during hydrogena-
tion and rehydrogenates at a rate much
lower than that of the overall catalytic
hydrogenation to form ethane (I/4). Thus,
questions concerning the role of carbona-
ceous deposits in general, and ethylidyne
in particular, in the hydrogenation reaction
still remain. It has been postulated (7)
that ethylidyne partially hydrogenates fo
ethylidene in the presence of a high pres-
sure of hydrogen. The function of the ethyl-
idyne in this case is to transfer hydrogen
atoms from the metal surface to weakly
adsorbed ethylene in the second layer. An
alternative postulate holds that ethylidyne
has no direct role in the reaction, but that
this moiety is sufficiently mobile for the
ethylene to gain access to the metal sur-
face, and that hydrogenation proceeds be-
tween these surface ethylidyne groups (15).

Freshly prepared alumina-supported me-
tallic molybdenum (Mo(0)) has been shown
to be an extremely active hydrogenation
catalyst (16, 17) and can be synthesized
by decomposing Mo(CO), supported on
dehydroxylated alumina (17-19). More re-
cently it has been shown that MoO; on
alumina can be completely reduced to me-
tallic molybdenum using rather severe con-
ditions (20). Catalysts prepared via both
routes (i.e., either starting from Mo(CO),
or MoO,) exhibit identical catalytic proper-
ties (27) and, in particular, form extremely
active alkene hydrogenation catalysts. Eth-
ylene hydrogenation has also been studied
on evaporated molybdenum films (22, 23),
where the hydrogenation activity on mo-
lybdenum was found be significantly less
than that on platinum, rhodium, nickel,
and iron. It was also found that the extent
to which the hydrogenation rate decreased
as reaction proceeds was the largest on
molybdenum.

It is shown in the following by experi-
ments carried out in an isolatable high-
pressure catalytic reactor using Mo(100)

321

single crystals and high-purity molybde-
num foils that metallic molybdenum cata-
lyzes ethylene hydrogenation. Its activity
(as measured from the turnover frequency)
is significantly worse than both platinum
and also freshly prepared supported Mo(0)
but is in accord with the results on evapo-
rated molybdenum films (22, 23). In addi-
tion, it is shown that a thick carbonaceous

layer is detected on the surface using

Auger spectroscopy following reaction.
Such carbon deposition has been observed
on supported, metallic molybdenum (21)
and its role in hydrocarbon reactions has
been scrutinized over a range of transition
metals (24-29). The difference in hydroge-
nation activity between molybdenum and
Group VIII metals and the presence of
thick carbonaceous deposits is reflected in
differences in their surface chemistries.
Chemisorbed ethylene shows no tendency
to form ethylidyne on Mo(100), and chemi-
sorbed ethylene is almost completely de-
composed into carbon, hydrogen, and
smaller hydrocarbon fragments on anneal-
ing to room temperature (30). It is not
surprising, therefore, that a thick carbona-
ceous layer forms on the surface during
catalysis. However, in spite of the pres-
ence of a substantial amount of carbon on
the surface, the model catalyst maintains a
constant rate of hydrogenation over several
thousand turnovers. In addition, the reac-
tion kinetics (i.e., pressure dependencies
and activation energies) measured for eth-
ylene hydrogenation are typical for transi-
tion metal-catalyzed hydrogenation reac-
tions (I-8, 22), being zero order in ethylene
and first order in hydrogen pressures sug-
gesting that similar mechanisms operate in
all of these cases. Furthermore, substitu-
tion of deuterium for ethylene results in
the incorporation of a maximum of two
deuterium atoms in the ethane that is pro-
duced, suggesting that the reaction pro-
ceeds via a reaction pathway akin to that
suggested by Horiuti (37).

Molybdenum carbide (Mo,C), as well as
carbides of tungsten and tantalum, has
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been shown to provide an enhanced cata-
Iytic, and in particular, hydrogenation ac-
tivity compared to the clean metal for a
range of catalytic reactions (32-39). It is
shown in the following that adsorbing a
monolayer of carbon on molybdenum, in
fact, slightly reduces (by ~20%) the activ-
ity for ethylene hydrogenation compared to
the clean metal. A monolayer of adsorbed
oxygen has a slightly larger inhibiting ef-
fect. Both of these adatoms adsorb at the
fourfold site on Mo(100) (40, 41), sug-
gesting that this site does not play an
important role in the catalyzed hydrogena-
tion reaction. In addition, no drastic modi-
fication of the amount of carbonaceous
deposit is found by blocking the fourfold
site with oxygen or carbon, indicating that
the carbonaceous layer can also nucleate
on other sites. These results imply that the
formation of a compound and the resulting
chemical modification of the catalyst plays
an important role in the enhanced catalytic
activity of carbides compared to metals.

2. METHODS

The experiments were carried out in an
apparatus that has been described in previ-
ous publications (42). Briefly, however, the
bakeable stainless-steel vacuum chamber is
pumped by means of a liquid nitrogen-
trapped diffusion pump and operates at a
base pressure of 1 x 10~ Torr (1 Torr =
133.3 N m~?) following bakeout. The upper
level of the chamber is equipped with an
RFA for LEED and Auger spectroscopy
measurements. It also contains a mass spec-
trometer for leak detection, residual gas
analysis, and for thermal desorption spec-
troscopy. The ionizer of the mass spectrom-
eter is in line of sight of and about 5 cm from
the sample, which can be resistively heated.
Heating rates of 30 K/s were used to obtain
thermal desorption spectra.

