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Abstract: Ammonia synthesis via the high-temperature and
high-pressure Haber-Bosch process is one of the most impor-
tant chemical processes in the world. In spite of numerous
attempts over the last 100 years, continuous Haber-Bosch type
ammonia synthesis at room-temperature had not been possible,
yet. We report the development of a mechanocatalytic system
operating continuously at room-temperature and at pressures
down to 1 bar. With optimized experimental conditions,
a cesium-promoted iron catalyst was shown to produce
ammonia at concentrations of more than 0.2 vol.% for over
50 hours.

Ammonia production via the Haber-Bosch process is
arguably one of the most important chemical processes and
certainly one of the most influential inventions of the
twentieth century.[1] Its significance was acknowledged by
awarding three Nobel prizes up to now: in 1918 to Fritz Haber
for the development of the synthesis from hydrogen and
nitrogen, in 1931 to Carl Bosch for the invention of the high-
pressure process, and in 2007 to Gerhard Ertl for the
understanding of the surface processes.[2] At an annual
production of about 150 Mt, ammonia and derived com-
pounds as fertilizers are decisive for the production of food
for the world�s population.[3] It is also discussed as a potential
carbon free energy carrier.[4] Although optimized for more
than 100 years, the Haber-Bosch process still requires essen-
tially the conditions applied at its invention: high temper-
atures of up to 500 8C and reaction pressures of up to 200 bar
to achieve reasonable ammonia concentrations at sufficiently
high rates.[5] The most significant innovation was the intro-
duction of ruthenium-based catalysts, showing high activity
also at somewhat lower pressures.[6] Nonetheless, ammonia
production still is dominated by the iron-catalyzed Haber-
Bosch process, with the ruthenium catalyst used in some
plants in a last reactor downstream of the main, iron-
catalyzed reaction.[5b]

The extreme importance and the challenging nature of
ammonia synthesis have led to the study of alternative
approaches for the synthesis under milder conditions over
decades. Electrochemical synthesis attempts have become
popular over the last years, but even with highly sophisticated
systems only very small amounts of ammonia are produced,
where it is sometime not even clear that the ammonia is
indeed electrocatalytically formed.[7] Systems with very high
reported ammonia yields were even shown to be irreprodu-
cible.[8] Photocatalysis suffers from the drawback of only
producing trace amounts of ammonia.[9] Efforts in the area of
molecular catalysts for nitrogen activation—as interesting as
they are—can rather be considered as model studies for the
natural enzymatic way of nitrogen fixation, but not as
a competitive alternative method for ammonia synthesis,
due to their prevalent use of special proton donating as well as
reducing agents.[10] Promising results were achieved in the
catalytic conversion of nitrogen in non-thermal plasma
processes, but plasma-catalytic processes do not meet the
required targets of ammonia output and energy input.[11]

