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On the path to catalysts for the low-temperature ammonia synthesis 
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A nontraditional approach to the development of catalysts for low-temperature ammonia 
synthesis is considered. The approach is characterized by application of catalysts representing 
heterogeneous analogs of the known homogeneous nitrogen-fixing systems based on transi- 
tion metal compounds and strong electron donors. The use of this approach led to the 
development of catalysts that considerably surpass in their activity (at atmospheric pressure) 
the industrial catalyst for the ammonia synthesis. Some of the developed catalysts are active 
in the formation of ammonia from dinitrogen and dihidrogen even at 110--150 ~ The 
mechanisms of activation and hydrogenation of dinitrogen over these new catalysts are 
discussed. 

Key words: dinitrogen, dihydrogen, ammonia synthesis, catalysts, promoters. 

1. Introduction 

The catalytic ammonia synthesis from dinitrogen and 
dihydrogen over an iron catalyst promoted by potas- 
sium, aluminum, and some other metal oxides is the 
main industrial method for nitrogen fixation. However, 
for kinetic and thermodynamic reasons, this process 
must be carried out at very high temperatures (400-- 
550 ~ and pressures (280--320 atm). The high tem- 
peratures are needed to ensure reasonable reaction rates, 
but at high temperatures, the equilibrium concentration 
of ammonia in the gas decreases. An increase in the 
equilibrium content of ammonia can be attained by 
increasing pressure; however, this sharply increases the 
energy and material expenses, and, as a consequence, 
reduces the economy of the process. Thus, to increase 
crucially the efficiency of the process of ammonia syn- 
thesis, a new type of catalysts capable of hydrogenating 
dinitrogen at high rates at moderate temperatures and 
pressures is required. The development of these catalysts 
faces, however, severe difficulties caused by the ex- 
tremely high chemical inertness of the N 2 molecule. 

During the last decades, prospects for the solution of 
this important problem have taken shape. The first step 
was made in 1964, when it was shown that transition 
metal compounds are able to activate molecular nitro- 
gen and make it undergo reduction in aprotic media at 
ambient temperatures and pressures. I,z This result, to- 
gether with the synthesis of the first complex of dinitrogen 
with a transition metal compound [Ru(NH3)sN21CI 2 
accomplished in 1965, 3 marked the beginning of active 
development of the chemistry of molecular nitrogen in 
solutions (see, for example, reviews 4-6) and created the 
basis for the accomplishment of low-temperature am- 
monia synthesis from dinitrogen and dihydrogen. 

The currently known nitrogen-fixing systems, ca- 
pable of reducing N 2 in aprotic media, 4.s consist of two 
main components: a transition metal compound, which 
is needed for complexing and activating dinitrogen, and 
a sufficiently strong reducing agent serving as the source 
of electrons for reducing the activated N 2 molecule. 
Systems based on titanium, vanadium, chromium, mo- 
lybdenum, tungsten, and iron compounds are the most 
active in nitrogen fixation. Alkali, alkaline earth, and 
rare earth metals, metal hydrides, organic derivatives of 
Li, Mg, and Al, adducts of aromatic hydrocarbons with 
alkali metals, etc. can be used as reducing agents. As a 
rule, the final products of the reaction are nitride deriva- 
tives in which a nitrogen atom is bound both to the 
transition metal atom of the initial salt or complex and 
to the metal atoms of the reducing agent. Hydrolysis of 
these nitrides yields ammonia. In some cases, it is 
possible to terminate the reaction at the stage of forma- 
tion of the intermediate hydrazide derivative, whose 
hydrolysis affords hydrazine. Under optimum condi- 
tions, the reduction of N 2 occurs very efficiently to give 
ammonia in nearly quantitative yield even at room 
temperature and atmospheric pressure. Some of the 
systems are so active that they are capable of absorbing 
molecular nitrogen at high rates even at - 7 0  to 
-100  ~C. 

Immediately after the discovery of these nitrogen- 
fixing systems, the question arose of whether these 
systems could be used as catalysts for hydrogenation of 
dinitrogen with dihydrogen under mild conditions. In 
1965--1968, it was shown that the systems resulting 
from treatment of titanium atkoxides with triisobutyl- 
aluminum are able to reduce molecular nitrogen in 
solutions at room temperature with participation of mo- 
lecular hydrogen. 7-9 Later, this reaction was trans- 
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formed into a catalytic process. 4.t~ The next important 
step was made in the late 60s --  early 70s when it was 
found that similar systems can be used as heterogeneous 
catalysts for ammonia synthesis from N2 and H 2. 

At present, a large number of catalysts of this type 
are known, and vast information on the mechanism of  
their action in the ammonia synthesis has been accumu- 
lated. Catalysts have been prepared using various transi- 
tion metal compounds: chlorides, oxides, acetylaceto- 
nates, phthalocyanine complexes, [amellar graphite com- 
pounds, anionic metal carbonyl clusters, etc. Alkali met-  
als, sodium naphthalide, and organolithium compounds 
were tested as sources of electrons. The activity of the 
catalysts varies over a broad range depending on the 
nature of the transition metal and the reducing agent, 
the method of generation of the catalytically active 
species, and on other factors. The best of  the catalysts 
found are considerably more active (under atmospheric 
pressure) than the industrial catalyst for the ammonia 
synthesis. Some catalysts are active even at 110--150 ~ 

In the present review, the results of  studies carried 
out in this important field are generalized. 

2. Catalysts based on transition metal phthalocyanines 

The first data concerning the use of  the above- 
considered nitrogen-fixing systems in the gas-phase am- 
monia synthesis from dinitrogen and dihydrogen were 
published II in 1969. Donor-acceptor  complexes of  Fe, 
Co, Ni, Ti, Mo, Pt, Cu, and Zn phthalocyanines with 
alkali metals have been studied as catalysts. To prepare 
these complexes, the initial phthalocyanines were va- 
porized in high vacuum and deposited on thin sodium or 
potassium films supported on glass. The deposition gave 
deeply colored adducts of  phthalocyanines with alkali 
metals; these adducts were tested in the ammonia syn- 
thesis. The testing was carried out in a circulating sys- 
tem at 20--260 ~ and at a pressure of <600 Torr. 

It turned out that the complex of iron phthalocya- 
nine (PcFe) with sodium generated on glass is capable of 
catalyzing the synthesis of ammonia  even at 110 ~ 
although the reaction occurs very slowly: only 0.26 cm 3 
of  NH 3 was formed over a period of  20 h (0.1 g of 
PcFe). As the temperature increased to 260 ~ the rate 
of formation of ammonia  increased, and under these 
conditions, 4.6 cm 3 of  NH 3 was produced in 20 h. 
Similar complexes of  molybdenum, t i tanium, and cobalt 
phthalocyanines with Na and K were considerably less 
effective, and the complexes of copper, platinum, nickel, 
and zinc phthalocyanines with alkali metals exhibited 
only negligible activities in the ammonia  synthesis. 1,1 
the absence of an alkali metal,  none of  the phthalocya- 
nines studied catalyzed hydrogenation of  N2 with H 2. In 
principle, the ammonia formed during testing of the 
catalysts might result from the N atoms of phthalocya- 
nine rather than from dinitrogen. However, it was 
shown tt that when a mixture of  d in i t rogen with 

dihydrogen is replaced by dihydrogen,  ammonia  is no 
longer detected in the gas phase.  Unfortunately,  this 
study on phthatocyanine catalysts t! has not received 
further development. 