The oriented Mo(100) single crystal is
spot-welded to the end of a coaxial sample
manipulator by means of tantalum wires,
and temperatures are measured by means
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F1G. 1. Schematic diagram showing the isolatable
high-pressure catalytic reactor incorporated into the
ultrahigh vacuum apparatus. Shown also is the external
recirculation loop.

of a W 5%-Re/W 26%-Re thermocouple
attached to the edge of the sample. The sam-
ple can be resistively heated to 2000 K and
also can be cooled to 80 K via thermal con-
tact to a liquid nitrogen-filled reservoir.
The apparatus also incorporates a coaxial
isolatable high-pressure (up to ~1 atmo-
sphere) catalytic reactor. A schematic dia-
gram of the ultrahigh vacuum chamber and
isolatable catalytic reactor is shown in Fig.
1. The reactor is closed by retracting the
sample holder so that it rests on an anvil and
the lower portion of the reactor is moved
upward to completely enclose the sample.
In order to facilitate rapid cell closure, the
drive mechanism of the lower portion of the
cell is motor driven, so that it takes approxi-
mately 40 s to move from fully retracted to
fully closed. The cell is finally sealed by
means of a thick, annealed copper gasket
placed between the upper and lower parts of
the cell. This arrangement seals sufficiently
well that the pressure in the UHV apparatus
is ~5 x 1071° Torr with the cell filled to a
pressure of 1 atmosphere. In addition, the
internal surfaces of the reactor cell are gold
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coated to minimize extraneous wall reac-
tions. The reactor cell is connected to an
external recirculation loop which is
equipped with a capacitance manometer for
pressure measurement, and a recirculation
pump and sampling valve. The loop is also
connected to a vacuum line for filling the
cell and for evacuation after reaction. The
total cell volume (i.e., reaction cell plus re-
circulation loop) is 108 ml, and the recircula-
tion rate measured for air at 1 atmosphere
pressure is 100 ml/min. After reaction, the
cell typically takes 2—3 min to evacuate from
1 atmosphere to ~1 X 107% Torr. When the
cell is opened to UHV at this pressure, a
pressure burst of 5 X 1072 Torr is typically
observed in the main chamber, and, de-
pending on which reactant gases are being
used, the vacuum chamber typically takes
~1 min to pump to 5 x 107" Torr. Thus,
the total time from high-pressure reaction
conditions to UHV is generally less than 5
min. The cell operates as a batch reactor,
and reaction rates are determined from
product accumulation curves measured by
analyzing reaction products using a gas
chromatogram for conversions less than 1%
in order to measure initial rates. In the case
of the hydrogenation reactions described
below, product concentrations are mea-
sured by diverting an aliquot of the reaction
mixture to a gas chromatograph by means
of a sampling loop (volume 0.2 ml). The gas
chromatograph was equipped with a flame
ionization detector and the § in X 160 cm-
long column was packed with Poropak N
which was easily capable of separating eth-
ylene from ethane. The nature of the reac-
tion products is established from their reten-
tion times which are calibrated using gas
mixtures of known composition. It is as-
sumed in the Kinetic analysis that the sensi-
tivities of the flame ionization detector for
ethylene and ethane are identical. The ex-
perimental protocol consisted of first se-
quentially introducing the required pres-
sures of ethylene and hydrogen into the
high-pressure cell. Finally, the total pres-
sure in the cell was made up to 800 Torr
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using nitrogen, and the gas mixture was ho-
mogenized for 20 min using the recirculation
pump. A sample of the reaction mixture was
analyzed using the gas chromatogram prior
to reaction to ensure that it contained no
impurities, after which the sample was
heated to the required reaction temperature.
This time was taken as ¢ = 0 for the reaction.

Two model catalyst samples were used
for these experiments. The first was a
Mo(100) single crystal that was prepared us-
ing standard metallographic techniques, and
was oriented using X rays to within 0.5° of
(100). A high-purity (99.995%) molybdenum
foil was also used. This sample was attached
directly to the sample support rods and the
temperature was monitored by means of a
W 5%-Re/W 26%-Re thermocouple spot-
welded to the front face of the foil. In this
case, the temperature indicated by the ther-
mocouple was calibrated by means of an
infrared pyrometer. Both samples were
cleaned using a standard procedure which
consisted of heating for several minutes to
1200 K in an ambient pressure of 2 x 1077
Torr of oxygen and annealing several times
in vacuo to 2000 K to remove oxygen (43).
This procedure was repeated until no signals
due to carbon or oxygen were detectable in
Auger spectroscopy.

In order to ensure that ethylene hydroge-
nation is catalyzed by the molybdenum sam-
ple rather than the support wires, separate
reactions were carried out using only the
support wires, i.e., with the sample re-
moved. In this case, the thermocouple was
attached to the tantalum support wire which
was heated to the temperatures used for eth-
ylene hydrogenation with the crystal
present.

The ethylene (Union Carbide, Linde;
99.6%) used for these experiments was
transferred to a glass bulb, and vacuum dis-
tilled several times and stored in glass until
use. The hydrogen (Airco; 99.999%) was
used without further purification. A mass
spectroscopic analysis of the reactant gases
showed no impurities, in particular oxygen
or water.
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Fi1G. 2. Product accumulation curves for ethylene
hydrogenation using an ethylene partial pressure of
100 Torr and a hydrogen partial pressure of 400 Torr,
obtained using a Mo(100) model catalyst as a function
of reaction temperature. Reaction temperatures are
marked adjacent to their respective product accumula-
tion curves.

3. RESULTS

The majority of experiments described
below were carried out using an oriented
Mo(100) single crystal. However, in order
to check that the reaction was indeed cata-
lyzed by the sample rather than on the reac-
tor walls, another set of experiments were
carried out using a polycrystalline molybde-
num foil as model catalyst.

