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The ammonia synthesis from nitrogen and hydrogen has been investigated over model single-
crystal and polycrystalline foil rhenium catalysts at 20 atm reactant pressure and in the temperature
range 720-900 K. The reaction rate is remarkably sensitive to the catalyst surface structure. A
reactivity ratio of 1:94:920: 2820 was found for the Re(0001), Re(1010), Re(1120), and Re(1 121)
crystal faces, respectively. The catalytic activity of rhenium for ammonia synthesis is higher the
more open and rough the surface is. An apparent activation energy of 19.4 + 1.1 kcal/mol was
observed, regardless, of the catalyst surface structure. Kinetic data, reactant pressure dependence,
and deuterium isotope effect indicate that, as in the case of iron, the rate-determining step is the
dissociative chemisorption of the nitrogen molecule. Potassium metal adsorbed on the clean rhe-
nium surface does not have any effect on the reaction rate. The coadsorption of potassium with
oxygen does not suppress the reactivity of the catalyst and stabilization of potassium on the surface
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INTRODUCTION

The synthesis of ammonia over metallic
iron has been studied over both polycrystal-
line (/-3) and single-crystal catalysts (4-6).
Expressions for the reaction rate have been
determined by several authors (7-10), as-
suming that the dissociation of nitrogen on
the surface is the rate-determining step.
Studies on single-crystal surfaces have
shown that the rate is strongly dependent
on the catalyst surface structure (6). Also, a
potasssium promoter effect has been estab-
lished on the industrial catalyst (polycrys-
talline iron) by several authors (/).

Ammonia synthesis activity over several
other transition metals has also been stud-
ied (171-13). Ruthenium supported on car-
bon was found to be very active and sensi-
tive to alkali additives under conditions of
low temperature (523 K) and low pressure
(600 Torr). Under these conditions, sup-
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ported ruthenium catalysts showed a ten-
fold increase in activity compared to the
conventional doubly promoted iron catalyst
(Fe—-Al,05-K,0). A silica-supported rhe-
nium catalyst was studied under the same
conditions described above and was found
to be among the least active (/3). Recently,
however, work done in our laboratory at 20
atm and 713 K has shown that rhenium is
remarkably active for ammonia synthesis
(/14). The rate over a polycrystalline rhe-
nium foil was as high as over the most ac-
tive iron single-crystal face studied so far
[Fe(111)].

In this study, we report further results on
the synthesis of ammonia over rhenium.
Polycrystalline foils and four single-crystal
rhenium surfaces have been studied:
Re(0001), Re(1010), Re(1120) and Re(1121).
Kinetic parameters for ammonia produc-
tion have been obtained for each surface
between 720 and 900 K. As in the case of
iron, a strong structure sensitivity is ob-
served. The catalyst activity car be related
to the roughness and openness of the sur-
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face. The kinetic dependence on the reac-
tant gases and the activation energy found
over rhenium are sufficiently close to those
of iron to indicate a great similarity in the
reaction mechanism. The dissociative che-
misorption of nitrogen is considered the
rate-determining step of the reaction. Po-
tassium metal deposited alone on the rhe-
nium metal surface does not promote the
synthesis of ammonia. If the effect of potas-
sium on iron is associated with aiding to its
reconstruction to the (111)-orientation crys-
tallites, the absence of any major effect of
potassium on rhenium is due to the much
slower rates of reconstruction of this high-
melting-point metal under reaction condi-
tions.

EXPERIMENTAL

The apparatus used in these studies con-
sisted of an ultrahigh vacuum (UHV) cham-
ber with a base pressure of 1 X 107% Torr
(15). Surface structure and chemical com-
position were determined by low energy
electron diffraction (LEED) and Auger
electron spectroscopy (AES), respectively.
A retarding field analyzer was used for both
techniques. A quadrupole mass spectrome-
ter was used for gas analysis and an ion
sputtering gun for sample cleaning. The
sample could be enclosed in a cell and sepa-
rated from the UHV chamber, to carry out
reactions at high pressures (20 atm). The
cell was part of a loop connected to an ex-
ternal gas manifold. During reaction, gases
were continually circulated over the single-
crystal sample via a positive displacement
pump. For a typical experiment, after the
composition and structure of the surface
were determined, the sample was isolated
from UHV by closing the high pressure
cell. Hydrogen was then introduced into
the loop, keeping the crystal at room tem-
perature. Nitrogen was introduced next,
while the gases were being circulated
through the loop. After the desired gas mix-
ture was obtained, the catalyst was heated
resistively to reaction temperature. The
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temperature was controlled and monitored
by a Pt/Pt-5%Rh thermocouple spotwelded
to the edge of the crystal. During experi-
ments, variations on the sample tempera-
ture were within +2 K.