3. Catalysts based on iamellar compounds of graphite 
with transition metals and their chlorides 

In 1972, it was reported tz that  when lamellar  com-  
pounds of  graphite (LCG) with transition metal chlo- 
rides (FeCI3, RuC13, OsCl 3, MoCIs)  are treated with 
alkali metals (Na, K, Rb) at 350 ~ systems able to 
catalyze the formation of a mmon ia  from N 2 and I t 2 at 
elevated temperatures  (300--350  ~ are produced.  
Among the lamellar compounds tested, the LCG with 
OsCI 3 exhibited the highest activity,  whereas the lowest 
activity was observed in the case o f  LCG with MoCIs; in 
addition, rubidium and potassium are more effective 
than sodium. In the absence o f  an alkali metal,  the 
systems were inactive. However, the lamellar compound 
of graphite with potassium containing no transition metal 
derivative proved to be able to ca ta lyze  hydrogenation of  
dinitrogen at 300 ~ at a very low rate (three orders of 
magnitude lower than that with the system prepared 
from LCG with FeCI 3 and potassium),  it,t2 The forma- 
tion of a small amount  of ammonia  from dinitrogen and 
methane serving as a source of  hydrogen was observed in 
the presence of  the g raph i t e - -FeCl3+K catalyst at 300-- 
400 ~ tz 

Under the conditions used to  prepare the catalysts in 
the study cited, tz the starting L C G  with transition metal 
chlorides could be reduced by alkali  metals to give LCG 
with transition metals, t3 In these  lamellar compounds,  
the transition metal atoms occurr ing in the interlayer 
space interact with the aromatic rings of graphite to give 
peculiar a-complexes.  

The catalytic activities of systems based on individual 
LCG with Fe, Os, and their chlor ides  as well as with 
RuCI 3 in ammonia  synthesis have been studied in de- 
tail.t4-16 

It was found that unlike pure metallic iron, the LCG 
with Fe does not catalyze the formation of ammonia  
from dinitrogen and dihydrogen up to 400 ~ However, 
treatment of this compound with excess metallic potas- 
sium at 350 ~ affords catalysts  that are active in the 
synthesis of ammonia.  |4'16 Systems based on LCG with 
Os, FeCI 3, OsCI 3, and RuCI 3 treated with potassium 
also catalyze hydrogenation o f  dinitrogen at elevated 
temperatures. All of  these catalysts  ehxibit the highest 
activities at 400 ~ The activi ty at 250 ~ is ei ther low 
or equal to zero. According to the results presented in 
Ref. 12, the LCG with potassium containing no transi- 
tion metal exhibits only negligible activity in this process 
over the whole temperature range studied (250--400 ~ 

The content of  an alkali meta l  in the system has a 
strong effect on the activity of  the catalysts. 14,t6 As the 
content of potassium in the g r a p h i t e - - F e + K  catalyst 
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increases, the steady-state concentration of ammonia in 
the gas flow increases and reaches a maximum at a 
K : Fe ratio of (5--7) : I (K : C ~ 1 : 4.5). Further 
increase in the content of potassium diminishes the 
activity of the catalyst. A similar dependence is observed 
for the graphite--FeCI3+K catalyst. 

The above-described systems proved also to be able 
to catalyze the isotope exchange in dinitrogen at el- 
evated temperatures, t6 The graphite--OsCI3+K and 
graphite--RuCl3+K systems are the most active in this 
process; in the presence of these catalysts, the reaction 
occurs at a noticeable rate even at 250 ~ In the case of 
LCG with Fe treated with potassium, the exchange 
proceeds only at 350 ~ The maximum activity of the 
graphi te--Fe+K system in the isotope exchange is ob- 
served at the same content of potassium as that in the 
ammonia synthesis. In the absence of alkali metal, the 
isotope exchange does not occur. 

The promoting effect of potassium on the LCG with 
Fe can be understood 14 by taking into account the fact 
that transfer of electrons from the transition metal to an 
N 2 molecule is significant for the activation of dinitro- 
gen. ~ In the LCG with Fe, the metal donates the 
electron density to the carbon framework of graphite. 13 
This results in a partial positive charge on the iron atoms 
and, as a consequence, in complete loss of the catalytic 
activity in the ammonia synthesis and isotope exchange 
in dinitrogen. The introduction of a strong electron 
donor such as metallic potassium would ,1or only neu- 
tralize this unfavorable electron-withdrawing effect of 
graphite but also induce some negative charge on the 
iron atoms. 

The promoting effect of potassium can be accom- 
plished both upon its direct interaction with a transition 
metal and through the carbon framework of graph- 
ite. 14,16 In fact, the conditions under which the catalysts 
are prepared (350 ~ permit the insertion of potassium 
into the interlayer space of graphite to give LCG with 
potassium in which the aromatic rings of graphite carry 
a negative charge. At the same time, in the LCG with 
Fe, the atomic orbitals of iron also markedly interact 
with the aromatic framework of graphite. 13 

It has been assumed 14 that the decrease in the cata- 
lytic activity in the presence of a large excess of potas- 
sium is due either to the decrease in the accessible 
surface of iron caused by adsorption of excess alkali 
metal (not inserted into graphite) on the surface of the 
catalyst or to the formation of a stable nitride, difllcuh 
to hydrogenate, similar to that observed previously in 
the interaction of N 2 with iron and lithium, t7 

A study of the state of iron in the graphite--Fe+K 
catalyst by MOssbauer spectroscopy has shown that it 
exists in two forms, tS,t6 One of them is responsible for a 
sextet of lines with the parameters of cx-iron: the iso- 
meric shift of the sextet does not depend on the amount 
of potassium in the system. The second form accounts 
for a singlet ( 15--20% of the total area of the spectrum), 
whose isomeric shift is more negative than that of the 

a-iron. As the content of potassium increases, the iso- 
meric shift of the singlet changes and passes through a 
minimum at a K : Fe ratio of (5--7) : 1 (K : C 
I : 4.5). The same ratio corresponds to the maximum 
catalytic activity in the ammonia  synthesis and isotope 
exchange. It can be assumed that such a change in the 
isomeric shift of the singlet is due to the increase in the 
electron density on iron atoms resulting from the trans- 
fer of electrons from potassium atoms to iron. Appar- 
ently, the initial decrease in the isomeric shift is due to 
the predominant transfer of electrons to the 4s atomic 
orbitals of iron, while its following increase is caused by 
saturation of the 4s orbitals and subsequent filling of the 
3d orbitals. The observed correlation between the iso- 
meric shift of the singlet and the catalyst activities in the 
ammonia synthesis and isotope exchange might imply 
that the "singlet" foma of iron participates in the hydro- 
genation of N 2. However, the quantitative contribution 
of this species to the overall catalytic activity of the 
system is still unknown, and it cannot be ruled out that 
a- iron is also involved in the synthesis of ammonia. 

4. Supported catalysts based on transition metal chlo- 
rides and oxides as precursors of catalytically active 

species 

Much more efficient catalysts for ammomia synthe- 
sis than those considered above have been found by the 
authors of Ref. 18. Subsequently, these catalysts have 
been studied in detail t9-3~ in order to elucidate the 
mechanism of their action in the activation and hydro- 
genation of N 2. 

The catalysts were prepared in the following way:tS-2~ 
transition metal chlorides (or OsO 4 in the case of os- 
mium-containing systems) were deposited onto various 
supports from aqueous solutions and then reduced with 
dihydrogen for several hours at elevated temperatures. 
The reduced samples were treated in vacuo with metallic 
potassium vapor at 400 ~ and then heated for 4--5 h at 
400 ~ in a circulating system in an He stream, in order 
to attain uniform distribution of the alkali metal in the 
sample. As supports, active carbon (AC), ) , -a lumina,  
Celite, glass, and silicon carbide were used. The amount 
of the transition metal in the samples was 0.5--10% (w/w) 
with respect to the support. The catalysts were tested in 
a circulating system at 600 Tort using a stoichiometric 
H2--N 2 mixture. 

