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Abstract

The effect of Co and Ir on the ammonia synthesis over the K2[Fe2(CO)8] + K and K2[Ru4(CO)13] + K catalysts on
graphite-like active carbon “Sibunit” has been investigated. The catalysts were prepared by depositing K2[Fe2(CO)8] and
K2[Ru4(CO)13] onto the “Sibunit” carbon-supported Co and Ir, followed by thermal decomposition of the deposited cluster
and treatment of the resulting sample with metallic potassium. The catalysts containing no potassium metal have been studied
as well. It has been found that the presence of Co in the Ru catalysts substantially decreases the ammonia synthesis rate.
Similar results have been obtained on testing the Ru–Ir samples. By contrast, the introduction of Ir in the K2[Fe2(CO)8] + K
catalysts leads to a synergistic acceleration of the process of the ammonia synthesis. The strongest accelerating effect of Ir is
observed at 200◦C. A rise in the reaction temperature to 250, 300 and then to 350◦C results in a gradual weakening of the Fe–Ir
synergism. An important feature of the Fe–Ir catalysts found is their increased activity in the ammonia synthesis at 150◦C.
The presence of Co in the iron catalysts little affects, in general, the ammonia synthesis rate, although some acceleration of
this process by Co at 350 and 400◦C for the samples not treated with potassium metal can be noted. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction

As part of our ongoing research aimed at the
development of low-temperature catalysts for the
ammonia synthesis (see [1–4]), we have previously
described new ruthenium and iron catalysts for this
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process [1,4]. The catalysts were obtained by deposit-
ing K2[Ru4(CO)13] and K2[Fe2(CO)8] from THF so-
lution onto active carbons of different types followed
by thermal decomposition of the supported cluster in
a flow of a N2–H2 mixture or H2 and treatment of the
resulting sample with potassium metal. An interest-
ing peculiarity of thus-prepared K2[Fe2(CO)8] + K
catalysts is their increased activity in the ammo-
nia synthesis in the low-temperature region. These
catalysts are able to accomplish the process of dini-
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trogen hydrogenation with a noticeable rate even
at 150◦C and atmospheric pressure. The analogous
K2[Ru4(CO)13] + K systems are much less efficient
at 150–200◦C and 1 atm than the K2[Fe2(CO)8] + K
catalysts but considerably exceed them in activity at
higher temperatures (250–350◦C). It has also been
found that when the original graphite-like active
carbons “Sibunit” [5] and CFC-1 [6] are used as sup-
ports instead of usual commercial active carbons, the
K2[Ru4(CO)13]-supported samples acquire the abil-
ity to catalyse the ammonia synthesis (starting from
250◦C) even in the absence of a specially introduced
metallic potassium [1,3,4]. The similar K2[Fe2(CO)8]
catalysts are active in the formation of ammonia only
at 400◦C.

As is known, one of the general approaches to
an increase in the efficiency of a catalytic process
is the use of bimetallic catalysts, containing two
different transition metals capable of synergistic in-
teraction. Taking this into account, we decided to
exploit such an approach for an enhancement in the
activity of the above-mentioned K2[Ru4(CO)13]- and
K2[Fe2(CO)8]-based catalysts in the ammonia pro-
duction. In the present paper, data on the influence
of Co and Ir on the ammonia synthesis rate over
these catalysts are reported. An important result of
this study is the discovery of a remarkable synergis-
tic acceleration of the ammonia synthesis over the
K2[Fe2(CO)8] + K catalysts by iridium.

2. Results and discussion

For preparation of the catalysts, the above-noted
graphite-like active carbon “Sibunit” (99.5% C) was
used as a support. A characteristic feature of “Sibunit”
carbon, differing it from the majority of usual com-
mercial active carbons is an increased amount of
mesopores as well as very low content of mineral
admixtures and other impurities. The amount of Ru
and Fe loading in the catalysts was 9 and 5 wt.%,
respectively; the Co and Ir loadings were varied.