Measurement of the Kinetics of Ethylene
Hydrogenation on Mo(100)

Hydrogenation reactions were carried out
over a Mo(100) sample as a function of the
sample temperature, and of both hydrogen
and cthylene partial pressures. Resulting
product accumulation curves are shown in
Figs. 2 (as a function of temperature), 3 (as
a function of hydrogen pressure), and 4 (as
a function of ethylene pressure). Ethylene
conversions were obtained by normalizing
the ethane signal in the gas chromatogram
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to that of ethylene, and reaction rates were
determined from the slopes of the product
accumulation curves. For the cell volume
and catalyst surface areas used for these
experiments, a conversion of 1% corre-
sponds to a total of ~10* reactions per sur-
face site (where a surface site is taken to be
a square unit cell on the Mo(100) surface,
which has an area of 1 X 1075 cm?). As
indicated in Figs. 2, 3, and 4, no induction
periods were observed for any of the reac-
tions. In all cases, reactions were followed
up to total ethylene conversions of several
percent, and the ethane formation rates re-
mained constant over the whole conversion
range. Blank reactions were also carried out
in the absence of the single-crystal sample
with the support wires heated to 548 K (the
highest reaction temperature, Fig. 2) with a
partial pressure of ethylene of 100 Torr and
of hydrogen of 400 Torr. In this case, the
rate of ethane formation was found to be
~10% of that with the single crystal present.

CoH,4 Hydrogenation, Mo(100Q)
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FiG. 3. Product accumulation curves for ethylene
hydrogention using an ethylene partial pressure of 100
Torr and a reaction temperature of 503 K, obtained
using a Mo(100) model catalyst as a function of hydro-
gen partial pressure, using hydrogen pressures of 200
(O), 300 (@), 400 (A), and 525 (A) Torr.
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Fi1G. 4. Product accumulation curves for ethylene
hydrogenation using a hydrogen partial pressure of 400
Torr and a reaction temperature of 548 K, obtained
using a Mo(100) model catalyst as a function of ethylene
partial pressure, using ethylene pressures of 50 (A),
100 (@), and 154 (O) Torr.

This indicates that a portion of the ethane
found with the single crystal present must be
ascribed to reaction on the tantalum support
wires. This is, however, within the experi-
mental error of the measured reaction rates.
A similar experiment performed with the
sample-support wires heated to 343 K (the
lowest reaction temperature, Fig. 2) re-
vealed no ethane formation within the detec-
tion limits of the gas chromatogram even
after 24 h of reaction.

It is immediately clear (Fig. 4) that reac-
tion rates are completely insensitive to eth-
vlene partial pressures between 50 and 154
Torr, but show a significant dependence on
hydrogen partial pressure (Fig. 3). Pressure
dependencies are summarized in Fig. 5 as
plots of log,(&V,) versus log,, of both ethyl-
ene and hydrogen partial pressures, where
N, is the turnover frequency calculated for
a crystal with an area of 0.54 cm? and assum-
ing that a square unit cell on Mo(100) consti-
tutes a reaction site. These results show that
the reaction order with respect to the ethyl-
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ene partial pressure is zero, and with respect
to hydrogen partial pressure is 1.1 = 0.1,
that is, approximately first order in hydro-
gen partial pressure in good agreement with
pressure dependencies measured on evapo-
rated films (22). The temperature depen-
dence of the reaction rate on Mo(100) is
shown plotted in Arrhenius form (i.e., as
In(NVy) versus 1/T) in Fig. 6, and the slope
of this curve yields a reaction activation en-
ergy of 8.1 = 0.5 kcal/mol. These kinetic
results can be summarized in the following
rate expression:

N, =34=05 x 10°
p (H2)1.1 =+ 0.1 p (C2H4)0.0 + 0.1
exp(—8.1 = 0.5 x 10°/RT)/site/s,

where, as above, the number of surface sites
is calculated assuming that a molybdenum
surface unit cell on the (100) face constitutes
areaction site (and has an areaof 1 x 1075
cm?), p(H,), and p(C,H,) are the partial
pressures of hydrogen and ethylene, respec-
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F1G. 5. Plot of logy (reaction rate) (Log(N,)) versus
log,, (hydrogen pressure) (Log(P(H,)); bottom axis, O)
and versus log;, (ethylene pressure) (Log(P(C,H,)); top
axis, @) showing the zero-order dependence in hydro-
gen partial pressure and the first-order dependence in
ethylene partial pressure.
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F1G. 6. The temperature dependence of ethylene hy-
drogenation catalyzed by a Mo(100) single crystal ob-
tained using an ethylene partial pressure of 100 Torr
and a hydrogen partial pressure of 400 Torr, plotted in
Arrhenius form.

tively, measured in Torr, and T is the reac-
tion temperature.

A reaction was carried out by substituting
deuterium (100 Torr) for hydrogen, and by
analyzing the product mass spectroscopi-
cally. This showed that the highest mass in
the reaction products was at 32 amu, corre-
sponding to the formation of C,H,D,.

Measurement of Hydrogenation Kinetics
on a Molybdenum Foil

A similar series of kinetic data were ob-
tained for ethylene hydrogenation catalyzed
by a molybdenum foil of exposed-faced area
of 3.54 cm? using an exactly identical experi-
mental protocol. The pressure dependen-
cies are well reproduced for this sample
showing an order in hydrogen pressure close
to unity, and in ethylene pressure of zero.
An Arrhenius plot for the hydrogenation re-
action over molybdenum foil using a hydro-
gen pressure of 400 Torr and an ethylene
pressure of 100 Torr (with the total pressure
made up to 800 Torr using nitrogen) is shown
in Fig. 7. The gradient of this curve yields
an activation energy for ethylene hydroge-
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nation of 8.1 £ 0.5 kcal/mol, a value in good
agreement with that obtained using the ori-
ented single crystal.