The testing showed that the highest activity in the 
ammonia synthesis at 250 ~ is exhibited by the Ru+ K 
and Os+K systems on carbon, tS-z~ These catalysts are 
considerably more effective than the conventional doubly 
promoted iron catalyst for the ammonia synthesis. Similar 
catalysts based on Fe, Rh, lr, Mo, Re, and Co are less 
active than the ruthenium and osmium systems and also 
than the doubly promoted iron catalyst. Nickel- and 
platinum-containing systems exhibit very low activities, 
and the Pd+K, Mn+K, and Ti+K systems on carbon are 
absolutely inactive in the ammonia synthesis even at 
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450 ~ The most effective system, Ru+K on carbon, 
catalyzes the ammonia synthesis even at 146 ~ (the rate 
of the synthesis was ~0.015 cm 3 of NH 3 h -I g-t).�94 

tt should be noted that whereas Ru, Os, Fe, Re, Mo, 
Co, and Ni as bulk metals can themselves catalyze the 
ammonia synthesis, 31-33 metallic Rh, lr, and Pd are 
inactive in this process, and Pt is active only at very high 
temperatures and pressures. Thus, the addition of potas- 
sium to the Rh, lr, and Pt supported on carbon makes 
these metals active in the ammonia synthesis even at 
250 ~ and at a pressure close to atmospheric. 

in a study of the influence of the nature of the 
support on the activity of the Ru+K system in the 
ammonia synthesis at 290 ~ it was shown that in 
terms of their efficiency, the supports tested can be 
arranged in the following series: 19 

AC 2, -/_AI203 >> glass > Celite > SiC. 

The best catalysts were obtained using active carbon 
and y-alumina, which ensure higher degrees of disper- 
sion of Ru, owing to their greater specific surface areas. 
However, apparently, the role of active carbon and 
alumina is not merely to increase the accessible surface 
of Ru in the catalyst. ~9 It has been assumed that active 
carbon acts simultaneously as the medium for the trans- 
fer of electrons from potassium to a traqsition metal. In 
fact, it was found 34 that similarly to graphite, active 
carbon can react with alkali metals on heating to give 
adducts. These adducts could serve as a sort of storage 
systems for the electrons during their transfer to a 
transition metal. 19 A similar function of the electron 
storage tank could be accomplished by y-alumina. How- 
ever, in this case, it cannot be ruled out that alumina is 
partially reduced by metallic potassium to give metallic 
aluminum. 

The important role of the metallic potassium in these 
systems is illustrated by the fact that in the absence of 
potassium, the rate of hydrogenation of N 2 dramatically 
decreases or even becomes equal to zero. Among these 
catalysts, non-promoted with potassium, the highest 
activity is exhibited by ruthenium on ~,-AI20 3, in whose 
presence the anamonia synthesis occurs at a low rate at 
400 ~ In the case of Ru on Celite or glass, the rate of 
the reaction is even lower, and Ru on carbon or silicon 
carbide containing no potassium are totally inactive in 
ammonia synthesis even at 400 ~ Similar results have 
been obtained for Os, Fe, and other active transition 
metals. Having been deposited on carbon, all these 
metals completely lose their catalytic activities in the 
ammonia synthesis.18,~0 

The inhibiting effect of the carbon support on the 
ammonia synthesis is apparently caused by the electron- 
withdrawing nature of the active carbon resulting in the 
generation of partial positive charge on the transition 
metal atoms, which hampers efficient activation of 
dinitrogen, tg,z4 As in the case of the LCG-based sys- 
tems considered above, the introduction of potassitun 
into the catalyst results apparently in neutralization of 

this positive charge and in the appearance of partial 
negative charge on the transition metal atoms. It should 
be noted in this connection that bulk transition metals 
can atso be promoted by metallic potass ium) 9,z8-3~ For 
example, the rate of the ammonia  synthesis over pow- 
dered Ru at 350 ~ increases approximately 66-fold 
after treatment of the catalyst with potassium vapor. 

Study of the influence of the amount  of potassium 
on the activity of the Ru+K system supported on carbon 
in the ammonia synthesis at 290 ~ showed that at 
constant amounts of ruthenium and carbon in the sample, 
the rate of the reaction first increases following an 
increase in the quantity of the alkali metal but then 
gradually decreases. 19 At the same time, when the con- 
tents of potassium and carbon in the catalyst are con- 
stant, the rate of the ammonia synthesis (cm 3 NH 3 h - l )  
is nearly proportional to the content  of ruthenium. 
When there is no deposited transition metal, i.e., when 
the adduct of active carbon with potassium is used, the 
reaction does not occur even at 400 ~ Apparently, 19 
the increase in the activity of the carbon-supported 
Ru+K catalyst following an increase in the content of 
potassium is due to the increase in the electron density 
on the transition metal atoms caused by the transfer of 
electrons from potassium. The maximum catalytic activ- 
ity corresponds to saturation of carbon with potassium. 
The decrease in the activity of the system upon further 
increase in ,he content of the alkali metal was ex- 
plained t9 by the agglomeration of potassium on the 
surface of the catalyst. 

The role of potassium as the electron promoter in 
these systems is also indicated by the data t9 on the 
influence of the nature of the alkali metal on the cata- 
lytic activity of carbon-supported ruthenium. It was 
found that at the same content  o f  Ru in the catalyst, the 
promoting effect of Cs is considerably stronger than that 
of K. In turn, the promoting effect of potassium sharply 
exceeds that of sodium. For example, at 290 ~ the 
Ru+Cs catalyst supported on carbon (2.5 % w/w Ru) is 
2.5 times more active than a similar catalyst, Ru+K. 
The latter is almost 10 times more active than the 
Ru+Na catalyst on carbon. Thus,  the catalytic activity 
of ruthenium on carbon in the ammonia synthesis in- 
creases with increase in the electron-donating ability of 
the alkali metal, i.e., in the series Cs > K > Na. It is of 
interest that in the case of cesium, the dependence of 
the catalyst activity on the amoun t  of the alkali metal 
does not pass through a maximum (as was observed for 
potassium) but gradually flattens out. 

In studying the isotope exchange in dinitrogen over 
ruthenium--potassium catalysts, it was found that the 
highest activity in this reaction is exhibited by the Ru+ K 
system on carbon, in whose presence the exchange 
occurs at a noticeable rate even at 220 ~ zt,z4,25 As the 
temperature increases, the isotope exchange is acceler- 
ated. The activity of the Ru+ K catalyst on y-A120 3 is 
strongly exceeded by that of R u + K  on carbon, and the 
unsupported Ru+K system is approximately 10 times 
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less active than the Ru+K catalyst on y-Al203 (at 
320 ~ z4 In the absence of potassium, the rate of the 
isotope exchange on bulk Ru or Ru on y-AI203 sharply 
decreases; 21,24 in this case, too, Ru on "f-AI203 is some- 

'what more active than bulk Ru. 24 Carbon-supported 
ruthenium containing no potassium does not catalyze 
the isotope exchange in dinitrogen at all, as it does not 
catalyze the ammonia  synthesis. 21 