In recent years, mechanochemistry has evolved as a prom-
ising alternative strategy for the activation and transforma-
tion of molecules.[12] Also heterogeneously catalyzed gas-
phase reactions can be mechanically activated, resulting in
significant enhancements of activity.[13] Due to the high
importance, mechanocatalytic ammonia synthesis has also
been attempted, albeit in less than a handful of reports with
partly unclear validity of the claims. The first claimed
mechanochemical ammonia syntheses date back to 1961 and
1974.[14] However, details are only sketchily described,
ammonia concentrations were very low in the ppm range,
and formation of ammonia by alternative pathways (activa-
tion of impurities) could not be excluded, so that these reports
are at least questionable. In 2020, Tricker et al. claimed
a mechanocatalytic synthesis of ammonia over TiN in
a common laboratory shaker mill.[15] However, during milling
no ammonia was observed in the gas phase, and ammonia was
determined by washing the milled solid with an aqueous
solution, so that hydrolytic ammonia formation from a nitride
seems possible, even probable. A true step towards mecha-
nochemical ammonia formation was taken recently in a chem-
ical looping process.[16] Here, ammonia was cyclically pro-
duced at low temperature by nitridation of iron and subse-
quent hydrogenation of the formed iron nitrides. While this is
certainly a highly interesting finding, this approach does not
realize a Haber-Bosch-like continuous catalytic ammonia
synthesis at room-temperature. In the following, a room-
temperature mechanocatalytic ammonia synthesis is de-
scribed, although it should be noted that during collision of
balls higher local temperatures could be possible.
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Potential catalytic systems were initially screened in
a batch approach, offering advantages for screening: different
catalyst systems can be tested in a very short time and at
room-temperature/high pressure (> 100 bar possible) condi-
tions, which ideally meet the thermodynamic requirements
for ammonia synthesis. In a typical experiment, the milling jar
(see Figure S3 and S4) was loaded inside a glovebox with
a certain amount of a potential catalyst material (typically
1.0 g or 2.0 g) and three 10 mm and three 15 mm steel balls,
giving a ball-to-powder ratio of 54:1 or 27:1 respectively. The
jar was subsequently pressurized with a mixture of H2:N2 (3:1)
(the resulting pressure is given as the sum of the partial
pressures of H2 and N2, since a background partial pressure of
1 bar of Ar from the glovebox atmosphere was always
present) and mounted in a Fritsch Pulverisette 6 planetary
ball mill. After each experiment, the gas phase was analyzed
by infrared (IR) spectroscopy, and the powder was trans-
ferred into the glovebox for further analyses (for more
detailed descriptions see S1–S5).

Initially, most of the attempts of a mechanochemical
ammonia synthesis were not successful; not even trace
amounts of ammonia were formed with any of the tested
systems (selected examples, including metallic iron, and
further description see Table S1). Ammonia was first unam-
biguously detected in the gas phase after milling mixtures of
alkali metal ferrites AFeO2 (A = Li, K, Cs) with elemental
iron. However, powder X-ray diffraction (PXRD) patterns of
the product from the Fe/CsFeO2 reaction very clearly showed
the presence of CsOH·H2O, indicating an in situ reduction of
the CsFeO2 under formation of water (see Figure S8–S12 for
PXRDs of the products of the milling reactions and Table S2
for all details and results of the reactions with the Fe/AFeO2

system). A similar product pattern was also found for the
reaction using KFeO2. In this system ammonia could be
formed by hydrolysis of a nitride and reaction with the
reaction water, that is, non-catalytically. This, incidentally,
also shows that great care needs to be taken in interpreting
data on ammonia formation in complex systems. Neverthe-
less, these experiments proved the possibility of mechano-
chemically activating molecular nitrogen also in a mixture
with hydrogen by the use of an iron-based system. Further
tests therefore focused on mixtures of iron with non-reducible
additives. In classical Haber-Bosch a potassium promotor is
present on the catalytically active ammonia iron, in the form
of a [K + O] ad-layer.[17] Also other alkali-oxides were shown
to be suitable as promotors.[18] Thus, commercially available
lithium oxide was used as an additive. This indeed led to the
formation of small amounts of ammonia (see Figure 1 and
Table S3 for experimental conditions), however, only at high
pressures and with preferentially high amounts of lithium
oxide (170 bar, 1.0 g of Li2O and 1.0 g of Fe). For iron based
catalysts the presence of oxygen reduces the promoting effect
of the zero-valent alkali (decreasing nitrogen sticking coef-
ficient).[17b] However, in thermochemical ammonia synthesis
operating at high temperatures, metallic alkali promotors
cannot be used, due to the volatility of the metals, but the low
temperature mechanochemical approach opens this possibil-
ity. Addition of lithium to iron resulted in no more than traces
of ammonia (see Table S2, entries 33 and 34). However,

cesium is a suitable promotor for ammonia synthesis. This
might be attributed to its higher electropositivity, potentially
also to thermodynamic instability of its bulk nitride, which, in
the case of lithium with its very stable nitride, might serve as

