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Abstract

New supported “single-component” ruthenium catalysts for ammonia synthesis are reported. For preparation of the catalysts, various potas-
sium carbonyl ruthenates such as K2[Ru6(CO)18] (K:Ru = 1:3), K4[Ru4(CO)12] (K:Ru = 1:1), K6[Ru6(CO)16] (K:Ru = 1:1), K6[Ru4(CO)11]
(K:Ru = 1.5:1) and K2[Ru(CO)4] (K:Ru = 2:1) were used as precursors of both catalytically active ruthenium particles and potassium
promoter while graphite-like carbon “Sibunit” was utilized as a support. The studied catalysts have been compared in their activity with the
previously described K2[Ru4(CO)13]-based catalyst (K:Ru= 1:2) on “Sibunit”. It has been established that the rate of the ammonia synthesis
at 300◦C over these catalysts increases with the increase in the K:Ru ratio in the starting carbonyl metallate, reaching a maximum in the
case of the K6[Ru4(CO)11]-based sample. On further enhancement in the K:Ru ratio, i.e. when the K2[Ru(CO)4] catalyst is used, the rate of
the ammonia formation noticeably diminishes. The activity of the K2[Ru(CO)4]-based catalyst in the ammonia synthesis can be considerably
augmented on the replacement of “Sibunit” by catalytic filamentous carbon CFC-III or MgO. The use of�-Al 2O3 or carbon-coated�-Al 2O3

as supports decreases the reaction rate. An introduction of metallic potassium into the K2[Ru(CO)4] catalysts on “Sibunit” and CFC-III
accelerates strongly the process of the ammonia synthesis. The highest activity is exhibited by the K2[Ru(CO)4] + K system on “Sibunit”
at the metallic potassium to carbon molar ratio of 0.08. On using this catalyst (3.55 g), the steady ammonia concentration in the gas flow at
300◦C and 1 atm amounts to 71.1% of the equilibrium value while at 350 and 400◦C the process of the ammonia synthesis fully reaches
the equilibrium. In its efficiency in the ammonia production at 250–300◦C, the K2[Ru(CO)4] + K catalyst on “Sibunit” carbon significantly
exceeds the previously developed K2[Ru4(CO)13] + K catalyst on the same support.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

During the past decades, there has been a considerable
progress in a field of low-temperature ammonia synthesis
from dinitrogen and dihydrogen (see e.g.[1–16] and ref-
erences cited therein). New types of catalysts precursors,
supports and electron promoters for this process have been
developed, novel impressive examples of synergistic effects
in ammonia synthesis have been described, an important
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information on the mechanism of the dinitrogen activation
and its hydrogenation has been obtained. As a result of
these studies, new efficient catalysts exhibiting an increased
activity in ammonia synthesis in the low-temperature region
have been found.

As part of our ongoing research program on the develop-
ment of low-temperature catalysts for ammonia synthesis
(see review[11] and [12–16]), we have previously re-
ported the first supported catalysts for this process based
on potassium derivatives of anionic metal carbonyl clus-
ters (K2[Ru4(CO)13], K2[Os3(CO)11], K2[Fe2(CO)8]). A
remarkable feature of such clusters is their ability to serve
as precursors of both catalytically active metal particles and
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potassium promoter. Basing on this approach, we applied
the above-mentioned K2[Ru4(CO)13], K2[Os3(CO)11] and
K2[Fe2(CO)8] clusters for creating the first systems on
carbon supports capable of catalyzing the dinitrogen hydro-
genation in the absence of a specially added electron pro-
moter [13,14]. The highest activity among these supported
“single-component” ammonia synthesis catalysts was ob-
served for the K2[Ru4(CO)13] samples which turned out
to be active in the ammonia synthesis starting from 250◦C
(1 atm). Further increase in the ammonia synthesis rate has
been achieved on the replacement of carbon supports by
highly basic magnesium oxide[13]. It has also been found
that particularly effective ammonia synthesis catalysts can
be obtained when the K2[Ru4(CO)13]-, K2[Os3(CO)11]-
and K2[Fe2(CO)8]-based systems on carbon supports are
treated with metallic potassium as an additional electron
promoter[14].