Gas samples were periodically withdrawn
from the reaction loop through a sampling
valve into a photoionization detector,
equipped with a 10.2-¢V UV lamp. Ammo-
nia was the only reaction product. At this
photon energy, ammonia was also the only
gas ionized. Thus, the detector signal was
directly proportional to the ammonia partial
pressure. A recording integrator was used
to measure the signal as a function of reac-
tion time. To calibrate the sensitivity of the
detection system, a platinum foil compara-
ble in size to the rhenium samples (~1 cm?)
was cleaned, annealed, and then heated to
870 K under 20 atm of reactants under the
regular reaction conditions. Since the plati-
num does not catalyze the synthesis of am-
monia from nitrogen and hydrogen, the
baseline for the detection of ammonia could
be determined and thus the detection limit
established. A rate of (5 = 4) x 10" NH;,
molec/cm? - sec was our detection limit.

Studies were performed on both poly-
crystalline and single-crystal surfaces of ~1
cm? total area. Four single-crystal surfaces
were studied: Re(0001), Re(1010), Re(1120),
and Re(1121). Both sides of the single-crys-
tal samples were oriented and then polished
by standard metallurgical techniques. The
major contaminants were silicon and car-
bon. When the sample was used for the first
time, silicon was removed by Ar* sputter-
ing (8 X 107% A/cm? at 1500 eV) for several
hours followed by annealing at 1523 K for 7
min. Carbon was removed by oxygen treat-
ment at 2 X 1077 Torr for 2 min with the
crystal at 723 K. After this initial cleaning
procedure, all the contaminants after reac-
tion could be removed by Ar* sputtering (8
X 1076 A/cm? at 500 V) for a few minutes,
followed by annealing at 1523 K for 7 min.
The sample was cleaned after every experi-
ment. After no contaminants were detected
by AES, in the case of single-crystal sam-
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Fi1G. 1. Amount of ammonia produced as a function
of time for two single-crystal catalysts: Re(1121) (tri-
angles) and Re(1120) (open circles). The crystal tem-
perature is 870 K; the total reactant pressure is 20 atm
(pn,:pu;, = 1:3). The turnover frequency (TF) was
obtained from the initial rates (solid line). (TF = NH;
molecules/surface atom X sec).

ples, the surface structure was verified us-
ing LEED.

The LEED spots were sharp for the
Re(0001) and Re(1120) samples while the
Re(1121) and Re(1010) patterns were some-
what diffused even after longer annealing
periods. This suggests that the order of the
surface atoms in these two samples had a
shorter range than in the case of the former
two. No sign of reconstruction of any of the
single-crystal surfaces after Ar* sputtering
and annealing could be detected. The same
pattern was also observed after high pres-
sure reaction, if adsorption of gases on the
surface was avoided by keeping the crystal
at reaction temperature while the high pres-
sure cell was evacuated, prior to opening to
UHV.

RESULTS
A. Reaction Kinetics

Temperature dependence. The produc-
tion of ammonia from nitrogen and hydro-
gen over clean polycrystalline rhenium foil
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was reported earlier between 603 and 713 K
(14). In this study the temperature range
was extended to 900 K in order to be able to
monitor the production of ammonia from
the less active rhenium surfaces.