Thus, in the case of supported systems, the introduc- 
tion of potassium also exerts a promoting effect on both 
the ammonia synthesis and the isotope exchange in 
dinitrogen. It is noteworthy that the promoting effect of 
potassium on these two reactions is manifested in differ- 
ent degrees. For example, upon treatment of bulk ruthe- 
nium with potassium, the rate of isotope exchange at 
400 ~ i~lcreases 480-fold, whereas the rate of hydroge- 
nation of N 2 under the same conditions increases by a 
factor of only 25. z4,2~ As a result, the rate of the 
ammonia synthesis over the Ru+K catalyst is lower than 
the rate of isotope exchange, although in the absence of 
potassium, the ammonia synthesis on bulk Ru occurs 
faster than the isotope exchange. A similar situation is 
observed for the Ru+K catalyst on carbon, tn this case, 
the rate of the ammonia synthesis is about half that of 
the isotope exchange (at 220~280 ~ despite the fact 
that the apparent activation energies of these two reac- 
tions are approximately equal. 2t 

The kinetic data obtained in a study of the isotope 
exchange z4 show that the addition of potassium to Ru 
supported on ~,-AI20 3 results in the first order of the 
reaction being replaced by a fractional order, which 
approaches unity as the temperature increases. The iso- 
tope exchange in dinitrogen in the presence of other 
ruthenium--potassium catalysts also obeys fractional- 
order kinetics with respect to the pressure of N 2 (0.5 in 
the ease of Ru+K on carbon at 280 ~ and 0.44--0.79 
in the case of unsupported Ru+K at 320--380 ~ 2t,z4'zs 
Based on these data, it was concluded that the introduc- 
tion of potassium increases the strength of adsorption of 
N 2 by ruthenium due to the transfer of electrons from 
the alkali metal to the transitioq metal and then to the 
adsorbed N 2 molecule. Data on the isotope exchange z5 
also imply that, although the rate of hydrogenation of 
adsorbed dinitrogeu is relatively low, the rate of the 
ammonia synthesis is still limited by the step of dissocia- 
tive chemisorption of N 2. 

Study of the effect of dihydrogen on the isotope 
exchange in N 2 showed that the isotope exchange cata- 
lyzed by bulk ruthenium is accelerated in the presence 
of H 2, whereas that catalyzed by the ~,-A1203-supported 
Ru is retarded by the introduction of dihydrogen, z5 A 
similar deceleration of the isotope exchange in the pres- 
ence of H2 is observed for potassium-containing systems 
(Ru+K on carbon, Ru+K on "/-AI203, and Ru+K with- 
out a support). 21,25 

The inhibition of isotope exchange over rttthenium-- 
potassittm catalysts by dihydrogen can be caused by two 
reasons 25 

First, the introduction of dihydrogen, which forms 
very strong adsorption compounds with ruthenium, de- 
creases the number of vacant adsorption sites on the 
surface of the metal; this should decrease the adsorbed 
amount of dinitrogen and, hence, retard the isotope 
exchange. 

Second, the isotope exchange in dinitrogen in the 
presence of H 2 should be accompanied by the formation 
of ammonia, which is able to convert metallic potassium 
into the corresponding amide or imide, whose electron- 
donating abilities are much lower than that of the metal 
itself. The decrease in the amount  of potassium in the 
catalyst should diminish the negative charge on the 
ruthenium atoms, and this, in turn, should hamper the 
chemisorption of dinitrogen and decrease the rate of the 
exchange. The content of the alkali metal in the system 
can also diminish through its reaction with dihydrogen 
to form potassium hydride. 

The fact that the rate of the isotope exchange in 
dinitrogen over bulk ruthenium containing no potassium 
increases in the presence of dihydrogen is due to the 
favorable electron-donating effect of the NH x species, 
which arise as intermediates during the reaction of 
dinitrogen with the dihydrogen on the catalyst surface. 
However, as noted above, in the case of Ru on ,I'-AI203, 
where similar electron-donating N H x species can also be 
formed, the isotope exchange in dinitrogen is no longer 
accelerated in the presence of dihydrogen, but is, con- 
versely, retarded. Apparently, the NH x species formed 
in this system lose their electron-donating capacity upon 
interaction with the acidic sites of the support. 

Important results were obtained in a study of the 
products of interaction of N 2 with the above-mentioned 
catalysts for the ammonia synthesis. It was found that 
the Ru+K system on carbon can efficiently absorb gas- 
eous N 2 at temperatures above 235 ~ (300 Tort). z2 The 
quantity of the absorbed N 2 depends strongly on the 
content of potassium in the system and increases upon 
an increase in the excess of potassium. Study of the 
kinetics of the reaction of dinitrogen with the Ru+K 
system on carbon at 300 ~ showed that the initial 
relatively fast absorption of N2, which stops after several 
hours, is replaced by very stow absorption of dinitrogen, 
which still goes on even after 160 h at 300 ~ 27 A 
similar situation is characteristic of the reaction of 
dinitrogen with the Ru+K catalyst on -/-A120 3 at 380 ~ 
It is significant that neither Ru on carbon or ~-AI20 3 in 
the absence of potassium nor potassium on carbon or 
-r in the absence of ruthenium can absorb N~ 
under the same conditions. 

It should be noted that the number of nitrogen atoms 
absorbed by the catalyst can exceed the number of Ru 
atoms in the catalyst sample. 22,27 For instance, in the 
case of the Ru+K system on ~,-A1203, this ratio reaches 
1.6 g-atom of N per g-atom of Ru after 96 h at 350 ~ z7 
while for the Ru+K system on carbon, this ratio is 1.36 
g-atom N per g-atom of Ru (260 ~ 6 h). zz Based o,1 
these results, it was suggested that the interaction of 
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diuitrogen with tile catalyst is not restricted to the 
adsorption of N 2 on the surface but occurs more deeply, 
i.e., as absorption or corrosion chemisorption. 

The Ru+K catalyst without a support also proved to 
absorb N 2 starting from 250 ~ 2s,z9 in this case, too, 
the initial relatively fast absorption of N2 is replaced by 
much slower absorption, which still occurs even after 
40--50 h. The total number of  the sorbed nitrogen atoms 
is 6--9 times greater than the number of surface Ru 
atoms, z9 When the sample obtained after the reaction 
with N 2 is heated in vacuo (0.06 Torr) at 350 ~ for 6 h, 
only 1.5% of  the sorbed dinitrogen can be desorbed. 
This indicates that the sorbed nitrogen is bound to the 
catalyst practically irreversibly. Similar results were ob- 
tained for the Ru+K catalyst on y-A]203. 

in a study of the reactivity of the sorbed nitrogen, it 
was found that on heating, it can be hydrogenated with 
dihydrogen to give ammonia.  However, the reaction 
occurs very slowly. Thus in the case of the Ru+K system 
on ~t-AI203, hydrogenation of  the nitrogen preabsorbed 
by the catalyst (during 90 h at 380 ~ becomes notice- 
able only above 200 ~ and at 380 ~ only 57% of the 
sorbed nitrogen can be converted into ammonia even 
over a period of 100 h. 27 The low rate of hydrogenation 
of the sorbed nitrogen is also characteristic of the Ru+K 
system on carbon; in this case, the degree of conversion 
of sorbed (166 h, 300 ~ nitrogen into ammonia is only 
47% after 96 h at 300 ~ z7 

In addition to hydrogenation, nitrogen sorbed by the 
Ru+K catalyst on carbon tat 300 ~ for 160 h) can also 
undergo isotope exchange with labeled gaseous ISN 2. 
The reaction occurs at a low rate even at 300 ~ Like 
the absorption of dinitrogen by the catalyst, the isotope 
exchange includes an initial stage of relatively fast ex- 
change (30--40 rain at 300 ~ and a subsequent stage 
of very slow exchange. As a result, after 2 h at 300 ~ 
the degree of approach to the equilibrium of  the isotope 
exchange is 39%, and after 5 h, it is only 42%. If the 
absorption of  dinitrogcn by the catalyst is carried out at 
300 ~ over a shorter period (20 h instead of  160 h), the 
subsequent isotope exchange of 15N 2 with the sorbed 
nitrogen sharply accelerates, and at 300 ~ the equilib- 
rium is practically reached as soon as after 2 h. This 
indicates that the catalyst contains at least two different 
forms of sot'bed nitrogen; one of  them (formed rapidly 
and less firmly bound to the catalyst) readily undergoes 
isotope exchange with tSN 2 and, probably, is easily 
hydrogenated, whereas the other one (formed slowly 
and bound more firmly to the catalyst) enters with 
difficulty into isotope exchange with tsN 2 and cannot be 
readily hydrogenated. It was suggested 27 that nitrogen 
atoms of the latter type are those sorbed within the bulk 
of the catalyst rather than on its surface. 