In the present paper, new carbon-supported “single-
component” ruthenium catalysts for ammonia synthesis
based on various potassium carbonyl ruthenates such
as K2[Ru6(CO)18], K4[Ru4(CO)12], K6[Ru6(CO)16],
K6[Ru4(CO)11] and K2[Ru(CO)4] are reported. The results
obtained demonstrate a strong effect of the K:Ru ratio in
the starting carbonyl ruthenate on the ammonia synthesis
rate. It has been shown that the most efficient catalysts,
derived from K6[Ru4(CO)11] and K2[Ru(CO)4], exceed
considerably in their activity at 300◦C and atmospheric
pressure the aforementioned K2[Ru4(CO)13]-based cata-
lyst. The potassium metal-promoted K2[Ru(CO)4] catalysts
are also significantly more active than the corresponding
K2[Ru4(CO)13] + K systems. The influence of the nature
of a support on the rate of the ammonia synthesis over the
K2[Ru(CO)4] catalyst has also been described.

2. Experimental

All manipulations with potassium carbonyl ruthen-
ates and the corresponding catalysts were carried out in
an Ar atmosphere or in vacuum with careful exclusion
of air oxygen and moisture. Tetrahydrofuran (THF) was
purified in the usual manner and freshly distilled from
sodium/benzophenone under Ar prior to use. The starting
K2[Ru6(CO)18], K4[Ru4(CO)12] and K6[Ru4(CO)11] were
prepared by the reactions of Ru3(CO)12 with potassium ben-
zophenoneketyl in THF[17,18], the starting K6[Ru6(CO)16]
was synthesized by the interaction of potassium benzophe-
noneketyl with K2[Ru6(CO)18] in THF [18], the starting
K2[Ru(CO)4] was obtained by the reaction of Ru3(CO)12
with potassium in liquid ammonia[19].

The supported Ru catalysts containing no metallic potas-
sium were prepared by the impregnation of a support with a
solution of the corresponding potassium carbonyl ruthenate
in THF (K2[Ru6(CO)18]) or dry methanol (K4[Ru4(CO)12],
K6[Ru6(CO)16], K6[Ru4(CO)11], K2[Ru(CO)4]) followed
by removal of a solvent at 20◦C in vacuum. Graphite-like

carbon “Sibunit” [20] (99.5% of C, BET surface area is
ca. 440 m2/g), catalytic filamentous carbons CFC-I[21,22]
(99.0% of C, 96 m2/g) and CFC-III [21,22] (99.5% of C,
315 m2/g) as well as MgO (220 m2/g), �-Al2O3 (200 m2/g)
and carbon-coated�-Al2O3 (26% of C, 133 m2/g) were
used as supports. Before impregnation, “Sibunit”, CFC-I
and CFC-III were dried at 130◦C in vacuum for 6 h, MgO
was dried at 200◦C in vacuum for 2 h,�-Al2O3 and carbon-
coated�-Al2O3 were heated at 400◦C in a dihydrogen
stream for 10 h followed by evacuating at 300◦C for 1 h.
The impregnation of “Sibunit”, CFC-I, CFC-III and MgO
with a solution of K2[Ru(CO)4] was conducted also, using
liquid ammonia as a solvent instead of dry methanol. In
this case, the supported samples were heated for 0.5 h at
250◦C in a dihydrogen flow before their testing in ammonia
synthesis. The replacement of methanol by liquid ammonia
did not change essentially the activity of the K2[Ru(CO)4]
catalysts in ammonia synthesis.

For obtaining potassium metal-promoted Ru catalysts, the
carbon-supported K2[Ru(CO)4] underwent the thermal de-
composition in a stream of H2 (7.5 l/h) at 300◦C for 6 h to
remove carbon monoxide ligands. Then, the resulting sam-
ples were treated at 120–130◦C with metallic potassium ac-
cording to the procedure described in[14]. The reaction with
potassium afforded dark brown (sometimes nearly black)
strongly pyrophoric samples which were tested in ammonia
synthesis.