In Fig. 1 a typical plot of the total pres-
sure of ammonia produced as a function of
time at 870 K is presented for the two most
active rhenium single-crystal surfaces.
Note the deviation from linearity of the pro-
duction of ammonia with time at partial
pressures higher than 6 Torr. This effect
was noted earlier for the polycrystalline foil
and was attributed to a reversible poisoning
by the ammonia product. Note also in Fig.
1 the higher activity of the Re(1121) single-
crystal face as compared with the Re(1120)
surface. The structure sensitivity of this re-
action will be discussed later. The apparent
“‘induction period’’ of 3—4 min is the time
needed to saturate the surfaces of the stain-
less-steel reactor with ammonia.

The temperature dependence of the rate
of ammonia synthesis was measured for
two different polycrystalline foils and the
Re (1120) single-crystal face. In Fig. 2, Ar-
rhenius plots are shown for a polycrystal-
line foil and the Re(1120) single crystal. Al-
though different activities were measured
for the two different foils and for the single
crystal, the apparent activation energies as
obtained from Arrhenius plots were the
same for all three samples, within experi-
mental error (£, = 19.4 + 1.1 kcal/mol).
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F1G. 2. Arrhenius plots for ammonia synthesis over
rhenium foil (triangles) and Re(1120) single-crystal
(open circles) catalysts.
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FiG. 3. Nitrogen pressure dependence of the ammo-
nia synthesis over a rhenium polycrystalline foil at 736
K. The hydrogen pressure was 15 atm.

Reactant pressure dependence. The re-
action rate dependence on both hydrogen
and nitrogen have been determined. The
dependence of the reaction rate on the ni-
trogen partial pressure is shown in Fig. 3.
In these experiments, the hydrogen partial
pressure was kept constant at 16 atm and
the nitrogen partial pressure was varied be-
tween 0.8 and 11.2 atm. The reaction rate
was found to be first order on nitrogen (n =
1.02). A similar experiment was performed
to determine the reaction order on hydro-
gen. This time the nitrogen pressure was
kept constant at 5.4 atm and the hydrogen
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Fi1G. 4. Hydrogen pressure dependence of the am-
monia synthesis over Re(1120) single-crystal catalyst
at 870 K. The nitrogen pressure was 5.4 atm.
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pressure was varied between 3.4 and 17.0
atm. The results obtained, shown in Fig. 4,
indicate that the reaction order with respect
to hydrogen is equal to 0.67.

Isotope effect. The reaction rate was also
studied as a function of temperature, using
deuterium as a reactant instead of hydro-
gen. Arrhenius plots of the ammonia syn-
thesis over polycrystalline foil are shown in
Fig. 5. The rate of reaction increased by
about 30 to 50% over the temperature range
studied when deuterium was used instead
of hydrogen. A very small difference in ac-
tivation energy of the reaction is observed
(E, = 19.4 and 21.5 kcal/mol for NH; and
ND; formation, respectively).

B. Structure Sensitivity

The first evidence for structure sensitiv-
ity in the ammonia synthesis over rhenium
came from the large variations in activity of
several polycrystalline foils of different ori-
gin. Variations in activity of up to a factor
of 5 were observed. The possibility that dif-
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FIG. 5. Arrhenius plots for ammonia synthesis over
polycrystalline rhenium foil, using either hydrogen or
deuterium as reactant. The dots represent the reaction
rates using deuterium and the open circles represent
the ones using hydrogen. The reaction conditions are
the same in both cases: total reactant pressure of 20
atm and ratio of nitrogen to hydrogen or deuterium
equal to 1:3.
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FiG. 6. Structure sensitivity in the ammonia synthe-
sis over rhenium single-crystal faces. The turnover fre-
quencies (TF) are given as NH; molec/cm? X sec.
Schematics of the atomic structure of each surface are
given above each bar.

ferent foils may expose several crystal
faces with an uncontrollable distribution led
us to study the reaction over various single-
crystal faces as catalysts.

