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Fic. 1. Ammonia synthesis rates over clean iron single crystals and restruc-

tured Al, O, /Fe surfaces. A rate is given to the clean Fe(110) surface in

this figure for clarity but in actuality the ammonia yield from this crystal

face is below the detection limit of the PID (1 x 107 ' mol NH,/cm?® s).

sure. Aluminum was evaporated from a Knudsen-type cell
and it was readily oxidized to Al, O, by leaking oxygen into
the UHV chamber. Coverages of aluminum oxide were de-
termined by carbon monoxide titrations™® [one monolayer
(ML) of Al, O, is defined as the point where no CO chemi-
sorbs to the sample]. Rates of ammonia synthesis were cor-
rected for the iron surface which was covered by aluminum
oxide.

Figure 1 shows the rates of ammonia synthesis over the

clean iron single crystals and restructured Al G, (2 ML)/
Fe surfaces after water vapor treatments were performed at
723 K for 30 min in the high-pressure cell (water vapor
pressures are given in the figure). The most marked change
inactivity is in the case of the Al, O, /Fe(110) surface. After
a0.4-Torr water vapor treatment the initially inactive (110)
surface becomes almost as active as the Fe{111) surface.
The same change in rate can be achieved without aluminum
oxide by using a 20-Torr water vapor treatment but the sur-
face is transformed into the inactive (110} surfacewithin 1 k
of ammonia synthesis.

The activity of the (111) and (211} surfaces of iron is
usually attributed to the presence of C, sites (iron atoms
with seven nearest néighbors)*® which can enhance the rate
limiting step in the ammonia synthesis reaction (the disso-
ciation of dinitrogen).® This suggests that through the water
induced restructuring of Fe(110) and Fe(10C), surface ori-
-entations which expose C; sites [i.e.,, Fe(111) and Fe(211)]
are being created, but only in the presence of aluminum ox-
ide are these new orientations stable under ammonia synthe-
sis conditions.
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The study of the reactions of saturated hydrocarbons with
hydrogen over transition-metal surfaces is of considerable
technological importance, most notably to the hydropro-
cessing of petrochemical feedstocks. For many of these reac-
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tions, including alkane hydrogenolysis, the specific activity
{per site basis) has been found to be sensitive to the average
metallic particle size. This “structure sensitivity”' has been
atiributed to a number of effects which include variations in
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TaBLE I. Apparent rate parameters of hydrogenolysis reactions.®

R(475K)°
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Ir(111) surface

C.H, + H,--CH, + C,H, 1.0x 1077 4.7x 100! 33.5+2
n-C,H,, + 2H,-2CH, + G, 2.7x10772 741021 31642
Ir(110)-(1x2) surface

C,H, + H,~CH, + C,H; 1.5% 1072 1.2 101! 34742
n-C,H,y + H,-2C,H, 7.8 1077 Lix1go+? 22242

*Rate parameters were fit to the observed total conversion by utilizing the expression R =k ;) exp( - E,.,/k3T). Reactant partial pressures were 1.0 Torr
of hydrocarbon and 100 Torr of hydrogen, For these reaction conditions, the range of temperatures over which the rate parameters apply is approximately

400-500 K.
®Reaction rate is in terms of total conversion.

the electronic and/or geometric nature of the surface with
particle size. Unfortunately, a complete microscopic under-
standing of the observed variations in catalytic properties
with particle size has yet tc emerge.

We have examined the hydrogenolysis of ethane, propane,
n-butane, and neopentane on both the (111) and the (110}-
(1X2) single-crystalline surfaces of iridium.” These two
surfaces were chosen in order to investigate the relationship
between surface structure and both catalytic activity and se-
lectivity. For example, the (110)-(1X2) surface contains a
large fraction (25%) of low-coordination-number [C,
(Ref. 3)] edge atoms, whereas a perfect (111) surface con-
tains no such atoms. Thus, if the ratio of the number of edge
atoms to the number of (111) face (C,) atoms influences the
kinetics and/or mechanism of a particular reaction, then a
comparison of the (110)-(1X2) and (111) surfaces should
be decisive in quantifying the connection between catalytic
activity and/or selectivity and the loca/ surface structure.

The results obtained for the hydrogenolysis of n-butane
over the two surfaces are especially provocative. A dramatic
difference in selectivity is observed in the product distribu-
tions over the two surfaces, the (110)-(1x2) surface exhi-
biting a high selectivity for ethane production. The major
reaction pathways on the two surfaces are n-
CH,,+2H,-2CH, + C,H, on Ir(i11) and =&-
C,H;, + H,~»2CH, on Ir(110)-(1X2). The specific acti-
vities and apparent kinetic rate parameters for these two
reactions are given in Table .