The Ru–Co and Fe–Co catalysts unpromoted with
metallic potassium were obtained by impregnation of
carbon “Sibunit” with pentane solution of Co2(CO)8
followed by thermal decomposition of the sup-
ported carbonyl in vacuum and subsequent depositing
K2[Ru4(CO)13] or, correspondingly, K2[Fe2(CO)8]

from THF on the resulting Co-containing sample.
The Ru–Ir and Fe–Ir catalysts unpromoted with
potassium metal were prepared in a similar fashion,
using H3IrCl6·nH2O as a precursor of active irid-
ium particles. After impregnation of “Sibunit” carbon
with an aqueous solution of H3IrCl6·nH2O, the sup-
ported sample was reduced with dihydrogen. Then,
the deposition of K2[Ru4(CO)13] or K2[Fe2(CO)8]
from THF was carried out. For obtaining the potas-
sium metal-promoted Ru–Co, Fe–Co, Ru–Ir and
Fe–Ir catalysts, the deposited K2[Ru4(CO)13] and
K2[Fe2(CO)8] undergone the thermal decomposition
in a dihydrogen stream and the resulting samples
were treated at 120–130◦C with metallic potassium.

The experiments on the ammonia synthesis were
performed in a flow-type glass reactor at 250–400◦C
and 1 atm using a stoichiometric N2–H2 mixture (flow
rate= 10 l/h). Testing the catalysts was started from
250◦C; then the temperature was successively raised
to 300, 350 and 400◦C. For some catalyst samples,
the activity at 150 and 200◦C was also measured. The
results obtained were compared with those for the cor-
responding Ru and Fe catalysts not containing Co and
Ir. The potassium metal-promoted Ir catalysts not con-
taining Ru and Fe were tested as well. The introduction
of metallic potassium in these catalysts was accom-
plished after reduction of the supported H3IrCl6·nH2O
with dihydrogen (see above).

2.1. The Ru–Co and Ru–Ir catalysts

In Table 1, the steady ammonia concentrations in the
gas flow at 250–400◦C for the Ru–Co and Ru–Ir cat-
alysts are presented. The corresponding literature val-
ues [4] for the analogous Ru catalysts are also included
in the Table for a comparison. The amount of Ru in the
Ru, Ru–Co and Ru–Ir samples was 2.23–2.26 mmol.
The Ru:Co and Ru:Ir molar ratios were 8.8:1 and 7.3:1,
respectively (Co/support = 0.6 wt.%, Ir/support =
2.3 wt.%).

The analysis of the data of Table 1 shows that the
presence of Co or Ir in the Ru catalysts leads, as a
rule, to a decrease in the ammonia synthesis rate. The
strongest reduction in the rate of the synthesis oc-
curs on using the catalysts unpromoted with potassium
metal. Here, a considerable lowering in the steady am-
monia concentration in the gas on the addition of Co or
Ir is observed in the whole studied temperature range,
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Table 1
The effect of cobalt and iridium on the activity of the K2[Ru4(CO)13]-based catalysts on carbon “Sibunit” in ammonia synthesisa

Catalyst Amount of catalyst (g) K:C (mol/mol) Steady ammonia concentration (vol.%)

250◦C 300◦C 350◦C 400◦C

Ru 2.69 0 0.02 0.16 0.67 0.40
3.16 0.05 0.37 1.01 0.73 0.42
3.39 0.08 0.38 1.21 0.86 0.44
3.70 0.11 0.28 1.10 0.86 0.44

Ru–Co 2.76 0 0.01 0.10 0.54 0.44
3.20 0.05 0.21 0.75 0.70 0.44
3.41 0.08 0.25 0.92 0.86 0.44
3.65 0.11 0.19 0.93 0.86 0.44

Ru–Ir 2.79 0 0.01 0.10 0.51 0.42
3.18 0.05 0.26 0.89 0.72 0.42
3.40 0.08 0.36 1.16 0.86 0.42
3.68 0.11 0.30 1.15 0.86 0.42

a Ru/support= 9 wt.%. The molar ratios K:C in the catalysts are given without taking into account the amount of potassium incorporated
in the starting K2[Ru4(CO)13]. The weight of the catalysts not containing a specially introduced metallic potassium was determined after
their testing in ammonia synthesis at 250–400◦C.

excluding 400◦C where the process of the ammonia
synthesis over all three catalysts practically attains the
equilibrium.

On the introduction of metallic potassium in the
Ru–Co and Ru–Ir catalysts, their activity in the am-
monia synthesis is sharply increased, reaching a max-
imum at the same potassium to carbon molar ratio
(0.08) as in the case of the corresponding Ru system.
However, these potassium metal-promoted Ru–Co and
Ru–Ir catalysts with the optimal K:C molar ratio are
less efficient (at 250–300◦C) than the analogous Ru
sample as well. The greatest retarding effect is caused
here by Co. The additive of Ir reduces the ammonia
synthesis rate to a lesser extent. In the case of the cat-
alysts unpromoted with metallic potassium, Co and Ir
are close in their inhibiting influence on the process
of the ammonia synthesis.