Analysis of the Surfaces after Reaction

The model catalyst surfaces were ana-
Iyzed using Auger spectroscopy immedi-
ately after reaction, and the surfaces all ex-
hibited substantial carbon contamination.
Note that no oxygen contamination was de-
tected on the model catalyst surface after
reaction. The amount of carbon on the sur-
face was determined from the ratio of the
peak-to-peak amplitude of the C(KLL)
Auger transition at 273 eV, ratioed to that of
the peak-to-peak amplitude of the substrate
molybdenum peak at 220 eV; designated
C/Mo or I(C)/I(Mo). C/Mo ratios as large
as 8 were measured. Shown in Fig. 8 is the
C/Mo Auger ratio obtained following ethyl-
ene hydrogenation (P(C,H,) = 100 Torr,
P(H,) = 400 Torr) taken as a function of
reaction temperature. Note that the Auger
ratio varies significantly as a function of re-
action temperature. The Auger ratio I(C)/

0.00
CoHyg + Mo, Mo fail
Eq = 8.1 *.0.5 kcal/mole
—-0.50 +
-
£ -1.00+
=
-1.50 4
@]
-2.00 t } }
1.600 1.700 1.800 1.900 2.000

1/T (1/K x 1073)

F1G. 7. The temperature dependence of ethylene hy-
drogenation catalyzed by a polycrystalline molybde-
num foil obtained using an ethylene partial pressure of
100 Torr and a hydrogen partial pressure of 400 Torr
plotted in Arrhenius form.
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F1G. 8. Plot of the C/Mo Auger ratio for a Mo(100)
single-crystal sample taken immediately following an
ethylene hydrogenation reaction using an ethylene par-
tial pressure of 100 Torr and a hydrogen partial pressure
of 400 Torr taken as a function of reaction temperature
(Q). Shown also on the right-hand axis are film thick-
nesses estimated using the method outlined in the text.
Also indicated (@) are the C/Mo ratios obtained by
annealing the carbon-covered surface to 1333 K.

I(Mo) can be approximately related to the
film thickness, ¢, through the formula

I(C)/IMo) = Clexp(¢/A) — 1], (1)

where A is the electron mean free path in
carbon. The value of A can be estimated
from the standard curve and is 3.5 mono-
layers (44), and the value of C calibrated
from the value of I(C)/I(Mo) measured for
a carbon layer of known thickness (i.e., 0.5
monolayers (30)). This procedure yields a
value of C of 1.63. Resulting estimates of
film thickness evaluated using this proce-
dure have been plotted on the curves and
show in Fig. 8 that up to approximately six
monolayers of carbon are deposited onto
the surface during reaction.

The amount of residual carbon at the sur-
face following reaction was measured as a
function of both ethylene and hydrogen par-
tial pressures at a constant reaction temper-
ature of 548 K. The results of these experi-
ments are shown in Fig. 9 as a function of
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ethylene pressure and in Fig. 10 as a func-
tion of hydrogen pressure. These results in-
dicate that the thickness of the residual car-
bon film is relatively insensitive to the
partial pressure of hydrogen (Fig, 10) since
the film thickness is constant between 3 and
4, whereas it is sensitive to the ethylene
partial pressure, in particular for partial
pressures up to 100 Torr (Fig. 9). Shown
also plotted onto the graph of Figure 9 (of
film thickness versus ethylene partial pres-
sure) is a Langmuir function of the form

aP/(1 + bP), (2)

where ¢ is the film thickness, and P is the
ethylene partial pressure in Torr, using val-
ues of 0.34 = 0.07 for a and 0.1 = 0.05
for b.

The thermal stability of these carbona-
ceous films was determined by measuring
the C/Mo Auger ratio as a function of an-
nealing temperature and the resulting values

t =

CoHg + Hy , clean Mo(100), AES
TReae. = 948 K
P,,2= 400 Torr Py, = 800 Torr
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g T2 E
’ ]
log— @—— @ —— @ —Heat 1333k T 1
0 —t —+ t 1
0 50 100 150 200 250

Partial Pressure of Ethylene/Torr

Fi1G. 9. Plot of the C/Mo Auger ratio immediately
following an ethylene hydrogenation reaction using a
reaction temperature of 548 K and a hydrogen partial
pressure of 400 Torr taken as a function of reaction
temperature (O). Superimposed on these datais a curve
of the form r = aP/(1 + bP). Shown also on the right-
hand axis are film thicknesses estimated using the
method outlined in the text. Also indicated (@) are the
C/Mo ratios obtained by annealing the carbon-covered
surface to 1333 K.
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Fic. 10. Plot of the C/Mo Auger ratio immediately
following an ethylene hydrogenation reaction using a
reaction temperature of 548 K and an ethylene partial
pressure of 100 Torr taken as a function of hydrogen
pressure (O). Also indicated (@) are the C/Mo ratios
obtained by annealing the carbon-covered surface to
1333 K. Shown also on the right-hand axis are film
thicknesses estimated using the method outlined in the
text.

of C/Mo Auger ratio are illustrated as a func-
tion of annealing temperature in Fig. 11.
This shows that the carbon film thickness,
t, remains constant up to an annealing tem-
perature of ~800 K, and at ~1000 K the
C/Mo Auger ratio (which corresponds to
film thickness, ¢) decreases drastically to an
approximately constant value after anneal-
ing to above 1300 K indicating a rapid deple-
tion of surface carbon at this temperature.
The final values of C/Mo Auger ratio mea-
sured after heating the surface to above 1333
K are also shown plotted on Figs. 8, 9, and
10 (@) following ethylene hydrogenation at
various temperatures and reactant partial
pressures. The final Auger ratio is always
constant at 0.4 = 0.1 irrespective of the orig-
inal carbon layer thickness (i.e. reaction
conditions) and corresponds to a carbon
coverage 8(C) = 0.8 = 0.2, or the presence
of approximately one monolayer of carbon
(30).

Attempts to rehydrogenate this surface
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carbonaceous layer in the high-pressure cell
in the presence of 400 Torr of hydrogen at
550 K resulted in no diminution of the car-
bon Auger signal compared to the value be-
fore reaction. This indicates that the layer is
completely stable to rehydrogenation under
reaction conditions. This result is in accord
with the observed relative insensitivity of
the carbonaceous layer thickness as a func-
tion of hydrogen pressure.

