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The Kkinetics of ammonia synthesis and Nj dissociation over
cesium-promoted Co3Mo3N are studied. The results support re-
cent DFT calculations and explain why Co3Mo3N shows a higher
ammonia synthesis activity than either constituting metal. The am-
monia synthesis activity of cesium-promoted Co3Mo3N is reported
for a series of conditions, with Hj, : N, ratios of both 3:1 and 1:1,
total pressures of 50, 25, and 10 bar, and temperatures from 593
to 713 K. Isothermal N; adsorption experiments were carried out
and the results were well described by a simple model. The total
number of surface sites on the catalyst capable of binding nitrogen
was found to be approximately 30 p«mol/g of catalyst. When only
1% of these surface sites is active for N, dissociation, the initial
sticking coefficient, sg, of dinitrogen on the active sites was found
to be so = 0.1727 - exp((—42.8 £ 5 kJ/mol)/RT). This result was used
as input to a microkinetic model for ammonia synthesis where it
was assumed that N* and H* are the only surface intermediates. In
this way it was possible to obtain a good fit to the ammonia syn-
thesis activity data with the nitrogen-binding energy as the only
adjustable parameter.  © 2002 Elsevier Science (USA)

Key Words: ammonia synthesis; microkinetic analysis; dinitrogen
adsorption; promotion; nitride catalyst.

INTRODUCTION

During the last decades, there has been a continuous in-
terest in heterogeneous carbide and nitride catalysts (1).
Focus has primarily been on binary nitrides and carbides
of molybdenum and tungsten (e.g., MoaN, W, C, MoN, and
WC) since these materials were claimed to possess plat-
inumlike properties as catalysts in a number of processes
(2, 3). Furthermore, these nitrides and carbides are easily
prepared with very high surface areas (>50 m?/g) by am-
monolysis or carburization of oxide precursors (4, 5). Since
the resulting catalysts have high densities, high surface ar-
eas per reactor volume can be realized, which is of impor-
tance in many industrial applications. Nitride and carbide
catalysts have been reported to have higher activities than
currently used industrial catalysts in a substantial number
of applications and therefore it is conspicuous that none
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has been commercialized, so far. Particularly binary ni-
tride and carbide catalysts have been reported to exhibit
high activities in hydroprocessing reactions (6-8), steam-
reforming (9, 10), water—gas shift (11), ammonia synthesis
(12), isomerization (13), hydrogenation/dehydrogenation
(14, 15), and hydrogenolysis (16). It appears however that
for some of the above reactions, the nitride or carbide cata-
lysts are unstable under industrially relevant conditions,
as was recently shown for the steam-reforming reaction
(17). Furthermore, it appears that in several cases the re-
ported catalytic activities are not as promising as initially
suggested. In some instances, the catalysts are compared
on a turnover frequency basis and the high turnover fre-
quencies result from very few active sites on the nitride
or carbide catalyst even though they have very high sur-
face areas. In other cases, the nitride or carbide catalysts
are compared with industrial catalysts that for some reason
(such as poor activation procedures) exhibit significantly
lower activities than are found in commercial operation.
Nevertheless, new possibilities might arise from the use of
nitride and carbide catalysts. This could be in new reac-
tions that are only effectively catalyzed by such materi-
als. An example is the dehydrocyclization of methane to
form benzene over molybdenum carbide on HZSM-5 cata-
lysts (18). This reaction is one of the rare examples of a
single-step gas-to-liquid process. It has been shown that
the lifetime of this catalyst, which is usually shorter than
48 h and thus remains a key obstacle, can be improved by
a carefully controlled activation procedure that influences
the molybdenum carbide phase formed (19). Alternatively,
nitride and carbide catalysts can be improved by promo-
tion. Recently, there has been increasing interest in pro-
motion of molybdenum and tungsten nitride and carbide
catalysts with iron, cobalt, and nickel (20-26). Particularly
for ammonia synthesis, such a promoted nitride catalyst,
Cs/CosMosN, has recently been shown to have a stable ac-
tivity that is significantly higher than that of the commer-
cial multipromoted iron catalyst (20, 21). Cs/Ni;Mo3;N was
also found to exhibit a high catalytic activity in ammonia
synthesis (21). Kojima and Aika later independently ver-
ified the high activity of Cs/CosMosN (22-24). However,
this promoted ternary nitride catalyst is significantly more
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expensive than the conventional iron catalyst and this has to
be counterbalanced by similar cost savings for the catalyst
to achieve any commercial potential. Although the catalytic
ammonia synthesis reaction can be considered one of the
currently best understood heterogeneously catalyzed reac-
tions (27),itis not clear why Cs/Co3Mo3Nis such an efficient
catalyst. Recently, it was shown that the ammonia synthesis
activity of both unpromoted (28) and promoted (29) cata-
lysts is essentially governed by the nitrogen-binding energy.
The explanation for this is that the activation energy
for N, dissociation—the rate-limiting step—closely fol-
lows the nitrogen-binding energy, which is in agreement
with the so-called Brgnsted—Evans—Polanyi relationship.
Thus, the requirement of both high activity and low sur-
face intermediate stability results in a volcano curve when
the ammonia synthesis activity is plotted as a function of
the nitrogen-binding energy. Compared to the best catalysts
Mo has too high and Co too low a nitrogen-binding energy
to be efficient ammonia synthesis catalysts. It was shown
by density functional theory (DFT) calculations that the
nitrogen-binding energy of a CoMo alloy is intermediate
between that of cobalt and molybdenum and consequently
closer to the optimal binding energy (30). It was suggested
that this interpolation concept is not limited to ammonia
synthesis catalysts. We decided to study the kinetics of am-
monia synthesis and N, dissociation over Cs/CosMosN to
further elucidate the potential of ternary nitrides as ammo-
nia synthesis catalysts. A more complete understanding of
these catalysts might also provide new insight into the ef-
fects of promoting carbides and nitrides and thereby guide
further studies on such catalysts.