The use of the catalysts with a larger potassium con-
tent (K:C= 0.11) decreases the rate of the ammonia
formation. At such potassium amount, the Ru–Co cat-
alyst is again less active (at 250–300◦C) than the anal-
ogous Ru sample, however, the Ru–Ir system shows
here slightly higher efficiency. At 350 and 400◦C, the
Ru–Co and Ru–Ir systems with the K:C molar ratios of
0.08 and 0.11 exhibit practically the same activity as
the similar Ru catalysts because the steady ammonia
concentrations in the gas flow at these temperatures
reach in fact the corresponding equilibrium values.

2.2. The Fe–Co catalysts

The obtained results on the activity of the Fe–Co
systems in the ammonia synthesis are given in Table 2,
together with the corresponding data for the analo-
gous Fe samples. The catalysts contained 2.23–2.24
mmol of Fe. The Fe:Co molar ratios were 8.7:1
(Co/support = 0.6 wt.%) and 2.2:1 (Co/support =
2.4 wt.%). In the previously studied iron catalysts
based on K2[Fe2(CO)8] [4], the Fe content was
3.9–4.0 mmol (Fe/support= 9 wt.%).

The data presented show that in the absence of
metallic potassium, the rate of the ammonia synthesis
over the Fe–Co catalysts is low even at high tempera-
tures. However, the analogous Fe catalyst is still less
efficient under the same conditions. Thus, at 400◦C
the steady ammonia concentration in the gas on using
the Fe–Co system unpromoted with potassium metal
(Co/support= 0.6 wt.%) is 3.5 times higher than that
in the case of the similar Fe sample. The Fe–Co sys-
tem exhibits also some activity at 350◦C while the Fe
catalyst is completely inactive at this temperature. The
corresponding Co catalyst does not form ammonia at
350◦C as well and its activity at 400◦C is negligible
([NH3] < 0.01 vol.%). Thus, the addition of Co to Fe
results here in a synergistic acceleration of the process
of the ammonia synthesis. Unfortunately, this Fe–Co
synergism is manifested to a noticeable extent only
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Table 2
The effect of cobalt on the activity of the K2[Fe2(CO)8]-based catalysts on carbon “Sibunit” in ammonia synthesisa

Catalyst Amount of catalyst (g) Co loading (wt.%) K:C (mol/mol) Steady ammonia concentration (vol.%)

250◦C 300◦C 350◦C 400◦C

Fe 2.91b 0 0 0 0 0 0.02
4.17 0.17 0.16 0.29 0.44 0.42
4.43 0.20 0.17 0.33 0.47 0.38
4.58 0.23 0.19 0.35 0.47 0.35

Fe–Co 2.77 0.6 0 0 0 0.01 0.07
3.85 0.14 0.14 0.29 0.42 0.40
4.16 0.17 0.16 0.30 0.44 0.40
4.40 0.20 0.17 0.36 0.52 0.42
4.59 0.23 0.15 0.35 0.48 0.40

Fe–Co 2.79 2.4 0 0 0 0.005 0.04
4.14 0.17 0.13 0.32 0.46 0.40

a Fe/support= 5 wt.%. The molar ratios K:C are given without taking into account the amount of potassium incorporated in the starting
K2[Fe2(CO)8]. The weight of the catalysts not containing a specially introduced metallic potassium was determined after their testing in
ammonia synthesis at 250–400◦C.

b Fe/support= 9 wt.%, the amount of Fe is 4 mmol [4].

at elevated temperatures (350–400◦C). When the Co
loading in the Fe–Co catalyst is enhanced to 2.4 wt.%,
its accelerating effect on the ammonia synthesis is
lowered.

The introduction of metallic potassium in the cat-
alysts leads again to a sharp increase in the ammo-
nia synthesis rate. In the case of the Fe–Co systems
(Co/support= 0.6 wt.%), the highest activity is at-
tained at the K:C molar ratio of 0.20. The maximum
of the activity of the Fe catalysts is shifted towards
greater potassium contents in the sample.