The 2 amu (H,) thermal desorption spec-
tra of a Mo(100) single crystal covered with
carbonaceous deposit following ethylene
hydrogenation under various reaction con-
ditions are shown in Fig. 12. All the spectra
exhibit two peaks. The first is a broad peak
between 700 and 900 K, and the other with
somewhat variable position between 1100
and 1300 K. The peak temperature of the
latter state corresponds well to the tempera-
ture at which the surface carbon coverage
decreases on annealing (see Figs. 11 and 12).
Peaks at this temperature were also detected
when the mass spectrometer was tuned to
16, 14, and 12 amu, but no signal was de-
tected at 27 amu. The relative desorption

CgHg+Hy . Clean Mo(100), AES
o 12l 503K (0)
© 435K (2) c
D; 385K (&) 47 5
_aA S
2 94 __—4 5
3 2
Q A 46 @
> 4
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E
34
o /6\ é\ +3
O
>QA\ + 2
0 : POROY—dy—p T
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Fic. 11. Plot of C/Mo Auger ratio obtained as a
function of annealing temperature for carbon-covered
surface following ethylene hydrogenation using 400
Torr of hydrogen and 100 Torr of ethylene at tempera-
tures of 503 K (O), 435 K (A), and 385 K (A).
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Fi1G. 12. 2 amu (H,) thermal desorption spectra ob-
tained from a Mo(100) single-crystal model catalyst
using a heating rate of 30 K/s for surfaces covered with
a carbonaceous layer following ethylene hydrogenation
using 100 Torr of ethylene and 400 Torr of hydrogen at
various reaction temperatures; (a) 540 K, (b) 380 K, (c)
360 K.

yields for these peaks are shown in Table 1,
and compared with the relative intensities
at these masses for methane using exactly
identical mass spectrometer settings for
both experiments. These results indicate
that thermal decomposition of the carbona-
ceous layer produces C; hydrocarbons. The

TABLE 1

Comparison of the Mass  Spectrometer
Fragmentation Pattern for Methane with the Thermal
Desorption Yield at Various Masses for the 1000 K
Thermal Desorption State Obtained following
Ethylene Hydrogenation

Methane mass

Thermal spectrometer fragment
Mass desorption yield intensity
27 0 0
16 100 100
14 62 16
12 68 2.5
2 — 0.2
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correspondence between the relative ther-
mal desorption yields various masses and
the mass spectrometer fragmentation pat-
tern for methane is, however, no good. It
should be mentioned that each of the ther-
mal desorption spectra were collected after
different catalytic reactions but under iden-
tical conditions, so that the reproducibility
between spectra is not likely to be good.
Another possible explanation for this dis-
crepancy is that a portion of the carbona-
ceous layer can desorb as CH, fragments.
Such CH, desorption from a hydrocarbon-
covered molybdenum surface has been ob-
served recently (46). The peak centered be-
tween 700 and 900 K shows no intensity in
the 16, 14, and 12 amu spectra and is as-
cribed to the desorption of hydrogen.

Effect of Preadsorbed Carbon
and Oxygen

Since metal carbides have been shown
to be effective hydrogenation catalysts
(32-39), a single crystal was covered by a
monolayer of carbon (one carbon atom per
substrate unit cell). In this case, carbon
atoms occupy exclusively the fourfold hol-
low sites (40). The carbon-covered surface
was obtained either by annealing the sample
in 1 x 1079 Torr of ethylene, or by heating
a sample after reaction to 1300 K. Both of
these procedures resulted in a carbon cover-
age, 8(C) = 1.0, as determined using Auger
spectroscopy. An oxygen-covered surface
(also 6(0) = 1.0) was also prepared for com-
parison. In this case, the oxygen was ad-
sorbed by cooling the sample in 1 x 10~°
Torr of oxygen. This also results in the depo-
sition of a monolayer of oxygen which occu-
pies fourfold hollow sites (41).

Figure 13 displays the resulting product
accumulation curves obtained when using
these samples as hydrogenation catalysts at
623 K. The clean surface exhibits the highest
reaction rate (0.28 reactions/site/s) with the
rates for the carbon- and oxygen-covered
surfaces being only slightly less, so that the
turnover frequency for the carbon-covered
surface is 0.23 reactions/site/s (lower by
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FiG. 13. Product accumulation curves obtained for
ethylene hydrogenation using an ethylene partial pres-
sure of 100 Torr, a hydrogen partial pressure of 400
Torr at a reaction temperature of 623 K for (a) clean
molybdenum (O), (b) carbon-covered molybdenum ob-
tained by cracking ethylene in UHV (A), and by anneal-
ing a carbon-covered surface (A), (c) oxygen-covered
molybdenum (@).

18%) and for the oxygen-covered surface is
0.22 (lower by 20%) (see Table 2). These
reaction rates are normalized to the area of
a surface unit cell on Mo(100) face which is
taken to have anareaof 1 X 10~ cm?. Note
that the reaction rate is exactly identical for
both carbon-covered surfaces irrespective
of the origin of the carbon (i.e., whether it
derives from annealing a surface following
reaction of from ethylene decomposition)
but slightly less than for the clean surface.
The amount of carbon deposited on the sur-
face during reaction as measured using
Auger spectroscopy relative to the carbon
layer thickness on the clean metal is also
shown in Table 2, and indicates that car-
bonaceous layer formation is only slightly
inhibited by preadsorbed carbon, but, in
contrast, is accentuated by the preadsorbed
oxygen.

4. DISCUSSION

The results of Figures 2, 3, and 4 show
that a Mo(100) single crystal catalyzes the
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hydrogenation of ethylene to ethane at a
constant rate over a wide range of experi-
mental conditions, i.e., ethylene and hydro-
gen pressures and sample temperatures, up
to conversions of ~10%. This conversion
corresponds to a total number of turnovers
per site in excess of ~10°. Measurement of
pressure dependences show that the reac-
tion is close to zero order with respect to
ethylene pressure, and approximately first
order in hydrogen pressure (Fig. 5). The re-
action activation energy measured on the
Mo(100) single crystal is 8.1 = 0.5 kcal/mole
(Fig. 6) and on the foil is also 8.1 = 0.5 kcal/
mole (Fig. 7). The kinetic data for ethylene
hydrogenation catalyzed by the Mo(100)
single crystal are typical for this reaction
over transition metal catalysts which pre-
dominantly show a first-order dependence
in hydrogen pressure and a zero-order de-
pendence in ethylene pressure (8) and, in
particular, in good agreement with values
obtained for evaporated molybdenum films
(22).