METHODS

The ternary nitride CosMosN is prepared as previously
described by ammonolysis of the solid oxide precursor
CoMoOy - xH;,O. The oxide precursor is obtained by mixing
a solution of cobalt(II) nitrate with a solution of ammo-
nium heptamolybdate in equimolar amounts (Co/Mo =1).
The mixture is evaporated to dryness and calcined at 873 K
for 5 h. The resulting CoMoOy4 - xH,O is heated in a stream
of 4.5% NH3 in 3:1 H, : N, at 6.0 K/h to 873 K and kept at
this temperature for 24 h. After cooling to room temper-
ature, it is confirmed by X-ray powder diffraction (XRPD)
that pure CosMosN with a crystal size of 215 A [D(400)] is
formed. The CosMosN catalyst is promoted with 3.85% Cs
by incipient wetness impregnation with an aqueous solu-
tion of cesium nitrate. The promoter content is determined
by chemical analysis. Catalytic activity measurements,
temperature-programmed desorption, and isothermal dini-
trogen adsorption experiments are conducted using this
catalyst, as described below. All results shown in the Re-
sults and Discussion section are obtained with this catalyst.
Another Cs/Co3MosN catalyst is prepared by a completely
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TABLE 1

Crystal Sizes and Surface Areas of Catalysts

Crystal size determined

Catalyst from XRPD (A) BET (m?/g)
KM1 360 172
Cs/CosMozN 215 233
Cs/Co3MosN (a) 520 8.5