From the comparison of the data of Table 2 it fol-
lows that on using the potassium metal-promoted sys-
tems, the addition of Co to Fe little affects in general
the ammonia synthesis rate. For example, at the K:C
molar ratio of 0.17 and Co loading of 0.6 wt.%, there
are no essential differences in activity of the Fe–Co
and Fe catalysts at 250–400◦C at all. An increase in
the Co content to 2.4 wt.% somewhat diminishes the
synthesis rate at 250◦C but slightly enhances it at 300
and 350◦C. When the K:C molar ratio is 0.20, the pres-
ence of Co in the sample (Co/support= 0.6 wt.%)
leads to some increase in the efficiency of the ammo-
nia formation at 300–400◦C; however, at 250◦C the
Co–Fe and Fe catalysts of such composition show the
same activity. At the K:C ratio of 0.23, the additive
of Co somewhat retards the process of the ammonia
synthesis at 250◦C but accelerates it a little at 400◦C.

At 300 and 350◦C, the Fe–Co system does not differ
practically in its activity from the corresponding Fe
catalyst.

2.3. The Fe–Ir catalysts

For studying the effect of Ir on the activity of the
K2[Fe2(CO)8]-based systems in the ammonia synthe-
sis, the catalysts with the Fe:Ir molar ratios of ca.
7.4:1 (Ir/support = 2.3 wt.%), 3.4:1 (Ir/support =
5.1 wt.%) and 2.4:1 (Ir/support= 7.1 wt.%) were pre-
pared and tested. The amount of Fe in the catalyst sam-
ples was again 2.23–2.24 mmol. The activity of the Ir
catalysts not containing Fe was measured as well. The
results obtained are presented in Table 3.

Unlike the Fe–Co catalysts unpromoted with potas-
sium metal (see above), the analogous Fe–Ir systems
are close in their activity in the ammonia synthesis to
the corresponding Fe sample. Here also, the process
proceeds only at 400◦C, the rate of the ammonia for-
mation even under such drastic conditions being very
low. Thus, Ir, in contrast to Co, does not accelerate the
reaction of the ammonia synthesis over the Fe catalyst
in the absence of metallic potassium.

Different behavior is demonstrated by the catalysts
promoted with potassium metal. Here, an introduction
of Ir in the systems considerably enhances their effi-
ciency in the ammonia synthesis.
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Table 3
The effect of iridium on the activity of the K2[Fe2(CO)8]-based catalysts on carbon “Sibunit” in ammonia synthesisa

Catalyst Amount of
catalyst (g)

Ir loading
(wt.%)

K:C (mol/mol) Ammonia concentration (vol.%)

150◦C 200◦C 250◦C 300◦C 350◦C 400◦C

Fe 2.91b 0 0 – – 0 0 0 0.02
4.17 0.17 – 0.05 0.16 0.30 0.44 0.42
4.43 0.20 – – 0.17 0.33 0.47 0.38
4.58 0.23 – – 0.19 0.35 0.47 0.35

Fe–Ir 3.87 2.3 0.14 – 0.07 0.21 0.40 0.58 0.39
4.16 0.17 – 0.10 0.24 0.42 0.59 0.37
4.37 0.20 – – 0.22 0.41 0.54 0.39

Ir 3.94 2.3 0.17 – 0 0 0.01 0.01 0.02

Fe–Ir 2.86 5.1 0 – – 0 0 0 0.01
4.01 0.14 – – 0.27 0.49 0.64 0.42
4.19 0.17 0.02 0.12 0.30 0.55 0.68 0.40
4.49 0.20 – – 0.28 0.47 0.59 0.40

Ir 4.01 5.1 0.17 – 0 0 0.01 0.02 0.02

Fe–Ir 2.91 7.1 0 – – 0 0 0 0.02
4.03 0.14 – – 0.34 0.59 0.79 0.43
4.32 0.17 0.03 0.15 0.36 0.63 0.80 0.43
4.52 0.20 – – 0.35 0.60 0.78 0.44

Ir 4.06 7.1 0.17 – 0 0.002 0.02 0.03 0.03

a Fe/support= 5 wt.%. The catalyst amounts indicated in the Table relate to testing the samples at 250–400◦C. For determination of
the activity at 150 and 200◦C independent experiments were conducted. The amounts of catalysts in these experiments were approximately
the same as those in the corresponding tests at 250–400◦C. The molar ratios K:C are given without taking into account the amount of
potassium incorporated in the starting K2[Fe2(CO)8]. The weight of the catalysts not containing a specially introduced metallic potassium
was determined after their testing in ammonia synthesis.

b Fe/support= 9 wt.%, the amount of Fe is 4 mmol [4].