Catalytic tests were carried out in a flow-type glass reactor
at 250–400◦C and atmospheric pressure with the use of
a stoichiometric N2–H2 mixture (flow rate= 10 l/h). The
catalysts were tested at first at 250◦C; then the temperature
was successively raised to 300, 350 and 400◦C. The measure
of the activity of the catalysts was the ammonia content
in the outlet gas and the rate of the ammonia formation
(ml NH3 h−1 g−1 cat., STP) in the steady state.

The ammonia concentrations in the gas flow were deter-
mined by measuring the time which is necessary to neu-
tralize a definite amount of an aqueous HCl (or H2SO4)
solution of a known concentration with ammonia at con-
stant flow rate, temperature and pressure. From the results
of these measurements, the contents of ammonia in the gas
were calculated. The presence of ammonia in the analyzed
solutions was controlled by the reaction with the Nessler
reagent. The repeated analyses of these solutions by the
Kjeldal method gave the same NH3 contents. The values
of steady ammonia concentrations were averaged over six
to eight measurements and rounded to two decimal figures.
The standard deviations from the average values were within
0.002–0.008 vol.%.

3. Results and discussion

In Table 1, the steady ammonia concentrations in the
gas flow and the ammonia synthesis rates at 250–400◦C
for the K2[Ru6(CO)18], K4[Ru4(CO)12], K6[Ru6(CO)16],
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Table 1
Steady ammonia concentrations in the gas flow (vol.%) and ammonia synthesis rates (ml NH3 h−1 g−1 cat., STP) over the catalysts based on different
potassium carbonyl ruthenates on “Sibunit” carbon

Carbonyl ruthenate Amount of catalyst (g) Ammonia concentration Ammonia synthesis rate

250◦C 300◦C 350◦C 400◦C 250◦C 300◦C 350◦C 400◦C

K2[Ru6(CO)18] 2.70 <0.01 0.03 0.21 0.39 <0.4 1.1 7.8 14.4
K2[Ru4(CO)13] 2.69 0.02 0.16 0.67 0.40 0.7 5.9 24.9 14.9
K4[Ru4(CO)12] 2.80 0.02 0.22 0.75 0.41 0.7 7.9 26.8 14.6
K6[Ru6(CO)16] 2.72 0.02 0.22 0.75 0.41 0.7 8.1 27.6 15.1
K6[Ru4(CO)11] 2.92 0.04 0.43 0.86 0.44 1.4 14.7 29.5 15.1
K2[Ru(CO)4] 2.69 0.03 0.36 0.81 0.41 1.1 13.4 30.1 15.2

The ruthenium content in the catalysts∼2.22–2.24 mmol; Ru/carbon= 9 wt.%; the weight of the catalysts was determined after their testing in ammonia
synthesis at 250–400◦C.

K6[Ru4(CO)11] and K2[Ru(CO)4] catalysts on carbon
“Sibunit” are presented. The corresponding literature values
[13,14] for the analogous K2[Ru4(CO)13] catalyst on the
same support are also included in the table for a compari-
son. All the samples contained 2.23–2.24 mmol of Ru. The
Ru/carbon ratio was 9 wt.%.

The results obtained show that the rate of the ammo-
nia synthesis over these catalysts is strongly dependent
on the nature of the supported potassium carbonyl ruthen-
ate. In the series of the K2[Ru6(CO)18] (K:Ru = 1:3),
K2[Ru4(CO)13] (K:Ru = 1:2), K4[Ru4(CO)12] (K:Ru =
1:1), K6[Ru6(CO)16] (K:Ru = 1:1) and K6[Ru4(CO)11]
(K:Ru = 1.5:1) catalysts, the reaction rate increases
with an increase in the K:Ru ratio in the starting ruthe-
nium compound, reaching a maximum in the case of the
K6[Ru4(CO)11]-based sample. This result demonstrates an
important role of an increased electron density on Ru atoms
for the effective dinitrogen activation. However, on further
increase in the K:Ru ratio, i.e. when the K2[Ru(CO)4] sam-
ple (K:Ru= 1:1) is used, the rate of the process noticeably
diminishes, thus indicating the existence of other factors
(besides the K:Ru ratio) affecting the ammonia forming
capacity of the system.