The synthesis of ammonia was studied
over four different single-crystal surfaces at
870 K and a total reactant pressure of 20
atm (pu,:pn, = 3:1). The surface planes
studied were Re(0001) (the closest packed
basal plane), Re(1010), Re(1120), and
Re(1121). Geometric representations of the
faces studied are given in Fig. 6. A bar
graph summary of the reaction rates over
the four catalyst faces studied is also given
in Fig. 6. The rates are given as turnover
frequencies, considering all the surface at-
oms exposed as active sites. The relative
activity ratio obtained is 1:94:920:2820
for the Re(0001), Re(1010), Re(1120), and
Re(1121) surfaces, respectively. The results
indicate that the catalytic activity for am-
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monia synthesis can be related to the
roughness and openness of the surface.
This relation could also be obtained from
the following results. The rhenium closest
packed surface [Re(0001)] produced almost
undetectable amounts of ammonia at 870 K
under normal reaction conditions. When
both sides of the Re(0001) crystal were
sputtered by Art bombardment (5 x 107¢ A
at 500 V for 5 min) without subsequent an-
nealing, an initial rate more than an order of
magnitude higher than the detection limit
was measured. This rate decreased after a
few minutes possibly due to partial anneal-
ing. When the sample was annealed at 1300
K for 5 min, the rate was already reduced to
only about a factor of 2 higher than the de-
tection limit. The production rate dropped
to (or below) the detection limit when the
sample was annealed at 1640 K for 7 min.

C. Effect of Potassium and Oxygen

The effect of predosing potassium alone
and potassium coadsorbed with oxygen on
the catalytic activity for ammonia synthesis
of several rhenium surfaces has been stud-
ied. A Saes getters potassium source was
used to generate pure atomic potassium va-
pors. Surface coverages were determined
using the relative Auger peak intensities of
Re (167 eV) and K (250 eV). The peaks ra-
tios were compared to the values obtained
for potassium on platinum (/6), such that
Re(167 eV)/K (250 eV) = 0.35 corresponds
to a coverage of one monolayer of potas-
sium. The ammonia synthesis rates was de-
termined over three rhenium surfaces, a
polycrystalline foil, and the Re(1120) and
Re(1121) single crystals. The results are
presented in Table 1. In all three cases, un-
der reaction conditions, most of the potas-
sium desorbs from the rhenium surface
when it is deposited alone. At 870 K, only
coverages of potassium lower than 0. 15 of
a monolayer were observed. The effect of
potassium on the reaction rate was typi-
cally very small. The largest promotion ef-
fect, a 23% increase in rate, was found with
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TABLE 1

Effect of Potassium Adsorbed Alone and Potassium
Coadsorbed with Oxygen on the Ammonia Synthesis
Rates over Rhenium Metal Catalysts®

Surface Surface structure
composition
Re(1120)  Re(1121)  Re(foil)

Clean 4.6 14.1 18.4
K? 4.6 17.4 19.4
Kb + O 4.5 18.2 22.0
K¢ + O 4.3 n.a. 23.2
K? + O 2.3 n.a. n.a.

Note. Reaction conditions: catalyst temperature =
870 K, pio = 20 atm, py,:puy, = 3: 1.

9 Values in (NH; molec/cm? x 10716,

6 (.25 monolayer of potassium.

< Adsorption of 100 liters O, previous to reaction.

4 Addition of 1.0 Torr of O, to the reactant gases.

¢ Addition of 20.0 Torr of O, to the reactant gases.

the Re(1121) single crystal. On the Re(1 120)
surface no promotion effect was observed.

The results of potassium coadsorbed
with oxygen are also shown in Table 1. In
all the experiments, 25% of a monolayer of
potassium was adsorbed on the surface pre-
vious to reaction. Oxygen was adsorbed on
the surface using one of three different pro-
cedures: (i) dosing the Re + K (0.25 6) sur-
face with 100 liters of oxygen gas in the
UHY chamber, (ii) mixing 1.0 Torr of oxy-
gen with the reactant gases, or (iii) mixing
20.0 Torr of oxygen with the reactant gases.
The presence of oxygen in all cases stabi-
lized the potassium on the rhenium surface
under reaction conditions. When the first
procedure was used to adsorb the oxygen
(UHYV adsorption), a clear enhancement of
the reaction rate was observed when the
Re(1121) and rhenium foil catalysts were
used. Some oxygen was removed from the
rhenium surface (~35%) after 15 min at 870
K under reaction conditions. With the sec-
ond type of experiment (1.0 Torr of oxygen
circulating in the high pressure loop) a large
postreaction oxygen coverage was ob-
served. The activity was reduced only
slightly in the Re(1120) case while some en-
hancement in activity was evident with the
polycrystalline foil. Certainly no poisoning
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was detected. Finally with about 20 Torr of
oxygen in the loop, the activity is reduced
to half, with a postreaction oxygen cover-
age close to one monolayer.