Previous studies employing supported Pt* and Ir” cata-
lysts have indicated that the product distributions from »-
butane hydrogenolysis are sensitive to the average metallic
particle size. In particular, the selectivity for ethane in-
creases dramatically as the particle size is decreased. Foger
and Anderson® have reported that this structure sensitivity
is most evident for Ir crystallites of diameter<40 A, where
there is a rapid variation in the average coordination number
of the metal surface atoms.® In order to compare these re-
sults obtained with supported Ir catalysts of varying particle
size to ours obtained over the Ir(111) and Ir(110)-(1¢2)
surfaces, we have computed an “effective particle size” for
the single-crystalline surfaces utilizing the ratio of the num-
ber of edge (C,) atoms to the number of (111) face (Cy)
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atoms as the appropriate criterion.” For instance, for the
(110)-(1x2) surface, the ratio C,/C, is }, whereas for the
(imperfect) (111) surface employed here, we have estimat-
ed that the ratio is approximately J|.* Assuming the support-
ed catalyst particles form shapes of either octahedral or
square-pyramidal (half-octahedral) structure, the calculat-
ed effective particle diameters are approximately 24 or 13 A
for the Ir(110)-(1X2) surface, and 166 or 81 A for the
Ir(111) surface, respectively.’

The selectivity for ethane production for both the support-
ed catalysts® and the two single-crystalline surfaces are
shown in Fig. 1 as a function of the mean particle diameter.
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FIG. 1. Selectivity for ethane production (mol % of total products) from
the hydrogenolysis of n-butane over Iy catalysts plotted as a function of the
mean Ir particle size. Data for the supported catalysts are from Foger and
Anderson (Ref. 5). The abscissas for the two single-crystalline surfaces
were determined by a calculated effective particle size, as described in the
text. The reaction temperature in all cases is 475 K. Note that for the reac-
tion n-C,H , -+ H, - 2C,H,, the selectivity for ethane is 100%, whereas for
the reaction #-C H,, + 2H, - 2CH, -+ C,H,, the selectivity for ethane is
33%.
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The solid curves represent theoretical interpolations
between the single-crystalline surfaces based on the geomet-
rical shapes specified above. Obviously, there is an excellent
correlation between the selectivity for ethane production
and the mean Ir particle size. Based on our results, the ob-
served increase in the ethane selectivity with decreasing par-
ticle size is identified clearly with the increasing participa-
tion of low-coordination-number C, surface atoms.

The profound differences in both the selectivity and the
apparent activation energy of reaction (cf. Table I) that are
observed for n-butane hydrogenolysis suggest strongly that
different reaction mechanisms involving different interme-
diates are obtained on the two surfaces. Additional support
for this proposal can be derived, e.g., by comparing these
data for n-butane to those obtained for propane hydrogeno-
fysis on the same two surfaces. The specific activities and
apparent kinetic rate parameters for propane hydrogenoly-
sis are displayed in Table I for comparison. The rate param-
eters for the hydrogenolysis of propane on both surfaces, and
for n-butane on the Ir(111) surface are virtually identical,
implicating similar reaction pathways. Moreover, for these
three cases, the variations in the specific rates of reaction
with changing reactant partial pressures are described well
by a reaction mechanism involving irreversible C-C bond
cleavage in a partially dehydrogenated adsorbed hydrocar-
bon fragment as the rate-limiting step.” However, a-butane
hydrogenolysis over the Ir(110}-(1X2) surface is described
poorly by this mechanism. Rather, a mechanism involving
reversible C~C bond cleavage in a “symmetrical” adsorbed
reaction intermediate provides a superior fit to the data.”
The implicated stoichiometries of the reaction intermediates
involved in the reversible C-C bond cleavage reaction are
given by C,H;(2)<=2C,H,(a). Based on both this implicat-
ed reaction mechanism and precedents from organometallic
chemistry,'®'! the most plausible structure for the parent
hydrocarbon fragment, C,Hy(a), on the Ir(110)-(1x2)
surface is a merallacycle pentane.

Supporting evidence for the metallacycle intermediate
(implicitly menonuclear) can be provided if one considers
the stereochemistry of its formation on the two surfaces con-
sidered here. For example, utilizing bond lengths and bond
angles from Ir'? and Pt'* homogeneous complexes contain-
ing metallacycle pentane ligands, one finds that significant
repulsion is expected between the o-hydrogens and the adja-
cent Ir atoms on 2 (111) surface. However, no such repul-
sion is expected if one coordinates the ligand about the (im-
plicated “active site””) low-coordination-number C, atom on
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the (110)-(1X2) surface. Since these C, atoms are not pres-
entona (111) surface, the absence of the mononuclear me-
tallacycle pentane intermediate on Ir{111) can be explained
purely on a stereochemical basis.

In conclusion, we have investigated the hydrogenolysis of
various short-chain alkanes on the Ir{111) and Ir(110)-
(1>2) surfaces. A striking correlation has been discovered
between the selectivity for ethane production from the hy-
drogenolysis of n-butane over Ir catalysts and the concentra-
tion of low-coordination-number metal surface atoms. This
result is best interpreted as a manifestation of the occuirence
of a particular adsorbed reaction intermediate on the
Ir(110)-(1X 2} surface, namely, a metaliacycle pentane.
The formation of this intermediate is sterically forbidden on
the Ir(111) surface.
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