In the case of the Ru + K system supported on "f-AI203, 
nitrogetl absorbed by the catalyst (350 ~ 96 h) under- 
goes isotope exchange with gaseous 15N 2 starting from 
270 ~ z7 Although the rate of the process is very low 
even at 350 ~ the reaction still proceeds somewhat 

faster than hydrogenation of  the absorbed nitrogen. How- 
ever, the rate of isotope exchange of  sorbed nitrogeu 
with 15N 2 is approximately two orders of magnitude 
lower (at 355 ~ than the rate o f  isotope exchange in 
gaseous nitrogen, which is observed even at 250 ~ 

Investigation of the nature of  nitrogen sorbed by the 
Ru+K catalyst on ~/-Ai20 3 by IR  spectroscopy showed 
that heating the catalyst ill an atmosphere of  N 2 at 
200 ~ results in the appearance of  an absorption band 
at 2020--2050 cm - l  in the IR spectra; the intensity of 
this band sharply increases when the temperature of 
heating increases to 350 ~ 23,26 Based on experiments 
with 15N 2, the band in quest ion was assigned to the 
stretching vibrations of the N 2 molecule  coordinated to 
ruthenium, and the measurement  of  the extinction coef- 
ficient of this vNN band led to the conclusion 26 about 
the end-on type of coordinat ion of  dinitrogen to the 
metal, viz., Ru--N-zN. 

As the content of potassium in the catalyst increases, 
the intensity of the vNN band increases, while the band 
itself gradually shifts to longer wavelengths (from 2050 to 
2020 cm- l ) .  However, when K is replaced by Na, the 
vNN band shifts to shorter wavelengths (by 6--10 cm- t ) ,  
and its intensity decreases. All the foregoing demonstrates 
the importance of the transfer of  electrons from an 
alkali metal to ruthenium and then to N 2 for the forma- 
tion of the coordination bond between ruthenium and 
dinitrogen. 

The intensity of the vNN band observed in the IR 
spectrum upon the interaction of  N 2 with the Ru+K 
catalyst on y-AI20 3 virtually does not change after pro- 
longed (for 24 h) evacuation of  the sample at room 
temperature, and when the sample  is kept for 3 h at 
350 ~ in an atmosphere of  He,  the intensity of  this 
band decreases only by 50%, which points to a highly 
strong coordination of N 2 with ruthenium. 

The most interesting feature of  the Ru- -N  2 species 
formed in the Ru+K system on "t-AI20 3 is that on 
heating, they react with H 2 to give ammonia .  23,26 Ac- 
cording to the IR spectroscopy data, hydrogenation of 
dinitrogen bound to ruthenium becomes obvious at tem- 
peratures above 260 ~ when the intensity of the vNN 
band in the spectrum gradually decreases, and ammonia 
appears in the gas phase. When  the temperature is 
increased to 350 ~ the rate o f  hydrogenation increases 
but it is still rather low, so that  under  these conditions, 
the vNN band completely disappears only after 4.5 h. 

Similar vNN bands indica t ing  the formation of 
dinitrogen complexes are exhibi ted in the IR spectra on 
heating N 2 with the Re+K arid R h + K  catalysts on 
,t.-Al,O 3 at 350 ~ 23,26 However,  these bands are shifted 
by 4--20 cm -I  to shorter wavelengths compared to the 
vNN bands exhibited by the ru thenium-conta in ing  sys- 
tem and are less intense; this  correlates with the fact 
that the Rh+K and Re+K catalysts on 3,-Al20 3 are less 
active in the ammonia synthesis than Ru+K on ~,-AI20 3. 

Tile dinitrogeu complexes formed in the interaction 
of N 2 with these catalysts conta in  apparently not only a 
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transition metal and nitrogen but also potassium. This 
assumption is supported by the data obtained in a study 
of the reaction of  N 2 with the Ru+K system without a 
support, zS,z9 It was found that if a mixture of powdered 
ruthenium with potassium is kept at 350 ~ for 40 h in 
an He atmosphere, and the resulting sample is then 
evacuated at the same temperature,  potassium is com- 
pletely removed from the catalyst over a period of only 
2 h. At the same time, when a mixture of ruthenium 
and potassium is kept in a dinitrogen atmosphere under 
the above-mentioned conditions (40 h, 350 ~ and 
then the resulting sample is evacuated at 350 ~ a 
considerable part of  the potassium remains bound to the 
catalyst and is not removed during the evacuation. This 
means that metallic potassium directly participates in 
the reaction of  Ru with N 2 and is apparently incorpo- 
rated in the resulting nitrogen-containing product. 

According to measurements,  the molar ratio of the 
amount  of dinitrogen absorbed by the Ru+K catalyst to 
the amount of  potassium firmly attached to the catalyst 
is close to unity, zS,z9 This led to the assumption that the 
reaction of N 2 with Ru and K yields a nitrogen-contain- 
ing product of  the composition [KRuN2] n. Since the 
number of nitrogen atoms sorbed by the catalyst (and, 
hence, the number of  the firmly fixed potassium atoms 
as well) exceeds the number of surface ruthenium atoms 
by a large factor (see above), it was concluded that the 
formatioli of [KRuNz~]n occurs over the whole bulk of 
ruthenium, and it is this reaction that constitutes the 
slow stage of the dinitrogen absorption by the catalyst. 

It should be noted that, unlike the stoichiometric 
ratio, K : N 2 = I, which was found experimentally, the 
Ru : N 2 ratio in the product was not determined but 
was postulated to be equal to unity resorting to the 
indirect data obtained for the reaction of N 2 with the 
Ru+K system on -r 3 in which the amount of 
dinitrogen absorbed during 96 h at 350 ~ reaches 0.8 
moles per 1 g-a tom of Ru (see above), z7 Thus, actually 
it is assumed that the reaction of N 2 with the Ru+K 
system on y-Al20 3 yields a nitrogen-containing com- 
pound with the same composition, [KRuN2] n, as in the 
case of the unsupported Ru+K catalyst. Correspond- 
ingly, the vNN band observed at 2020--2050 cm - l  in 
the IR spectrum of  the products of the reaction of 
dinitrogen with the Ru+K catalyst on ,t-AI20 3, was 
attributed z7 to the stretching vibrations of the N N-bond 
in the compound [KRuN2]~, which is thus regarded as a 
dinitrogen complex of ruthenium. 

The presence of an NN bond in [KRuN21 n is indi- 
cated by the fact that hydrolysis of the products of 
reaction of N2 with the Ru+K system gives substantial 
amounts of hydrazine and gaseous nitrogen, together 
with ammorfia, z8,29 The yield of  hydrazine is I 1.8 tool.%, 
and that of ammonia  is 9.5 tool.%, which corresponds to 
conversion o f -16% of the absorbed amount of dinitrogen. 
Unfortunately, the amount of gaseous nitrogen evolved 
during the hydrolysis was not determined. 