analogous procedure using the same final temperature of
873 K. However, the heating ramp during nitridation is
120 K/h. XRPD shows only CozsMosN with a crystal size
of 520 A [D(400)]. This catalyst is promoted to contain
4.8% Cs. With this catalyst, referred to as Cs/CosMo3sN
(a), only catalytic activity measurements are performed.
Table 1 gives surface areas and crystal sizes for the two
ternary nitride catalysts studied and similar data are
shown for the industrial multipromoted catalyst, KM1,
for comparison. For activity measurements a glass-lined
U-tube reactor is loaded with 0.3063 g of Cs/CosMo3;N with
particle sizes of 0.3-0.8 mm, giving a bed height of 12 mm.
Total pressures of 50, 25, and 10 bar, temperatures in the
range 593-713 K, and dihydrogen and dinitrogen flows of
2.4-16 L/h (STP) are used with H;: N ratios of 3 and 1.
Ammonia concentrations are measured by two nondisper-
sive infrared detectors (BINOS, Leybold-Heraus) opera-
ting in different concentration ranges which are calibrated
weekly using reference gases. A similar series of activity
measurements are performed analogously with Cs/Cos-
MosN (a). After passivation at room temperature for 24 h
in 1000 ppm O, in N, the nitride catalysts contain about
4-5 wt% oxygen. However, the nitride catalysts are not
stable in ambient air and eventually transform into oxides.
Previous in situ X-ray powder diffraction studies (21) have
shown that at ammonia synthesis conditions, the diffraction
pattern can be attributed to pure CosMosN. The entire
set of activity measurements can be obtained from the
authors.

Isothermal N, adsorption experiments are carried out, as
previously reported for the multipromoted iron-based am-
monia synthesis catalyst KM1R (31). A glass-lined U-tube
reactor is loaded with 0.507 g of Cs/CosMo3zN with particle
sizes of 0.15-0.30 mm giving a bed height of 16 mm. The
catalyst is reduced in a 3 : 1 mixture of dihydrogen and dini-
trogen at 20 bar by increasing the temperature at 50 K/h to
823 K and is kept there for 14 h. Then the activity of the
catalyst is measured at 673 K and compared to earlier mea-
surements. Between the individual experiments, the cata-
lyst is kept at 673 K in 3:1 H; : N; to avoid deactivation of
the catalyst by oxygen adsorption. To obtain a catalyst sur-
face free of contaminants from the gas phase, the following
procedure is adopted prior to an adsorption experiment:
the activity of the catalyst is checked at 673 K. The tem-
perature is increased to 823 K and the flow switched to Hj.
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After a minimum of 30 min, the NH3 and N, levels are
identical whether the reactor is bypassed or not, and in or-
der to free the surface from hydrogen, He is passed over
the catalyst for a minimum of 45 min. Then the catalyst is
cooled to the adsorption temperature. Adsorption experi-
ments are performed with a He gas containing 0.10% N,
and the adsorption rate is followed as a function of time by
measuring the N, content in the gas after it passes the cata-
lyst bed. This is done with a mass spectrometer where the
N signal is calibrated just before and after an adsorption
experiment. Passing the N, gas over the uncovered cata-
lyst starts the adsorption experiment. The starting time of
the experiment is corrected for the time it takes the gas to
replace the He in the reactor (the dead volume). The cor-
rection time amounted to 8 £+ 2 s at a flow rate of 6.0 L/h
(STP). Continuing the H; and He flush for longer than 30
and 45 min, respectively, was not necessary since this had
no influence on the results.

Temperature-programmed nitrogen desorption s carried
out with the catalyst saturated with nitrogen. In a flow of
pure He, the temperature is raised to 823 K at 480 K/h while
the N; content of the exit gas is determined. No gases other
than N, were detected during the desorption experiment.
Electronic mass flow controllers control the flow of each
gas line. All gases used in the activity measurements and
dinitrogen dissociation experiments are of 99.9999% purity
and are purified further by flowing them over a large volume
of KM1R catalyst kept at room temperature. This guard is
regenerated at regular intervals.