DISCUSSION

A. Kinetic parameters and reaction
mechanism

Studies done in this work show that the
ammonia synthesis over rhenium is first or-
der with respect to nitrogen pressure and
0.67 order with respect to hydrogen and has
an activation energy of 19.4 = 1.1 kcal/mol,
regardless of the surface structure of the
catalyst. Since these values are similar to
those obtained for iron, it is useful to com-
pare these two catalysts.

The reaction is first order with respect to
nitrogen for both iron and rhenium. This
indicates that the rate-determining step, in
both cases, involves the adsorption of ni-
trogen on the surface:

Na(g) — Na(ads) (1)
N,(ads) — 2N(ads). (2)

In the case of iron, the second step is
considered the rate-determining step for the
synthesis of ammonia (2, 5, 17, 18). In the
case of rhenium, with the data available in
this study we cannot distinguish between
the two processes. It is known, however,
that as in the case of iron, the dissociative
sticking probability of nitrogen on the rhe-
nium surface is very low (19) (of the order
of 10~%to 10-3). It is reasonable to speculate
then that the rate-determining step would
be the dissociation of nitrogen [Eq. (2)]
rather than the adsorption step [Eq. (1)],
which is not expected to be activated.
Based on the assumption that the dissocia-
tion of the nitrogen molecule is the rate-
determining step over rhenium, rate ex-
pressions that have been suggested for the
iron catalyst can be used. A successful and
widely used expression has been developed
by Temkin and Pyzhev (7, 8):

d(pxuy) 0 (P%—Iz )a ks (P%uh)ﬂ. 3

- le2
dt p%\lH; p;’-lz
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Here pw,, pu,, and pyy;, are the pressures of
nitrogen, hydrogen, and ammonia respec-
tively, and k; and k; are the pressure inde-
pendent rate constants for ammonia syn-
thesis and decomposition, respectively.
Under our experimental conditions, i. €.,
low conversions (less than 0.2%) and a
small catalyst surface area (1 cm?), the sec-
ond part of Eq. (3), which considers the
decomposition of ammonia, can be ne-
glected. We then obtain

d(PNH3) k ( pi{z )a (4)
= KiPpNy \ 5
dt I ? pzNH3

Ozaki et al. (9) and Nielsen et al. (10)
have developed several expressions for the
rate of ammonia synthesis over iron, de-
pending on the major species present on the
surface. All the expressions can be com-
bined into a single one if two adjustable pa-
rameters, « and w, are introduced.

d(PNH;) _ kpNz
dr (1 + K(pnny/Pi,)™

If the surface is covered mostly by N,
species, then w is equal to 1.5. If it is cov-
ered by NH,q; species, then w is equal to
1.0. Nielsen et. al. proved that at ammonia
conversions larger than 0.1%, on the iron
catalyst, the right-hand term in the denomi-
nator of Eq. (5) is much larger than one
(10). Note that in this case, the expression
derived by Temkin and Pyzhev [Eq. (4)] is
obtained for the case of a surface covered
mostly by N4 species.

These rate expressions, derived for the
iron catalyst, correlate very well with the
observed first-order dependence of the rate
over rhenium with respect to the nitrogen
pressure. The order of the reaction with re-
spect to hydrogen is different for the rhe-
nium and iron catalysts. With rhenium, the
overall order is 0.67 (see Fig. 4) which
means that « is equal to 0.22 if Eq. (4) is
used. The « value obtained for the iron cat-
alyst using Eq. (4) is 0.64 (10).

The activation energies for iron and rhe-
nium are very similar. Spencer et al. (6)

&)
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found an apparent activation energy of 19.4
kcal/mol, using an Fe(111) single crystal as
a catalyst under experimental conditions
identical to ours. This value is the same as
the one obtained in this study for rhenium
catalysts. On a promoted iron catalyst, an
apparent activation energy of 20 kcal/mol
has been determined (9, 10). This is in ex-
cellent agreement with the previous results.