The formation of dinitrogen and hydrazine on the 
hydrolysis of [KRuN2] n could occur via protonation of 
the dinitrogen ligand, which carries a partial negative 
charge on the nitrogen atoms. Protonation of  this type 
(by acids or even alcohols) is well-known for complexes 
of  dinitrogen with transition metal  compounds (see, for 
example, Ref. 35). 

Catalysts for the ammonia  synthesis prepared by 
depositing transition metal compounds onto various sup- 
ports (active carbon, graphite, zeolite) followed by re- 
duction of the resulting supported samples by solutions 
of  organolithium and organosodium compounds have 
been described. 36 As transition metal compounds,  Fe 111, 
Ru m, Mo v, and Ti TM chlorides, K2OsCIr, KReO4, and 
Fe IH and Ti Ill acetylacetonates were utilized; n-butyl-  
lithium, phenyllithium and sodium naphthalenide were 
used as the reducing agents. The activity of  these cata- 
lysts is low. The K2OsCIr+CIoHs-Na + system sup- 
ported on graphite is the most active ([NH3] = 0.0142% 
(v/v) at 370 ~ and at I atm, N 2 : H 2 = 1 : 3, W =  
1300 h-I) .  The RuCI3+CIoHs-Na + and FeCI3+PhLi 
systems on graphite and FeC13+ BunLi on active carbon 
are less efficient. Other catalysts exhibit only negligible 
(if any) activity in the ammonia synthesis. 

5. Supported catalysts based on the potassium deriva- 
tives of anionic metal carbonyl clusters 

The potazsium derivatives of anionic metal carbonyl 
clusters are quite promising for the catalysis of  the 
ammonia synthesis, because they are potential precur- 
sors of not only highly dispersed transition metal par- 
ticles but also of  a potassium promoter.  

The possibility of  using such clusters for the develop- 
ment of highly efficient catalysts for the ammonia  syn- 
thesis has been studied in detail. 37-44 Catalysts of  two 
types were invesigated. The first type included catalysts 
not promoted by additives of alkali metals. The second 
type contained metallic potassium specially introduced 
as a promoting additive. 

For the preparation of  the catalysts, the following 
supports were used: magnesium oxide, "t-alumina, silica, 
carbonized magnesium oxide, various commercial  active 
carbons (SKT, AG-5,  BAU, etc.), and original graphite- 
like active carbons "Sibunit "45 and CFC-1.  46 The ex- 
perinaents on the ammonia  synthesis were carried out in 
a flow-type reactor at 250--400 ~ and atmospheric  
pressure using a stoichiometric dini t rogen--dihydrogen 
mixture (flow rate 10 L h- l ) .  The catalysts were tested 
starting from 250 ~ then the temperature was succes- 
sively raised to 300, 350, and 400 ~ For some catalyst 
samples, the activity at 150--200 ~ was also measured. 
Among the clusters  tes ted (K2[Fe2(CO)8] ,  
K2IRu4(CO)t3],  K2[Os3(CO)xll ,  K2[Mo2(CO)Io] ,  
K,IW2(CO)Io], etc.), the highest efficiency was exhib- 
i ted by K2[Fe2(CO)s] ,  K2[Ru4(CO)I3],  and 
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K2[Os3(CO)It ]. The catalysts based on these clusters are 
considered below. 

5. I. Catalysts containing no promoting 
additives of an alkali metal 

The catalysts were prepared by impregnation of  sup- 
ports  with T H F  so lu t ions  of  K2[Rua(CO)I3 ], 
K2[Os3(CO)ttl, and K~[Fe2(CO)81 followed by removal 
of  the solvent at 20 ~ in vacuo. The Ru/support  and 
Fe/support  ratio in the catalysts was 9% (w/w), and the 
Os/support ratio was 17.2% (w/w). 

As noted above, ruthenium and osmium on active 
carbon prepared by the reduction of  supported RuCI 3 
and OsO4 with dihydrogen are inactive in the ammonia 
synthesis even at 400 ~ unless they are promoted by the 
addition of an alkali metal, is,19,3~ However, it has been 
found 4~ that if the carbon-supported ruthenium and 
osmium catalysts are prepared using K2[Ru4(CO)~3] and 
K2[Os3(CO)tt] (instead of  RuCI 3 and OsO4), the result- 
ing systems are able to catalyze efficiently the ammonia 
syllthesis even in the absence of  a specially added alkali 
metal or any other electron promoter. Apparently, the 
potassium incorporated in the initial anionic cluster acts 
as a promoter in these catalysts. 

The best results were obtained for the ruthenium 
cluster on the graphite-like active carbons "Sibunit" and 
C F C - I .  Both catalysts proved to be active in the ammo- 
nia synthesis starting from 250 ~ Especially effective is 
K~_[ Ru4(CO)t3 ] on the C F C - l  carbon. 43 In its activity at 
300--400 ~ and I arm ( W  = 2500 h- I ) ,  this catalyst 
exceeds the industrial catalyst for the ammonia  synthesis 
(SA- 1)_ The osmium cluster K2[Os3(CO)t t1 supported 
ota g raph i t e - l ike  carbons  is less active than 
K2[ Ru4(CO)t31: it catalyzes the ammonia  synthesis start- 
ing from 300 ~ The  i r o n - c o n t a i n i n g  cluster  
K2[Fe2(CO)s] exhibits activity in this process only at 
400 ~ When the graphite-l ike active carbons are re- 
placed by conventional carbon SKT, the activities and 
stabilities of the catalysts sharply dec rease )  9,4~ 

An even more efficient ruthenium catalyst for the 
ammonia  synthesis  is ob ta ined  by suppor t ing  
K2[Ru4(CO)I3 ] o,a highly basic magnesium oxide. 4L43 
At 300 ~ and space velocity of 2500 h - I ,  this catalyst is 
3.4 times more active than the industrial catalyst. The 
use of  y-AI20 3 or SiO 2 instead of  MgO dramatically 
decreases the efficiency of the catalyst, 41,'13 indicating 
that the basic properties of the support are significant for 
ensuring high rates of the ammonia  synthesis. Appar- 
ently, on passing from ~,-AI20 3 and SiO 2 to highly basic 
MgO, the electron density on the Ru atoms substantially 
increases, and this is exactly the reason for the observed 
acccleration of the ammonia  synthesis (cf. Ref. 47). 
Thus, in this catalytic system, MgO is not merely a 
support but also acts as a peculiar electron promoter 
(together with the potassium it~corporated in the starting 
ruthenium cluster). 

5.2. Catalysts promoted by metallic potassium 

The catalysts  p romoted  by  meta l l i c  potass i -  
um 37-39,4t,44 were prepared in the  following way. First 
K2[Ru4(CO)131, K~[Os3(CO)ll], and K2[Fe2(CO)sl sup- 
ported on active carbon were heated for several hours in 
a flow of  a d ini t rogen--dihydrogen mixture or  dihydro-  
gen in order to remove the carbonyl  iigands from the 
metal. The temperature of  heat ing was 300 ~ for the 
ruthenium and osmium complexes  and 200 ~ for the 
iron complex. Then the resulting samples were treated 
with metallic potassium at 120--130 ~ in an argon 
atmosphere with vigorous stirring. Under  these condi-  
tions, metallic potassium smooth ly  reacted with active 
carbon to give dark-brown highly pyrophoric powders, 
which were tested in the a m m o n i a  synthesis. 