TABLE 2

Comparison of the Relative Hydrogenation Rates of
Molybdenum Covered by a Monolayer of Carbon or
Oxygen with Initially Clean Molybdenum Model
Catalysts

Relative
Turnover frequency film

Catalyst (reactions/site/s) thickness
Mo 0.28 1.00
Mo + 1 ml C(a) 0.23 0.88
Mo + 1 ml C(b) 0.23 0.91
Mo + 1mlO 0.22 1.39

Note. (a) Sample prepared by annealing a sample
covered with carbonaceous deposit; (b) sample pre-
pared by cracking ethylene in UHV. Also, relative film
thickness describes the thicknesses of the carbona-
ceous films formed following ethylene hydrogenation
relative to that formed on the clean surface measured
using Auger spectroscopy. Film thicknesses are esti-
mated from the C/Mo Auger ratio using the method
outlined in the text. Turnover frequencies are calcu-
lated by the ethane formation rate to the number of
square unit cells on Mo(100) which have an area of 1
x 1075 cm?.
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The reaction was carried out using both a
molybdenum single crystal (with a surface
area of 0.54 cm?) and molybdenum foil (with
surface area of 3.74 cm?). For the molybde-
num single crystal, the specific rate mea-
sured at a hydrogen partial pressure of 400
Torr and a partial ethylene pressure of 100
Torr for a reaction temperature of 548 K is
0.72 reactions/surface site/s. For the poly-
crystalline foil, using exactly identical re-
actant pressures (where the surface site area
was taken to be identical to that on Mo(100))
the rate is 0.20 reactions/site/s at 551 K.
The correspondence between these two
rates which are within a factor of about 3 of
each other, and which are normalized to
the exposed surface areas of each of the
samples, strongly suggests that the reaction
is catalyzed by the molybdenum samples
rather than, for example, on the reactor
walls. Contributing factors to the differ-
ences between the reaction rates may be
ascribed firstly to the assumption that the
reaction site density on the foil and Mo(100)
are identical at 1 x 10 cm~?, whereas the
value on the polycrystalline foil is likely to
be slightly different. In addition, the crystal
is ~1 mm thick so that some reaction may
be taking place on the edges of the sample.
These results may also imply that the reac-
tion is structure sensitive since the face of a
polycrystalline sample is likely to exhibit a
variety of crystal facets, and these results
may explain the extremely high hydrogena-
tion activity displayed by supported metallic
molybdenum (16, 17). In addition, Auger
analysis of the foil following reaction sug-
gests that the carbonaceous deposits formed
on the foils are somewhat thicker than those
on the single crystal surface after identical
catalytic experiments which might contrib-
ute to a slight lowering of the reaction rate.
It should be mentioned that the foil sample
was repeatedly heated to 2000 K during sam-
ple cleaning in order to remove surface oxy-
gen arising from the carbon removal treat-
ment. However, no LEED patterns were
observed from the molybdenum foil which
indicates that any surface order is less than
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~100 A, the coherence length of the electron
beam. Finally, the agreement between acti-
vation energies measured for both samples
over differing temperature ranges (Figs. 6
and 7) suggests that the reaction is not pro-
ceeding on the reactor walls since any wall
heating is expected to be very different for
each of the samples since they are consider-
ably different in size. This result is in
agreement with the experiments performed
with no crystal present which showed a sig-
nificantly lower rate of ethane formation
than when the crystal is in place.

The specific rate for ethylene hydrogena-
tion under the reaction conditions used in
these experiments varied between ~1 and
0.1reactions/site/s. This rate is significantly
lower than measured for an alumina-sup-
ported metallic molybdenum catalyst (I6,
17). The origin for this difference is not clear
and may be due to electronic modifications
due to the presence of small particles or
perhaps an interaction with the support. Itis
clear from an Auger analysis of the surfaces
following reaction that large coverages of
carbonaceous deposit are present on the
surface of the model catalyst (see Figs. 8, 9,
and 10). Since the ethane formation rate is
constant over a large number of turnovers
(~10%), it is likely that these films are at their
equilibrium thicknesses, and the measured
thicknesses represent a balance between
their rate of formation, presumably by ethyl-
ene decomposition, and their rate of decom-
position. The presence of a carbonaceous
deposit appears to be a common feature in
many hydrocarbon reactions, in particular
over supported molybdenum and iron cata-
lysts (24—29) and also, in the form of ethyli-
dyne, on Group VIII surfaces (7).