As was mentioned earlier, the value of
the parameter o in Eq. (5) is indicative of
the major species present on the surface un-
der reaction conditions. In order to find the
two adjustable parameters « and o in Eq.
(5), the dependence of the rate on the par-
tial pressure of ammonia must be deter-
mined. This was done by carrying out ex-
periments for longer times and higher
ammonia partial pressures than in those
shown earlier in Fig. 1. The rates of ammo-
nia synthesis were taken at various ammo-
nia pressures, rather than measuring the
initial rates, as was done previously. The
experiments were carried out on two single
crystals, Re(1121) and Re(1120). The
results yielded an « value equal to 0.23 on
both crystals when Eq. (5), was used. This
is identical to the « value obtained from
Temkin’s equation [Eq. (4)] using the hy-
drogen pressure dependence on Re(1120).
With this value of « a value of w equal to
1.45 was obtained from the order of the re-
action with respect to hydrogen (m = 0.67).
As was mentioned before, this suggests that
the rhenium surface is covered mostly by
N.gs species under the reaction conditions
of ammonia synthesis.

This rather in direct way of obtaining in-
formation on the surface composition re-
quires, of course, further confirmation from
more direct experimental studies. Quite dif-
ferent interpretations about the dominant
species on the surface during ammonia syn-
thesis have been obtained and discussed in
the literature, using iron-based catalysts.
The presence of NH,4 has been concluded
mostly from isotopic studies on the doubly
promoted iron (9, 20), while others have
found evidence for N,qs species on singly
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promoted or pure catalysts (8, 10, 21). It
should be noted, however, that the nature
of the predominant species on the surface is
very sensitive to parameters such as sur-
face uniformity, temperature, reactant
pressure, and extent of oxygen removal
from the surface (9).

Isotope effect. Several isotope effect
studies in the ammonia synthesis over iron-
based catalysts have appeared in the litera-
ture. In a study over doubly promoted cata-
lyst (Fe-Al,0;-K,0), the rate of reaction
increased by a factor of 3 when hydrogen
was replaced by deuterium (9, 20, 21). This
was somewhat unexpected since the rate-
determining step of the reaction was al-
ready then accepted to involve the nitrogen
dissociative chemisorption without any hy-
drogen bond formation and/or breaking.
The sequential hydrogenation of the N4, or
NH,q species is believed to occur very rap-
idly. The explanation for the significant in-
verse isotope effect arises from the differ-
ence in the adsorption rate constants ky and
kp of the ammonia product on the catalyst
surface. Since the rate of synthesis is
slowed down by the presence of the ammo-
nia product, which undergoes dissociative
chemisorption under the reaction condi-
tions, the isotope effect indicates that NH;
adsorbs and dissociates faster than NDs;
thus the overall synthesis rate is slower
when using hydrogen. The magnitude of the
inverse isotope effect was calculated by es-
timating the ammonia adsorption rate con-
stants from partition functions and zero-
point vibrational energies of NHy/ND; vs
H,/D, (20). It was found to be temperature
dependent: Kp/Ky equals 74.2 at 273 K and
is only 4.32 at 573 K. If one extrapolates
these calculations to our experimental con-
ditions, i.e., 800 K, the isotope ratio is ex-
pected to be Kp/Ky = 1.6. In Fig. 5 it is
shown that at 800 K the synthesis activity
with deuterium is about a factor of 1.5
higher than the corresponding value using
hydrogen, in good agreement with the cal-
culations. The overall isotope effect should
be similar on iron and on rhenium catalysts
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because the molecular properties that are
important for the determination of the iso-
tope effects are those of the gas-phase mol-
ecules. The slightly higher activation en-
ergy observed with deuterium (barely
beyond experimental error) cannot be
readily explained.