The testing showed that in all cases, the introduction 
of metallic potassium sharply increases the activity of 
the catalysts in the ammonia  synthesis. 37,39,4t,44 An 
especially strong accelerating effect of  the alkali metal 
was observed for i ron-conta ining samples. In studying 
the K2[Ru4(CO)t31+K and K2[Fe2(CO)81+K catalysts 
on "Sibunit, "41,' '  it was found tha t  at constant contents 
of the transition metal and carbon in the system, the 
activities of both catalysts pass through a maximum with 
increase in the amount  of  potass ium in the system; in 
the case of the ruthenium catalyst ,  the content  of  the 
alkali metal corresponding to the  maximum catalytic 
activity is substantially smal ler  (K : C = I : 12.5-- 
16.7) than that in the case of  the  iron catalyst (K : C = 
I : 5).* Probably iron suppor ted  on carbon requires 
much stronger electron p romot ion  for the ammonia 
synthesis than ruthenium on carbon.  

A characteristic feature of t he  Ks[ Fe~(CO)8 ] + K cata- 
lysts is their increased activity in the ammonia synthesis in 
the low-temperature region. Thus  hydrogenation of  N 2 
over the K2[Fe2(CO)s]+K catalyst  on the AG-5  carbon 
occurs at a noticeable rate (0.3 c m  3 NH 3 h - I  g - t )  even at 
150 ~ and atmospheric pressure, and at 250 ~ this 
catalyst is 2.5 times more active than the industrial cata- 
lyst for the ammonia synthesis ( W  = 2500 h-I) .  37 The 
K2[Ru4(CO)I3]+K catalysts on carbon are less efficient at 
150--200 ~ than the similar K.2[Fe2(CO)8]+K systems, 
but they are considerably more active at higher tempera- 
tures (250--350 ~ 39,41,~ 

The  dependence  o f  t h e  ac t iv i ty  o f  the  
K qFe2(CO)sI+K catalyst on the SKT carbon in the 
ammonia synthesis on the a m o u n t  of  potassium also 
passes through a maximum, 37.4s but this maximum is 
shifted to even higher contents  of  the alkali metal than 
that observed for the similar catalyst on "Sibunit." It 
should be noted that the posi t ion of the maximum does 
not depend on the content o f  iron in the catalyst (at 
least, in the Fe/carbon = 4 .5- -9 .0% (w/w) range), be- 

* Here and below, the K : C ratios in the samples do not 
include potassium incorporated in the starting anionic chtstcr. 
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ing determined only by the molar  ratio of  potassium to 
carbon. ] 'he opt imum K : C ratio is 1 : (3.7--3.8). The 
results obtained led to the conclusion that the actual 
donor of electrons in these systems is not the potassium 
itself but its adduct with active carbon, similar to the 
well-known adducts of alkali metals with graphite and 
aromatic hydrocarbons. 

A significant point in elucidation of the mechanisms 
of activation and subsequent hydrogenation of dinitrogen 
was the fact that the ammonia synthesis over such 
catalysts can be accomplished stepwise. 38 Thus if the 
K2[Fe2(CO)s]+K catalyst on the SKT carbon is heated 
for 7 h at 250 ~ in a flow of N2, and then H 2 is passed 
through the sample at the same temperature (after re- 
moval of N2), -0 .4  mole of  ammonia  per 1 g-atom of Fe 
is formed. The repeated heating of  the catalyst in a flow 
of dinitrogen and then in a flow of dihydrogen results 
again in the formation of ammonia,  and such cycles of 
stepwise hydrogenation can be repeated many times. 

in a study of  the processes occurring during the 
interaction of  dinitrogen with these systems, it was 
found that hydrolysis of the K2[Fe2(CO)s]+K catalyst 
after its heating in a flow of  N 2 at 250 ~ also affords 
ammonia. ~ Since the products of  hydrolysis contained 
no hydrazine, it was concluded that during the reaction 
of the catalyst with dinitrogen, the latter is reduced to 
nitride derivatives, which serve as the source of  ammo-  
nia during the hydrolysis. It was shown by s0ecial ex- 
periments 4s that these nitrides are also responsible for 
the formation of ammonia during the interaction of  the 
sample with dihydrogen. 

The efficiency of  the reduction of dinitrogen to 
nitrides (which can be evaluated based on the yield of 
ammonia after the hydrolysis) depends strongly on the 
content of potassium in the catalyst. 4s It is significant 
that this dependence also passes through a maximum, 
which is observed at the same K : C ratio (1 : 3.7-- 
3.8), as in the case of the ammonia synthesis from 
diuitrogen and dihydrogen. In the absence of specially 
introduced potassium, the catalyst completely loses its 
activity in the reduction of N 2 to nitrides at 250 ~ 

The yields of  ammonia formed on the hydrolysis are 
quite large; at sufficiently long reaction times, they 
approach a value of 2 moles per 1 g-atom of Fe. ~ The 
formation of  the so large amounts of ammonia with 
respect to iron clearly indicates that the reduction of 
dinitrogen in the K2[Fe2(CO)s]+K system on the SKT 
carbon occurs, at least partially, due to electrons of 
metallic potassium, or, more precisely, its adduct with 
carbon. Since the adduct of potassium with carbon alone 
was found to be inert with respect to N 2 at 250 ~ it can 
be concluded that iron also participates in the reduction 
of dinitrogen by activating the N 2 molecule. Thus, the 
processes occur r ing  during the interact ion of  the 
K2[Fc2(CO)8I+K catalyst on SKT with dinitrogen are 
apparently quite similar to the reactions of reduction of 
N 2 in l iquid-phase nitrogen-fixing systems, 4,9 with the 
only difference being that in the latter case, the reduc- 

tion occurs in solution rather than on the surface of  a 
catalyst. 

Subsequent studies have shown that during the am- 
monia  synthesis  from N 2 and H 2 over  the 
K2[Fe2(CO)8]+K catalyst on SKT, large amounts  of a 
nitrogen-containing product, capable of forming ammo-  
nia under the action of dihydrogen or upon hydrolysis, 
are also accumulated in the sample.38, ~ It was found 
that when H 2 is passed at 250 ~ through the catalyst 
after hydrogenation of N 2 at the same temperature for 
3 h at a steady rate, ammonia  appears again in the gas 
flow. The quantity of ammonia  increases with t ime and, 
after 18 h, it reaches -1.2 mole per 1 g-a tom of  Fe, and 
the reaction is not yet completed up to this moment .  
When H 2 is replaced by At, ammonia  is no longer 
detected in the gas flow. This indicates that the forma- 
tion of ammonia in the reaction with dihydrogen is due 
not to thermal desorption of  NH 3 from the catalyst 
surface but to hydrogenation of  an intermediate nitro- 
gen-containing product resulting from the reaction of 
the dinitrogen--dihydrogen mixture with the catalyst 
during the ammonia  synthesis_ 

The rate of formation of this intermediate product is 
substantially higher than the rate of formation of the nitride 
derivative in the reaction of the catalyst with pure N2 .48 
This is indicated by a comparison of  the time dependences 
of the yields of ammonia on the hydrolysis for the reaction,s 
of  the catalyst with an N2--H 2 mixture and with N 2 alone. 
Thus the hydrolysis of the catalyst preheated for 1.5 h at 
250 ~ in a flow of N 2 yields only 0.3 mole of NH 3 per 
l g-atom of Fe, whereas in the case where the catalyst had 
reacted with a dinitrogen--dihydrogen mixture, the yield of 
ammonia after the hydrolysis is 1.3--1.4 mole of  NH 3 per 
I g-atom of Fe under the same conditions. 