RESULTS AND DISCUSSION

The ammonia synthesis activity of the cesium-promoted
CosMosN catalyst at 713, 673, 633, and 593 K, and a total
pressure of 10 bar in a 3: 1 mixture of dihydrogen and dini-
trogen, is shown in Fig. 1. The activity of Cs/CosMosN is
slightly lower than that previously reported, but still higher
than that of the industrial multipromoted iron catalyst,
KM1 (21). It is interesting that the activity of Cs/CosMosN
(a) is about three times lower than that of Cs/CosMo3N, re-
flecting the differences in crystal sizes. In our experiments
with these catalysts, the general observation was that the
preparation route and pretreatment condition could influ-
ence the activity significantly. In this context it should be
noted that Kojima and Aika have also observed that the ac-
tivity can be increased by passivation followed by reactiva-
tion (32). These observations could indicate that ammonia
synthesis is a structure-sensitive reaction over CosMosN, as
is also the case with other catalysts (28, 33-36). The activity
of Cs/CosMosNisseen to be between 6and 2.3 umol g~! s~}
at673 Kand 10barin3:1 H, : N, (dependent on the ammo-
nia concentration). At similar conditions, Kojima and Aika
report an activity of ca. 2.2 umol g~! s~! for a Cs/CozMo3N
catalyst with a surface area of about 35 m?/g but the am-
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FIG. 1. Activity of cesium-promoted Coz;Mos;N measured at 713, 673,

633,and 593 K. Catalyst (0.3036 g), 10 bar total pressure, H, : N, =3: 1, and,
2.4-16L/htotal flow at STP were used. Catalytic activities determined from
the microkinetic model are given for comparison. At these conditions, the
microkinetic model slightly overestimates the activity but generally the
agreement between the measurements and the model is excellent.

monia concentration is not specified and therefore a direct
comparison is not possible. Recently, power-law kinetics
were developed for Cs/CoszMosN from activity measure-
ments obtained at 1 bar (24). However, from Fig. 1 it can be
seen that the slopes of the curves (which are measures of the
ammonia reaction orders) are dependent on pressure, tem-
perature, and gas composition. This suggests, as is usually
found for ammonia synthesis catalysts, that it is not possible
to give an accurate description of the reaction kinetics with
a power-law expression. Furthermore, power-law kinetics
have been shown only to be accurate far from equilibrium
in ammonia synthesis (37). From an industrial perspective,
it is much more relevant to establish the reaction kinetics
at conditions close to equilibrium. Therefore, we decided
to construct a microkinetic model since this would also en-
able more detailed insight into the role of Co and Mo in the
catalyst. As a first step it is necessary to determine the total
number of surface sites. This is usually done by nitrogen
TPD. Therefore, the number of surface sites on the cesium-
promoted CozMosN catalyst capable of binding nitrogen
was determined by a temperature-programmed desorption
experiment, as shown in Fig. 2. Desorption of nitrogen from
the catalyst surface starts at approximately 518 K. The on-
set of the second peak at 718 K is attributed to the loss
of bulk nitrogen from the ternary nitride catalyst material.
Attributing only the first peak to loss of surface nitrogen
results in the number of sites capable of binding nitrogen,
which is 30 umol/g. This is comparable to KM1 (38), which
has a comparable surface area. Traditionally, dissociative
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FIG.2. TPD after N, adsorption. The heating rate was 480 K/h and
He flow 6.00 L/h at STP. The N, desorption peak corresponds to 30 umol/g.
The second peak is attributed to loss of bulk nitrogen beginning at 718 K.

adsorption of dinitrogen on ammonia synthesis catalysts
has been described by a Freundlich isotherm (39, 40) and
this is the reason that the Temkin-Pyzhev equation (41)
was introduced to describe the ammonia synthesis kinetics
of industrial reactors. We have recently shown that it is pos-
sible to give an alternative interpretation of the adsorption
experiment described. Accordingly, the N, adsorption on
KM1 was accurately described using a Langmurian model
assuming that only a fraction of the sites on the catalyst sur-
face is able to dissociate N;, and that the remaining sites are
filled with N through surface diffusion from the active sites.
Due to fast surface diffusion of N on Fe (42) it was assumed
that the N adsorbed on the active sites is in equilibrium with
the N adsorbed on the inactive sites,