Mass spectral analysis of the hydrocarbon
products formed by reaction of cthylene
(p(C,H,) = 50 Torr) and deuterium ( p (D,)
= 400 Torr) at 540 K shows that the highest
mass peak is at 32 amu, corresponding to
the formation of C,H,D,, indicating direct
addition of deuterium to the ethylene. These
results suggest the atomic hydrogen, pre-
sumably dissociated at the molybdenum
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surface, adds to the ethylenic double bond
according to the Horiuti-Polyanyi model
[31], but in the presence of a thick layer of
carbon. Questions still remain, therefore,
concerning the site at which hydrogen is
transferred to the adsorbed alkene, and the
role (if any) of carbonaceous deposits in hy-
drocarbon catalysis. Two chemically dis-
tinct sites have been identified on Mo(100)
single surfaces. The first is the fourfold hol-
low site, and the second is either the bridge
or atop site. The differences between these
sites is well illustrated by the chemistry of
CO on molybdenum (4¢3). The electronic
structure of CO chemisorbed at the fourfold
site on Mo(100) is modified to such an extent
that the CO stretching frequency is lowered
to ~1200 cm ™! (45). This CO is also tilted
with respect to the surface allowing signifi-
cant sr-surface interaction and it rapidly dis-
sociates into chemisorbed carbon and oxy-
gen. In contrast, CO adsorbed at an atop
site is significantly less modified, exhibiting
a C-O stretching frequency of ~2100 cm ™!
and which desorbs molecularly at ~300 K.
This site displays a chemistry more closely
akin to the less-reactive Group VIII metals.
The reactivity pattern for CO is mirrored in
the surface chemistry of ethylene on
Mo(100) (30). In this case, ethylene adsorbs
rapidly at the fourfold site, decomposing
into carbon and hydrogen at somewhat
above room temperature. In addition to this,
a weakly bound ethylenic species is also
detected which desorbs molecularly with an
activation energy of between 7.5 and 9 kcal/
mol depending on coverage. Clearly, since
alkene hydrogenation is a rather mild cata-
lytic process because it requires no alkene
decomposition during reaction, alkene de-
composition at any very reactive site will
immediately block that site and passivate
the surface, leaving only less reactive sites
exposed. One role of the carbonaceous de-
posits appears, therefore, to be a site
blocking agent. This view is substantiated
since blocking the fourfold sites by either
carbon or oxygen does not substantially af-
fect the rate of hydrogenation (Fig. 12 and
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Table 2). These results also suggest that ei-
ther bridge or atop sites are required for the
reaction to proceed, at the very least for
hydrogen dissociation. The carbonaceous
layer thickness measured after ethylene hy-
drogenation at high pressure is, however,
significantly larger than that required merely
for site blocking. It is assumed in the follow-
ing that metal (either bridge or atop) sites are
required for the dissociation of hydrogen.
There are several possibilities that can be
envisaged for the way in which the subse-
quent reaction proceeds. The first is that
the alkene can successfully permeate the
hydrocarbon film and that hydrogen is trans-
ferred directly from the metal surface. Theo-
retical calculations do suggest that carbona-
ceous deposits in the form of an ethylidyne
layer are sufficiently mobile to allow access
of ethylene to a platinum surface (15). A
second possibility is that hydrogenation can
take place on top of the carbonaceous layer
which is not permeable to the hydrocarbon.
Hydrogen must then be transferred through
the carbonaceous layer to.the weakly ad-
sorbed alkene on top of this layer. Note that
thermal desorption spectra (Fig. 11) indicate
that the carbonaceous layer does contain
a significant amount of hydrogen. A final
possibility is a combination of the two
schemes outlined above. In this case, hydro-
gen dissociated at the surface is transferred
to the carbonaceous layer, which is, in addi-
tion, permeable to alkene. Hydrogen is then
transferred to the alkene from the carbona-
ceous layer which itself then effectively pro-
vides the sites at which the hydrogen is
transferred. This last scheme can be imme-
diately rejected based on the experimental
evidence. The thickness of the carbona-
ceous layer increases as a function of ethyl-
ene pressure according to a Langmuir equa-
tion (Fig. 9 and Eq. (2)), so that if hydrogen
is transferred from the surface to the car-
bonaceous layer and if this provides the site
at which hydrogen is transferred to ethyl-
ene, the number of sites at which hydroge-
nation can occur should also vary in a man-
ner similar to that of the carbonaceous layer
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thickness. This would lead to a strong ethyl-
ene pressure dependence in the overall reac-
tionrate, whereas the rate is, in fact, insensi-
tive to ethylene pressure. In addition, the
presence of a carbonaceous layer appears
to decrease the overall reaction rate, also at
variance with this model.

It is not possible, however, on the basis
of the available experimental data to distin-
guish between the two remaining possibili-
ties. It is clear, however, that catalytic hy-
drogenation requires the permeation of the
carbonaceous layer by at least one of the
reactants, either ethylene or hydrogen. This
is undoubtedly a contributing factor to the
lower activity of molybdenum as a hydroge-
nation catalyst than Group VIII metals.
These results also suggest an intriguing pos-
sible alternative explanation for the insensi-
tivity of reaction rate to ethylene pressure.
This has been ascribed to a decrease in cata-
lyst are available for reaction as a function
of ethylene pressure (I). If permeation of the
carbonaceous film by one of the reactants is
a step in the reaction, and if the reaction is
slowed by this process, it can be anticipated
that the reaction rate will decrease with
layer thickness. Thus, an increase in film
thickness, which varies with ethylene pres-
sure, will offset any increase in reaction rate
due to an increase in ethylene coverage pro-
ducing the observed insensitivity to ethyl-
ene pressure.

We focus now on the formation and na-
ture of the carbonaceous layer. According
to thermal desorption results (Fig. 11, Table
1), this carbonaceous layer can rapidly de-
compose on heating the surface to above
1000 K (Fig. 10) irrespective of the initial
layer thickness. This suggests that the layer
is of a rather uniform composition. The pres-
ence of a thermal desorption signal at 16
amu indicates that the carbonaceous film
can decompose to desorb methane from the
surface. However, the relative desorption
yields at 12 and 14 amu do not correspond
well to the mass spectrometer fragmentation
pattern of methane (Table 2). It should be
mentioned that each of the thermal spectra
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were obtained at the various masses after
different catalytic reactions (since the mass
spectrometer used for these experiments
was not equipped with multimass capabili-
ties), so that good reproducibility from spec-
trum to spectrum is unlikely. An alternative
possibility for the discrepancy between the
thermal desorption yields and the fragmen-
tation pattern for methane is that the car-
bonaceous layer may also decompose to
evolve CH, radicals. This phenomenon has
been recently observed in hydrocarbon de-
composition on molybdenum surfaces (46).
No significant concentration of methane
was detected in the reaction products sug-
gesting that the rate of carbonaceous film
decomposition is extremely slow compared
to the overall alkene hydrogenation rate.
This is not surprising in view of the high
temperature required to thermally decom-
pose the layer (>1000 K) compared to the
reaction temperature.