B. Structure sensitivity

The structure sensitivity of iron for am-
monia synthesis has been extensively stud-
ied. Brunauer and Emmett (22), in 1940,
proposed that the Fe (111) surface was the
most active for this reaction. Since then,
several studies (3, 4, /18) have suggested
the importance of exposed C; coordination
atoms in the second layer of the Fe(111) sur-
face as the active sites for ammonia synthe-
sis. In our laboratory, Spencer et al. (6)
studied the ammonia synthesis at high pres-
sures (20 atm) over several iron single-crys-
tal surfaces. They found an activity ratio of
418:25: 1 for the (111), (100) and (110) sin-
gle-crystal planes of iron, respectively.
This is the most direct evidence reported so
far for the structure sensitivity of iron for
ammonia synthesis.

The choice of rhenium single-crystal
planes for this study was guided by the ob-
servations of the activity of specific iron
sites. After observing no activity on the
close-packed (0001) basal plane and only a
low activity on the slightly more open
Re(1010) plane (relative to the polycrystal-
line foil), the Re(1120) face that exposes C;
coordination atoms was chosen. As in the
case of the (111) face of iron, the (1120) face
of rhenium has two C; coordination atoms
per unit cell. But, since rhenium has a hex-
agonal close-packed structure, these two C;
coordination atoms are in the topmost
layer, in contrast to the (111) body-cen-
tered-cubic surface of iron, where the C;
atoms are in the second layer (See Fig. 7).
The activity of this plane, as shown in Fig.
3, is higher than that of the (0001) and
(1010) surfaces. The similarity of the (111)
face of iron and the rhenium (1120) is not
limited only to the presence of C; coordina-
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FiG. 7. Schematic atomic structures of Fe(l11),
Re(1121), and Re(1120) crystal surfaces from side and
top views. The solid circles are topmost atoms, the
dotted circles are the second layer atoms, and the
shaded circles are the nitrogen atoms. The size of the
circles roughly represents the relative Van der Waals
ratio of the corresponding atoms.

tion atoms. As shown in Fig. 7, both sur-
faces are quite open. The higher activity of
these open and corrugated surfaces implies
that the dissociation of nitrogen molecules
is facilitated by their posibility to interact
with both the first and second atomic layers
of the metal. Once a nitrogen molecule ad-
sorbs and dissociates on such a surface, the
adsorbed atoms just formed may diffuse
along troughs away from each other and
thus recombination is prevented. Remem-
ber that when the almost inactive close-
packed surface [Re(0001)] was sputtered
without subsequential annealing, a tenfold
increase in activity was observed. All these
suggest that the increase in activity on the
(1120) surface with respect to the (0001) and
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(1010) surfaces might be due to the rough-
ness and openness of the surface, instead of
the presence of C; sites. In order to test this
hypothesis, the (1121) plane of rhenium was
studied. As shown in Fig. 7, this surface
plane does not contain C; atoms. It is as
open as the (1120) face and it has a rougher
second layer structure. This surface
showed a threefold increase in activity
compared with the (1120) face. This clearly
shows that C; coordination sites are not in-
dispensable for the catalytic activity of rhe-
nium for ammonia synthesis and the activ-
ity of a particular surface can be related to
its openness and roughness. We should
mention, however, that the Re(1121) crys-
tal showed a slightly more diffuse LEED
pattern than the Re(1120), indicating a
larger surface disorder. This does not affect
the previous conclusion, but makes the ab-
solute value of the difference in rates of
these two surfaces only approximate.

It is possible that the surface structures
present under UHV conditions are not
present under high pressure reaction condi-
tions. In the case of iron, the low Miller
index planes and in particular the more
open ones are known to relax in vacuo
(23). Reconstruction of the (111) and (100)
planes of iron in the presence of nitrogen
has been reported (24), and it is always
possible that a reversible reconstruction un-
der high pressure conditions occurs under
the reaction conditions for ammonia syn-
thesis. Studies over iron single crystals at
high pressure (6) indicate, however, that
this is not the case. Otherwise, such a dra-
matic structure sensitivity correlation
would not be possible. In the case of rhe-
nium, information is not available on the
possible reconstruction of the low Miller in-
dex planes. The LEED pattern of the
Re(1120) crystal plane after the high pres-
sure reaction was identical to that observed
before the reaction. Thus, no irreversible
reconstruction occurred during ammonia
synthesis at 20 atm. Since atom self-diffu-
sion rates in the bulk or on the surface can
be correlated to melting point tempera-
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tures, the higher melting point rhenium is
expected to have lower diffusion rates than
iron under similar reaction conditions.
Thus, reconstructing processes that require
atomic diffusion would likely be much
slower for rhenium than for iron.