The degree of the acceleration of the ammonia syn-
thesis by Ir is dependent on the reaction temperature
and the amount of iridium and potassium in the sam-
ple. At 250–350◦C, the greatest accelerating effect
of Ir is manifested at the potassium to carbon molar
ratio of 0.17. Such content of potassium promoter in
the Fe–Ir catalysts is optimal for these temperatures.
At the constant potassium content, the efficiency of
the system in the ammonia production increases with
an increase in the amount of Ir. As seen from Table 3,
when the Ir loading becomes equal to 7.1 wt.%, the
steady ammonia concentration in the gas at 250◦C
over the Fe–Ir catalyst (K:C= 0.17) reaches a value
of 0.36 vol.% (8.3 ml NH3 h−1 g−1 cat, STP) which is
about 2.3 times higher than that over the Fe catalyst
under the same conditions. Even stronger acceleration
of the ammonia synthesis by Ir is observed at 200◦C.
Here, the Fe–Ir catalyst (Ir/support = 7.1 wt.%)

proves to be three times more effective ([NH3] =
0.15 vol.%; 3.5 ml NH3 h−1 g−1 cat, STP) than the
corresponding Fe catalyst. A remarkable feature of
the Fe–Ir system with the Ir loading of 7.1 wt.% is its
increased activity in the ammonia formation at 150◦C
([NH3] = 0.03 vol.%; 0.7 ml NH3 h−1 g−1 cat, STP).
When the content of Ir decreases to 5.1 wt.%, the
rate of the synthesis at 150◦C diminishes. It is im-
portant to note that the analogous Ir samples produce
no ammonia at all at 150–200◦C in the absence of
Fe and their activity at 250◦C is either equal to zero
or negligible. Thus, the addition of Ir to Fe exerts a
synergistic effect on the reaction of the ammonia syn-
thesis from dinitrogen and dihydrogen. In its activity
in dinitrogen hydrogenation at 150–200◦C, the above
Fe–Ir catalyst (Ir/support= 7.1 wt.%) is apparently
the most efficient among the presently known cata-
lysts for this process.
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At 300 and 350◦C, the Fe–Ir synergism in the am-
monia synthesis is observed as well but the situation
is complicated here because of instability of the Fe–Ir
systems at these temperatures. Thus, at 300◦C the am-
monia concentration in the gas over the Fe–Ir catalyst
(Ir/support = 7.1 wt.%, K:C = 0.17), after reach-
ing its maximum value of 0.63 vol.% in 35 min, then
starts decreasing and in 6 h drops to 0.53 vol.%. Sim-
ilar decrease in the ammonia content with time (from
0.80 to 0.58 vol.% in 4 h) occurs at 350◦C. In Table 3,
the maximum values of the ammonia concentration at
300 and 350◦C for the Fe–Ir catalysts are presented. It
should be noted that at 150–250◦C the Fe–Ir systems
are much more stable and their activity at these tem-
peratures remains practically unchanged for several
hours. The corresponding Fe catalysts are quite stable
in the whole studied temperature range (200–400◦C).

A rise in the reaction temperature from 250 to
300◦C and 350◦C leads to further weakening of the
Fe–Ir synergism. For example, at 300◦C the Fe and Ir
samples give in sum 2.1 times lower ammonia con-
centration in the gas stream than the analogous Fe–Ir
catalyst (Ir/support= 7.1 wt.%, K:C = 0.17) at the
point of maximum, while at 350◦C the overall activ-
ity of the Fe and Ir samples is only 1.8 times smaller
than the maximum activity of the Fe–Ir system under
the same conditions.