N*+ o < *+Naqg,
where * and & denote active and inactive sites, respec-
tively. We decided to elucidate the N, adsorption on Cs/
CosMosN through isothermal experiments. The isothermal
N, adsorption was measured at 500, 550, 600, 650, and 700 K.
Figure 3 shows the result of such an experiment performed
at 500, 550, and 600 K. It is seen that initially the catalyst
adsorbs all the N; in the gas feed. After a short period, the
amount of N, passing the catalyst without being adsorbed
increases rapidly and finally reaches a level where only a
small amount of N; is being adsorbed. After 1 h, the cata-
lyst was not completely saturated with nitrogen. Similar ad-
sorption isotherms were obtained at the other temperatures
and it was generally not possible to model the adsorption
isotherms with a single-site Langmurian model. However,
using the previously reported procedure (31) summarized
above, we were able to accurately describe the N, adsorp-
tion isotherms also on Cs/CosMosN, as shown in Fig. 3. It
was possible to achieve a satisfactory agreement between
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experiments and the model by using a ratio of active and
inactive sites between ca. 0.5 and 5%. The choice of the
relative number of active sites only influences the equilib-
rium constant that relates the coverages of the active and
inactive sites. We have chosen to assume that 1% of the sur-
face sites is active for N, dissociation and this results in an
equilibrium constant similar to that found on the multipro-
moted iron catalyst (31). Satisfactory agreement between
experiment and model is achieved at all temperatures ex-
cept at 700 K, where the amount of N, adsorbed is higher
than expected from the model. This is ascribed to diffu-
sion of N; into the bulk of the catalyst at high tempera-
tures. This explanation is consistent with the TPD exper-
iment that showed loss of nitrogen from the bulk above
718 K. In Fig. 4, the resulting initial sticking coefficients are
shown in an Arrhenius form. The temperature dependency
is adequately described by 5o =0.1727 - exp((—42.8 £5 kJ/
mol)/RT). This activation energy for dinitrogen dissocia-
tion is close to the one found on Ru and therefore clearly
between that of Co and of Mo, as is proposed by the in-
terpolation principle and calculated using DFT (30). Thus,
the presence of mixed Co-Mo surface sites in the structure
is required in order to explain the result. The (111) surface
of CosMosN clearly exposes such mixed sites (30) accord-
ing to the structure determination by Alchonel (43). Using
the kinetics for dinitrogen dissociation and the number of
active sites resulting from the isothermal N, adsorption ex-
periments, we have constructed a Langmuir-Hinshelwood-
type microkinetic model taking the following reactions into
account:

N, + 2% = 2N*, [1]
1
0.95 J
0.9 4
o
=z
=]
& 0.85
Zz
o
0.8 4
0.75 J
0 50 100
0.7 . .
0 500 1000 1500
Time (s)
FIG. 3. Nj; adsorption on cesium-promoted CozMo3N at 500, 550, and

600 K using a gas flow of 6.00 L/h at STP. The experimental results are
depicted as dots while the prediction of the model discussed in the text is
depicted as a full line.
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FIG. 4. Initial sticking coefficients of N, on the active sites obtained

by fitting the model discussed in the text to the experimental results.

H,; + 2k = ZH*,
N* +3/2H, = NH; + *.
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Reaction [1] is the rate-limiting step and reactions [2] and
[3] are assumed to be in equilibrium. Assuming an area
per active site of 107! m?, the rate constant per active
site for nitrogen dissociation is determined from sp as
k1 =498 x 10% - 59 - T~ K% bar~! s1. It is known that
the hydrogen-binding energy changes only slightly on dif-
ferent transition metals compared to the nitrogen-binding

-
o
T

N
T
»®
L
[ ]

Calculated ammonia concentration at exit (%)

1 10
Measured ammonia concentration at exit (%)

FIG. 5.