The observation of the remarkable struc-
ture sensitivity of rhenium for ammonia
synthesis allows us to infer something
about the surface structure of the crystal-
lites in the previous work on silica-sup-
ported rhenium catalysts (/3). The rates re-
ported for this catalyst correspond, after
extrapolation to the same temperature, to a
value between the rates obtained with the
Re(0001) and Re(1010) single-crystal sur-
faces. This suggests that the supported rhe-
nium particles tend to form crystallites of
closely packed exposed surfaces.

C. The Effect of Potassium and Oxygen

The role of potassium oxide (K,0) addi-
tive in the industrial iron catalyst is consid-
ered very important (/). The effect of K,0
is, however, still unclear. Recently, low
pressure experiments by Ertl et al. (5, 25—
27) have shown a dramatic effect of potas-
sium on the rate of nitrogen dissociative
chemisorption on iron single-crystal sur-
faces due to an electronic effect. Since the
nitrogen dissociative chemisorption is the
rate-determining step in the ammonia syn-
thesis, these observations at low pressures
seem to explain, at least in part, the elec-
tronic promotion effect of potassium on the
industrial catalyst. On the other hand, field
electron emission studies indicate that iron
surfaces tend to reconstruct to the more ac-
tive (111) crystal face in the presence of
nitrogen and potassium (4). Thus the pro-
motion effect of potassium on iron can be
due to an electronic effect on the bonding of
nitrogen and a structural effect. The role of
oxygen coadsorbed with potassium has
been studied, since in the industrial iron
catalyst there is not pure potassium on the
surface. It was observed that the presence
of oxygen reduced the electronic effect of
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pure potassium; i.e., the nitrogen is ad-
sorbed at a lower rate (25). The important
role of the coadsorbed oxygen species,
however, is to thermally stabilize the potas-
sium ions on the catalyst surface (21).

The results obtained in this study on the
rhenium catalyst are different from those
on iron. The overall synthesis rate at tem-
peratures up to 870 K does not change
much as compared with the clean rhenium
catalyst. As shown in Table 1, the effect of
pure potassium is maximum with the
Re(1121) and even then it causes less than a
25% increase in activity. Potassium, on the
other hand, does not have any poisoning
effect. This might be expected, since the
active transition metal surface is being cov-
ered by a chemically inactive one. The
other striking difference between rhenium
and iron is the positive effect of oxygen
over the reaction rate when coadsorbed
with potassium on the surface. As seen in
Table 1, even at oxygen partial pressures of
1 Torr in the high pressure loop, there is no
poisoning of the reaction as observed with
iron. On the contrary, a significant en-
hancement of the rate is observed. The na-
ture of the surface compound that is formed
between potassium and oxygen is not well
known and requires further investigation.
The results seem to indicate, however, that
both pure potassium and the surface com-
pound with oxygen are mobile on the sur-
face, or certainly do not block the active
sites, thus enabling the dissociative chemi-
sorption of nitrogen to proceed without sig-
nificant poisoning up to rather high additive
coverages.

If potassium or oxygen or their com-
pound influences the catalytic activity of
iron for ammonia synthesis by catalyzing
the reconstruction of the surface to expose
the highly active (111) orientation, this re-
constructing effect is absent on rhenium.
This is not surprising since atom diffusion
along the surface is needed for massive re-
construction to take place. The high melt-
ing point rhenium should have much lower
surface self-diffusion rates than iron under
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the same experimental conditions, inhibit-
ing such a reconstructing process.

SUMMARY

The results presented in this study show
that rhenium is an excellent catalyst for am-
monia synthesis. The kinetic data suggest
that, as in the case of iron, the rate-limiting
step is the dissociative chemisorption of ni-
trogen. The rate is strongly dependent on
the surface structure of the catalyst. The
activity of a rhenium catalyst is higher the
more open and rough its surface is. No pro-
motion effect of potassium was observed.
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