The observed decrease in activity of the Fe–Ir cat-
alysts at 300 and 350◦C with time can be explained
by the fact that at these temperatures the gradual de-
composition of the Fe–Ir particles responsible for the
Fe–Ir synergism in the ammonia synthesis takes place.
The nature of these active particles is now under in-
vestigation. As our preliminary studies have shown,
the introduction of Rh in the K2[Fe2(CO)8]-based
systems results also in a synergistic acceleration of
the process of the ammonia synthesis. Thus, at 200◦C
the Fe–Rh catalyst promoted with potassium metal
(Fe/support = 5 wt.%, Rh/support = 2.1 wt.%,
K:C = 0.17, 2.24 mmol Fe) exhibits 2.5 times higher
activity in dinitrogen hydrogenation than the corre-
sponding Fe catalyst under the same conditions. The
analogous Rh sample does not catalyse the ammo-
nia synthesis at 200◦C in the absence of Fe. As in
the case of the Fe–Ir catalysts, a rise in the reaction
temperature leads to a weakening of the Fe–Rh syn-
ergism. One may assume that the role of Ir and Rh in
the Fe–Ir and Fe–Rh systems consists in the accelera-

tion of the step of hydrogenolysis of the intermediate
amide (or imide) derivatives which are formed in the
K2[Fe2(CO)8] + K catalyst during the ammonia syn-
thesis [1,13,14]. However, special studies are required
for the elucidation of this important question.

3. Experimental

All manipulations with K2[Fe2(CO)8], K2[Ru4-
(CO)13] and the corresponding catalysts were carried
out in an Ar atmosphere or in vacuum with careful
exclusion of air oxygen and moisture. Tetrahydro-
furan was purified in the usual manner and freshly
distilled from sodium/benzophenone under Ar prior
to use. Pentane was dried over molecular sieves and
then outgassed. The starting K2[Ru4(CO)13] was pre-
pared by the reaction of Ru3(CO)12 with potassium
benzophenoneketyl in THF under Ar [7]. The ini-
tial K2[Fe2(CO)8] was obtained by the interaction
of Fe(CO)5 with potassium graphite (C8K) in THF
under Ar [8,9].

For preparation of the supported Co samples not
containing Ru and Fe, the procedure described in de-
tail in Ref. [10] was utilized. The “Sibunit” carbon
having a surface area of ca. 440 m2/g and a pore vol-
ume of ca. 0.5 cm3/g was impregnated with a solution
of Co2(CO)8 (Merck) in pentane. The volume of the
impregnating solution was so little as to reach only
a minor layer over the support. The resulting slurry
was allowed to stand at room temperature for 3 h after
which the solvent was removed in vacuum at the same
temperature. The obtained sample was then placed
into the furnace preheated to 260◦C where it was kept
for 1 h under conditions of constant outgassing of CO
evolved. All the operations on preparing the Co sam-
ples were performed in vacuum without being exposed
to air. For this purpose, a special all-sealed glass equip-
ment [11] was used.

For obtaining the supported Ir samples not contain-
ing Ru and Fe, a weighed amount of “Sibunit” was
loaded into a rotated cylindrical reactor and impreg-
nated with an aqueous solution of H3IrCl6·nH2O. The
impregnating solution of the appropriate concentra-
tion was fed into a nozzle and sprayed into the reactor.
The volume of the impregnating solution,V, was cal-
culated asV = 0.9V liqm, whereVliq is the total pore
volume (cm3/g) of “Sibunit” carbon (obtained from
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the data on water adsorption) andm is the mass of car-
bon (g). The sample was unloaded and dried in air at
117◦C. The reduction stage was conducted in a glass
tube reactor with fixed-bed catalyst. The sample was
charged into the reactor, after which argon was passed
through the catalyst at room temperature for about
15 min. Dihydrogen was then substituted for argon and
the sample was reduced in a flow of H2 (80 ml/min)
during 2 h at the temperature elevated to 400◦C, fol-
lowed by keeping the sample at this temperature in
a dihydrogen stream for another 2 h. Then the tem-
perature was brought down to 120◦C and argon was
substituted for dihydrogen. The sample was cooled to
room temperature and unloaded in the stream of Ar.

The deposition of K2[Ru4(CO)13] and K2[Fe2(CO)8]
from THF onto the supported Co and Ir samples was
carried out as described in [4]. Before depositing, the
Ir samples were additionally heated at 160◦C in flow-
ing dihydrogen (7.5 l/h) for 90–100 min. The thermal
decomposition of the supported K2[Ru4(CO)13] and
K2[Fe2(CO)8] was conducted in a dihydrogen stream
(7.5 l/h) for 6 h at 300 and 200◦C, respectively.

An introduction of metallic potassium in the sam-
ples was carried out according to the procedure de-
veloped in [4]. The ammonia concentration in the gas
flow was determined by the method described in [12].

For other details concerning the preparation of the
catalysts and conditions of the ammonia synthesis
experiments, see Section 2.
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