Based on the obtained results, as it was suggested that 
dihydrogen actively interferes in the interact ion of 
dinitrogen with the catalyst even at the early stages by 
acce lera t ing  the process and pa r t i c ipa t ing  in the 
dinitrogen reduction, together with the adduct of  carbon 
with potassium. If  this is really so, then the nitrogen- 
containing intermediate, which is formed in the catalyst 
during the ammonia synthesis and serves as the source 
of ammonia in the hydrolysis, should contain N - - H  
bonds, i.e., this should be an amide or imide derivative 
rather than a nitride, as in the case of  the reaction of  the 
catalyst with pure dinitrogen. It can be believed that in 
the formation of this amide (or imide), the role of the 
reducer of dinitrogen is accomplished by the product of 
interaction of dihydrogen with the potassium--carbon 
adduct,  most likely, potassium hydride. A similar accel- 
erating effect of dihydrogen on the reduction of  N 2 has 
been observed previously for l iquid-phase nitrogen-fix- 
ing systems Ti(OR)4+Bui3AI (R = Et, Bu n ) and 
TiX4+BuiaAt+AIBr3 (X = CI, Bu'xO), 7,8,t0 in which 
dihydrogen was shown to actually participate in the 
reduct ion  of  d in i t rogen  ( toge ther  with the 
organoaluminum compound) to form products contain- 
iug N- -H bonds. 
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TiLe isotope exchange in d in i t rogen  over  the 
K21Fe2(CO)sI+K catalyst on the SKT carbon is also 
accelerated in the presence of dihydrogen, and in this 
case too, the plots for the exchange efficiency both in 
the absence and in the presence of H 2 pass through a 
maximum at a K : C ratio of 1 : (3.7--3.8). 49 The 
isotope exchange over this catalyst requires much higher 
temperatures (350 ~ than the ammonia synthesis and 
the reduction of  dinitrogen to nitrides. Apparently, the 
ammonia synthesis and the isotope exchange in dinitrogen 
over the K2[Fe2(CO)8]+K catalyst are characterized by 
different rate-determining steps. It is known that in the 
case of the conventional ammonia  synthesis catalyst 
based on bulk iron, the isotope exchange in dinitrogen 
occurs at the same temperatures as the ammonia syn- 
thesis and that the rates of  these two processes are 
close. 3z,33 The latter indicates that the rate of both 
reactions is limited by the same step, namely, chemi- 
sorption of  dinitrogen. 

Thus, the results presented above show that the 
K21Fe2(CO)aI+K system on SKT carbon is able to 
accomplish on heating at least three processes: catalytic 
ammonia synthesis from N 2 and H 2, reduction of N2 to 
nitrides and the isotope exchange in dinitrogen. The 
effieiencies of these three reactions depend on the amount 
of potassium in the catalyst and pass through a maxi- 
mum at the same K : C ratio. The presence of 
dihydrogen in the gas accelerates both the reduction of 
dinitrogen by the catalyst and the isotope exchange in 
dinitrogen. However, the latter occurs at considerably 
higher temperatures than the reduction of  N 2 by the 
catalyst or the ammonia  synthesis. 

A comparison of  the K2[Fe2(CO)8]+K catalyst on 
the SKT carbon with l iquid-phase nitrogen-fixing sys- 
tems based on transition metal compounds and strong 
reducing agents demonstrates similarity of the behavior 
of these two types of systems, indicating that the mecha- 
nisms of their reactions with dinitrogen have common 
features. It can be assumed that the first step of the 
reaction of N 2 with the K2[Fe2(CO)sI+K system on the 
SKT carbon includes complexation of an N 2 molecule 
with iron-containing active sites. Then the coordinated 
dinitrogen molecule is reduced by electrons from the 
potassium--carbon adduct to yield nitrides, which are 
converted into ammonia upon hydrolysis. The ability of 
these nitrides to undergo hydrogenolysis to ammonia 
with regeneration of the active sites makes it possible to 
accomplish cyclic ammonia  synthesis on this catalyst. 

The catalytic synthesis of  ammonia from N 2 and H 2 
in the presence of the K2[Fe2(CO)sI+K system also 
includes apparently the step of complexation of N~_ with 
Fe atoms; however, the subsequent reduction of the 
coordinated N 2 molecule occurs probably through the 
action of potassium hydride, which could result from the 
reaction of dihydrogen with the adduct of  carbon with 
potassium. The reduction of  dinitrogen with potassium 
hydride affords amides or imides, whose hydrogeuolysis 
ttHder the actiol~ of dihydrogen gives ammonia.  

6. Conclusion 

The data presented in this review demonstrate the 
fruitfulness of  using the ideas and methods of  the chem- 
istry of molecular nitrogen in solutions for the accom- 
plishment of  low-temperature ammonia  synthesis from 
dinitrogen and dihydrogen. The studies carried out in 
recent decades resulted in the development  of  a new 
type of catalysts for the ammonia  synthesis that are 
characterized by increased activities in the low-tempera-  
ture region. The catalysts are heterogeneous analogs of 
the .well-known homogeneous nitrogen-fixing systems 
based on transition metal  compounds  and strong elec- 
tron donors. The best results have been obtained for 
supported ruthenium, osmium, and iron catalysts treated 
with alkali metals. The potassium-containing catalysts, 
which are highly active in the a mmon ia  synthesis, have 
been studied in the greatest detail .  The replacement of 
potassium by cesium gives even more  active systems, but 
they have been scarcely studied. 

One of the functions accomplished by metallic po- 
tassium in these new catalysts is the creation of in- 
creased electron density on the transition metal atoms, 
which is necessary for efficient activation of  dinitrogen. 
In the industrial catalyst for the ammonia  synthesis, this 
function is performed by potassium oxide; however, the 
effect of metallic potassium should be much stronger. 

Yet another possible role of metal l ic  potassium in the 
functioning of  these catalysts is due to the fact that, 
unlike K20, it is a strong reducing agent. As a conse- 
quence, on introduction of  metal l ic  potassium, a system 
can acquire the ability to reduce molecular  nitrogen to, 
for example  ni t r ides ,  as was  observed  for the  
K~[Fe2(CO)sI+K system on SKT carbon. In the pres- 
ence of dihydrogen, a considerable part of  the metallic 
potassium is apparently conver ted into potassium hy- 
dride, and this provides condi t ions for the occurrence of 
the ammonia synthesis by a mechanism that includes 
reduction of dinitrogen by potassium hydride to amide 
or imide derivatives followed by  their  hydrogenolysis by 
dihydrogen to give free ammonia .  

Regarding the practical use of the developed cata- 
lysts, the prospects for metal l ic  potassium are obviously 
not very good. Therefore, in the  late 70s, intense studies 
were started in Japan and G r e a t  Britain (British Petro- 
leum) aimed at the replacement  of  metall ic potassium in 
the catalysts under considerat ion by other  promoters 
that would be more plausible from the practical view- 
point (see, for example, Refs. 50--54). These studies 
resulted in the development o f  new supported ruthe- 
nium catalysts for the a mmon ia  synthesis, containing 
alkali or alkaline earth metal  oxides (or hydroxides) as 
the electron promoters. The best  of these catalysts are 
substantially more efficient than  the industrial catalyst 
for the ammonia synthesis, but  regarding the activity in 
the low-temperature region, they  are considerably infe- 
rior to those promoted by metal l ic  potassium. One of 
these uew ru theu ium ca ta lys t s  was used by the 
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M. W. Kellog company together with British Petroleum 
to develop a new industrial technology for the ammonia 
synthesis, which may replace in the future the currently 
used Haber--Bosch process. The use of the new catalyst 
allows the ammonia synthesis to be conducted at much 
lower pressures (70--105 atm), but the reaction tem- 
peratures still remain fairly high (350--470 ~ s5. 

Further research aimed at the development of cata- 
lysts for low-temperature ammonia synthesis would make 
it possible to solve this important problem. 

The authors are grateful to the Ministry of Science 
and Technology of the Russian Federation and also to 
the Commission of  European Communities,  PECO pro- 
gram (grant No. E R B C H R X C T  930147) for financial 
support. 
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