Note that the thermal desorption spectra
(Fig. 11) indicate that the carbonaceous
layer incorporates significant amounts of
hydrogen which might be available for al-
kene hydrogenation. The hydrogen desorp-
tion temperature in this case (~700 K) is
significantly higher than that for hydrogen
evolved from the first monolayer, either due
to thermal decomposition of adsorbed hy-
drocarbon fragments (30) or due to hydro-
gen desorption from a clean (47) or carbon-
covered surface (48). This indicates that this
hydrogen desorption peak is associated with
the carbonaceous layer. It is proposed that
the layer is formed by ethylene decomposi-
tion at the metal surface, and that it decom-
poses to form methane (and perhaps methyl-
ene radicals) but appears not to be removed
by reaction with hydrogen. The layer thick-
ness is relatively insensitive to the hydrogen
partial pressure (Fig. 9). This insensitivity
to hydrogen partial pressure is in accord
with the observation that the carbonaceous
layer is not removed by heating to 540 K in
the presence of 100 Torr of hydrogen in the
high-pressure reactor.

The thickness of the resulting layer does,
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however, depend strongly on ethylene par-
tial pressure (Fig. 9), and the layer thickness
depends on ethylene pressure, P, according
to the equation, r = bP/(1 + aP) and resem-
bles a Langmuir isotherm in shape. The re-
sult is consistent with the view that the for-
mation of the carbonaceous film is due to
decomposition of chemisorbed ethyiene
which is in equilibrium with the gas-phase
at the reaction temperature.

Blocking the fourfold site using either car-
bon or oxygen does not substantially alter
the thickness of the resulting carbonaceous
film. Based on the surface chemistry of eth-
ylene on Mo(100) outlined above, it would
be anticipated that the reactive fourfold site
should provide the nucleus for the formation
of the carbonaceous film. Clearly, however,
the observation that blocking this site does
not substantially alter the resulting carbona-
ceous film thickness implies that the car-
bonaceous layer can also be nucleated at
other sites, i.e., either the bridge or atop
sites, in the presence of high pressures of
reactant. This observation is in accord with
the view that the fourfold site is already
blocked on the initially clean catalyst by
alkene decomposition. Note also that there
is some correlation between the rate of eth-
ylene hydrogenation and the resulting car-
bonaceous layer thickness (Table 2) since
the carbon-covered surface is more active
than the oxygen-covered surface. However,
the initially clean surface exhibits the high-
est overall catalytic rate, whereas the re-
sulting carbonaceous layer thickness is in-
termediate between that on the carbon and
oxygen-covered surfaces. These results im-
ply that the enhanced activity of carbide
catalysts compared to that of metals is not
predominantly due to the blocking of very
active sites to prevent carbonaceous layer
formation (although this might play a role),
but must also be ascribed to an electronic
modification of the surface sites on the cata-
lyst by compound formation which is likely,
in particular, to significantly alter the elec-
tronic structure of the catalyst close to the
Fermi level. It should be mentioned that

WANG AND TYSOE

substantial carbide formation is unlikely in
the case of the model catalysts used here
because of the extremely large bulk-to-sur-
face ratio of both the foil and single-crystal
model catalysts compared to supported me-
tallic molybdenum.

Finally, although the reaction rate is not
substantially effected by the presence of
chemisorbed carbon or oxygen, there are
slight differences between the observed
rates for surfaces covered with these two
adsorbates. These differences are larger
than the experimental error in rate measure-
ments since the data for two reactions car-
ried out in the presence of carbon produced
either by cracking an alkene in UHV or by
annealing a carbon-covered surface follow-
ing reaction can be superimposed (Fig. 12).
This difference in rate for oxygen- and car-
bon-covered surfaces can be ascribed to
various effects. First, as mentioned above,
differences in rate between the carbon- and
oxygen-covered surfaces may be due to dif-
ferences in thickness of the resulting car-
bonaceous layers. The differences may also
be due to an electronic modification of the
surface by the presence of electronegative
adsorbates. It has, for example, recently
been shown that coadsorbed alkalis on
Pt(111) can substantially effect the ethylene
to ethylidyne transformation of chemi-
sorbed ethylene (49). Another possible ef-
fect, since oxygen is slightly larger than car-
bon, is that chemisorbed oxygen may more
effectively limit access to adjacent sites than
chemisorbed carbon. This effect has been
suggested previously (50).

5. CONCLUSIONS

The hydrogenation of ethylene has been
investigated using an isolatable high-pres-
sure catalytic batch reactor using a Mo(100)
model single-crystal catalyst. The kinetic
parameters (pressure dependences, activa-
tion energy) measured using this sample cor-
respond well to those determined for sup-
ported metal hydrogenation catalysts and
the product was found to incorporate a max-
imum of two deuterium atoms when substi-
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tuting deuterium for hydrogen in the reac-
tion. It was found, also, that hydrogenation
proceeds in the presence of up to 6~7 mono-
layers of a carbonaceous deposit. The thick-
ness of this deposit is found to depend
strongly on both reaction temperature and
ethylene partial pressure but to be insensi-
tive to the partial pressure of hydrogen. Part
of the role of the carbonaceous deposit is
to block extremely active sites to prevent
further hydrocarbon decomposition, and it
is suggested that the reaction can proceed
either directly on the metal surface, requir-
ing the reactant alkene to permeate the car-
bonaceous layer, or alternatively on top of
the carbonaceous layer requiring hydrogen
diffusion through the layer.

Neither the hydrogenation rate nor car-
bonaceous layer formation is substantially
effected by the presence of chemisorbed
carbon or oxygen indicating that either atop
or bridge sites can act as nucleation sites for
carbonaceous layer formation. This sug-
gests that compound formation and re-
sulting electronic modification of surface
sites is required to increase the hydrogena-
tion activity in a carbide catalyst.
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