BOISEN, DAHL, AND JACOBSEN

energy. Therefore, we have used an equilibrium constant
of 2.14 x 1077 bar~! exp(96.0 kJ/mol/RT) for reaction [2],
as was also been done in a recent microkinetic model for
ammonia synthesis over KM1 (44). The starting value for
the equilibrium constant of reaction [3] is also taken from
the microkinetic model describing KM1 and only the reac-
tion enthalpy was changed in order to fit the model to the
Cs/CoszMosN activity data. Thus, the preexponential factors
we use in the model for reactions [2] and [3] are equal to
the ones used to describe ammonia synthesis over an iron
catalyst. These values are close to the values obtained by
statistical mechanics analysis of the reactions over ruthe-
nium (45) and it is therefore assumed that they can also be
used to describe the reaction over CosMozN.

As shown in Fig. 5, an excellent agreement can be
achieved with an equilibrium constant of 37.0 bar~!/?
exp(—31.5 kJ/mol/RT) for reaction [3]. This corresponds
to a reaction enthalpy for nitrogen adsorption [1] of
—154.8 kJ/mol. This nitrogen-binding energy on the ac-
tive sites of CosMosN is very close to the binding energy
found on the active Fe sites on KM1 (31) and therefore
between that of molybdenum and cobalt (30). This shows
that a microkinetic model consistent with the TPD, the
isothermal adsorption, the activity measurements covering
a wide range of experimental conditions, and the interpo-
lation principle has been developed. The same model can
also be used to describe the activity of the Cs/CosMoszN
(a) catalyst only by reducing the number of active sites to
1/3. Since the activities of Cs/CozMo3N and Cs/CozsMoszN
(a) are very different, this is a strong indication that the
model captures the important characteristics of the active
sites on the ternary nitride catalyst. However, it is now well
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Ammonia concentrations predicted by the model discussed in the text plotted as a function of the measured ammonia concentrations for

Cs/CosMosN (left) and Cs/CosMosN(a) (right), with H; : N, ratios of 3:1 and 1:1; total pressures of 50, 25, and 10 bar; and temperatures from 593

to 713 K.
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documented that microkinetic models with very different
parameters can be used to describe even extensive cata-
lytic activity measurements obtained with the same catalyst
(44, 46-49). Particularly, very different kinetic models have
beenshown to give reasonable agreement with the available
activity measurements with the multipromoted iron catalyst
for ammonia synthesis. It is noteworthy that in our present
approach, we derive a set of consistent kinetic parameters
from catalyst studies. We show that it is necessary to clearly
distinguish between inactive sites and active sites in order
to accurately model both the steady-state catalytic activi-
ties and at the same time the non-steady-state desorption
experiments. It would be interesting to verify these param-
eters, e.g., through single-crystal studies. Therefore, we at-
tempted to evaporate Co onto a surface-nitrided Mo(111)
surface in the UHV setup previously described (50). The
ammonia synthesis activity of the surfaces was measured
at 2 bar. Although it was clear that Co was a promoter for
the nitrided Mo surface resulting in a significantly increased
(three times as high) ammonia production, it was not possi-
ble to obtain reliable steady-state measurements since Co
diffused from the surface of the nitrided Mo crystal to the
bulk at the temperatures studied (673-873 K). Although
the kinetic model derived above gives a very accurate de-
scription of the activity measurements and is in excellent
agreement with the DFT calculations, it should be noted
that this might be an oversimplification. It is above all not
certain that the site(s) active for ammonia synthesis dur-
ing the catalytic activity measurements are the same sites
as those primarily responsible for dinitrogen dissociation
during the isothermal adsorption experiment. In practice,
different sites with different ratios of Co to Mo atoms could
be exposed at the catalyst surface. More detailed insightinto
the surface structure of the active catalyst during reaction
conditions is necessary to clarify this aspect. However, it
appears that the interpolation concept can be used to ra-
tionalize the activity of the Cs/Co3MosN catalyst. Thus, the
effect of cesium is similar to that observed by alkali pro-
motion of other transition-metal-based ammonia synthesis
catalysts, i.e., promotion occurs through an electrostatic ef-
fect (29). The success of this simple model suggests that
other ammonia synthesis catalysts could be designed us-
ing the same approach, that is, by combining metals from
both sides of the volcano curve. This approach could pos-
sibly also be used to design catalyst for other reactions, as
recently suggested (51).
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