The highest activity in the dinitrogen hydrogenation is
exhibited by the K6[Ru4(CO)11]- and K2[Ru(CO)4]-based
catalysts. On using the K6[Ru4(CO)11] catalyst, the steady
ammonia concentration in the gas stream at 300◦C attains
a value of 0.43 vol.% which is 2.7 times higher than that

Table 2
Steady ammonia concentrations in the gas flow (vol.%) and ammonia synthesis rates (ml NH3 h−1 g−1 cat., STP) over the K2[Ru(CO)4]-based catalyst on
different supports

Support Amount of catalyst (g) Ammonia concentration Ammonia synthesis rate

250◦C 300◦C 350◦C 400◦C 250◦C 300◦C 350◦C 400◦C

“Sibunit” 2.69 0.03 0.36 0.81 0.41 1.1 13.4 30.1 15.2
CFC-I 2.93 0.03 0.35 0.68 0.40 1.0 11.9 23.2 13.7
CFC-III 2.92 0.04 0.53 0.84 0.41 1.4 18.2 28.8 14.0
MgO 2.85 0.03 0.45 0.86 0.44 1.1 15.8 30.2 15.4
�-Al2O3/C 2.85 0.01 0.19 0.61 0.44 0.4 6.7 21.4 15.4
�-Al2O3 2.87 0.01 0.11 0.62 0.44 0.3 3.8 21.6 15.3

The ruthenium content in the catalysts∼2.22–2.24 mmol; Ru/carbon= 9 wt.%; the weight of the catalysts was determined after their testing in ammonia
synthesis at 250–400◦C.

observed over the previously described K2[Ru4(CO)13] cat-
alyst under the same conditions. At 350 and 400◦C, the
process of the ammonia synthesis over the K6[Ru4(CO)11]
catalyst fully reaches the equilibrium. The K2[Ru(CO)4]-
based catalyst is about 2.3 times more active at 300◦C
than the K2[Ru4(CO)13] sample. The K4[Ru4(CO)12] and
K6[Ru6(CO)16] catalysts, being characterized by the same
K:Ru ratio (1:1), are close to each other in their activity. On
going from the least effective K2[Ru6(CO)18] catalyst to the
most efficient K6[Ru4(CO)11] catalyst, the rate of the am-
monia formation at 300◦C increases by more than one order
of magnitude.

The effect of the nature of a support on the ammonia
synthesis rate has been studied on the example of the more
accessible K2[Ru(CO)4] catalyst. As supports, use was made
of the CFC-I and CFC-III carbons[21,22] as well as MgO,
�-Al2O3 and carbon-coated�-Al2O3. In all the samples, the
Ru/support ratio was 9 wt.%.

As seen fromTable 2, the replacement of “Sibunit” car-
bon in the K2[Ru(CO)4]-based catalyst by CFC-III and MgO
leads to a considerable increase in the rate of the ammo-
nia formation. Particularly active is the catalyst on CFC-III
which gives 1.5 times greater ammonia concentration in the
gas flow at 300◦C (0.53 vol.%) than the analogous sample
on “Sibunit”. Interestingly, highly basic magnesium oxide,
affording as a rule significantly more efficient Ru catalysts
for ammonia synthesis than those on carbon supports (see
e.g. [13,23]), yields here noticeably less active catalysts at
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Table 3
Steady ammonia concentrations in the gas flow (vol.%) and ammonia synthesis rates (ml NH3 h−1 g−1 cat., STP) at different metallic potassium to carbon
molar ratios for the K2[Ru(CO)4] + K and K2[Ru4(CO)13] + K catalysts on active carbons

Carbonyl
ruthenate

Carbon
support

Amount of
catalyst (g)

K:C
(mol/mol)

Ammonia concentration Ammonia synthesis rate

250◦C 300◦C 350◦C 400◦C 250◦C 300◦C 350◦C 400◦C

K2[Ru(CO)4] “Sibunit” 2.69 0 0.03 0.36 0.81 0.41 1.1 13.4 30.1 15.2
3.35 0.050 0.40 1.52 0.86 0.44 11.9 45.4 25.7 13.1
3.55 0.080 0.47 1.55 0.86 0.44 13.2 43.7 24.2 13.4
3.77 0.104 0.34 1.29 0.86 0.44 9.0 34.2 22.8 11.7

K2[Ru4(CO)13] “Sibunit” 2.69 0 0.02 0.16 0.67 0.40 0.7 5.9 24.8 14.9
3.16 0.052 0.37 1.01 0.73 0.42 11.7 32.0 23.1 13.3
3.31 0.064 0.41 1.10 0.81 0.44 12.4 33.2 24.5 13.3
3.39 0.080 0.38 1.21 0.86 0.44 11.2 35.7 25.4 13.0
3.70 0.106 0.28 1.10 0.86 0.44 7.6 29.7 23.2 11.9

K2[Ru(CO)4] CFC-III 2.92 0 0.04 0.53 0.83 0.41 1.4 18.2 28.4 14.0
3.54 0.080 0.35 1.44 0.86 0.41 9.9 40.7 24.3 11.6

The ruthenium content in the catalysts∼2.22–2.24 mmol; Ru/carbon= 9 wt.%.

250 and 300◦C than that on CFC-III carbon. The use of
�-Al2O3 and carbon-coated�-Al2O3 as supports instead of
“Sibunit” decreases the reaction rate.

Data on the effect of potassium metal upon the activity of
the K2[Ru(CO)4]-based catalysts on carbons “Sibunit” and
CFC-III in the ammonia synthesis are given inTable 3, to-
gether with the corresponding literature data for the analo-
gous K2[Ru4(CO)13] +K systems on “Sibunit” carbon[14].
The amount of Ru in the samples was 2.23–2.24 mmol, the
Ru/carbon ratio was again 9 wt.%. A decrease in this ratio
to 6 wt.% lowered the synthesis rate. The activity of the cat-
alysts fell down as well when the temperature of preheating
of the supported K2[Ru(CO)4] in a dihydrogen stream (see
Section 2) was decreased from 300 to 250◦C.

The data ofTable 3show that the introduction of potas-
sium metal in the catalysts increases sharply their efficiency
in the ammonia formation. In the case of the K2[Ru(CO)4]+
K catalyst on carbon “Sibunit”, the maximum of the activity
is observed at the metallic potassium to carbon molar ratio
of 0.08. Both an increase and a decrease in this ratio dimin-
ish the reaction rate. On using the optimal K:C ratio, the
steady ammonia concentration in the gas at 300◦C over the
K2[Ru(CO)4] + K catalyst on “Sibunit” reaches 1.55 vol.%
which corresponds to 71% of an equilibrium value. Un-
der the same conditions, the K2[Ru4(CO)13] + K catalyst
gives at 300◦C ca. 1.3 times lower ammonia concentration
in the gas (1.21 vol.%), and at 250◦C it is also noticeably
less efficient than the K2[Ru(CO)4] + K system. At 350
and 400◦C, the reaction of the ammonia synthesis over the
K2[Ru(CO)4] + K catalyst totally attains the equilibrium.
The K2[Ru(CO)4] + K system on CFC-III carbon is some-
what less effective at 250 and 300◦C than the analogous
sample on “Sibunit” but noticeably exceeds in its activity at
300◦C the above K2[Ru4(CO)13] + K catalyst on “Sibunit”
carbon. In the absence of ruthenium, the above carbon sup-
ports treated with metallic potassium exhibit only negligible
activity or are totally inactive in the ammonia formation at
250–400◦C.

Thus, the results of this study demonstrate that it is possi-
ble to enhance strongly the ammonia synthesis rate changing
the K:Ru ratio in the supported potassium carbonyl ruthen-
ate. An additional increase in the efficiency of the process
can be achieved by changing the nature of a support and,
especially, by introducing potassium metal into the system.
At present, we are studying the nature of particles respon-
sible for the activity of the catalysts found in the ammonia
synthesis.
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