Figure 1. Results for selected batch systems. (top) Molar amount of
ammonia in the gas phase and yields based on nitrogen for metals
promoted by cesium or lithium oxide. Reaction conditions were: 48
repetitions of 30 min each with a pause of 5 min in between each run,
500 revolutions-per-minute (rpm), three 10 mm and three 15 mm steel
balls were used, Fritsch Pulverisette 6. The jar was loaded with 2.0 g of
material. For the systems promoted by cesium, 1.9 g of d-metal and
0.1 g of cesium were used and the reactions were conducted at 50 bar
(H2:N2, 3:1). For the reaction with iron and lithium oxide, 1.0 g of each
compound was used and the milling was performed at 170 bar (H2:N2,
3:1). (middle and bottom) PXRDs of the resulting products after
milling. For the MnCs reaction, additional Fe reflections from abrasion
are visible and for the FeCs reaction, extremely weak reflections of
CsOH were detected. For the NiCs product, the reflections of Ni are
slightly shifted, possibly due to abrasion of iron and subsequent
alloying.
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a sink.[19] The addition of cesium to iron (2.2 mol% Cs, a total
of 2.0 g catalyst) enabled the formation of ammonia not only
at 150 bar (24 h of milling, nNH3

= 0.378 mmol, Y= 0.38 %,
with nNH3

as the total amount of ammonia produced and the
yield Y based on nitrogen), but also at 50 bar (same
conditions, nNH3

= 0.097 mmol, Y= 0.29 %). As can be seen
in the exemplary IR-spectrum of the gas phase from the
150 bar reaction (see Figure S13), also methane can be
detected, which results from mechanochemical hydrogena-
tion of carbon-containing materials (the jar itself, steel balls,
rubber sealing). Comparative experiments with sodium and
potassium yielded rather low amounts of ammonia (see
Table S2, entries 35–37), whereas rubidium acted as a potent
promotor as well, however, with somewhat reduced activity
compared to cesium (see Table S2, entry 38). No promoting
effect was observed for the alkaline-earth metals calcium or
barium under the conditions tested herein (see Table S3,
entry 55 and 56). We tentatively attribute the promoting
effect to the high electron donating capability of the heavy
alkali metals, similar to electron-donating effects observed in
alternative systems.[20] Promotion of other metals than iron by
cesium was also studied, but the iron-based system was shown
to be the most active one, as can be seen in Figure 1.
Incidentally the most active metals are similar to those found
in classical thermochemical systems.[21] The PXRD pattern of
the cesium promoted iron catalyst after reaction shows very
weak reflections of CsOH. This suggests the presence of water
at some stage during the experiment, but it will be shown, that
the formation of ammonia is not caused by hydrolysis.

The water could result from reduction of surface oxide
species present on the iron powder (as found by X-ray
photoelectron spectroscopy (XPS), see Figure S14, whereas
the bulk is pure metallic iron, see Figure S15 for PXRD), or
present on the jar and the milling balls. Results proved to be
well reproducible. In ten repeated runs of 3 h and 6 h in
a long-term experiment, in which just the gas phase was
exchanged for fresh educts, deviations were typically below
10% (see Table S4).

Ammonia formation in the Haber-Bosch process is known
to be favored by increased partial pressure of the reagents.
Thus, reactions in the batch reactor were carried out at
different pressure (see Table S2, entries 39–52). As expected,
the ammonia amount increases with increased pressure,
which, however, is not due to thermodynamic preference of
product formation at elevated pressure (at room-temper-
ature, the system is far from equilibrium), but a result of
positive reaction orders in hydrogen and/or nitrogen (see
Figure 2).

While the batch process is well suited for screening of
potential catalysts, industrial ammonia synthesis, like most
large-scale processes, is continuous. Also for studying the
influence of reaction parameters, a flow-process is much
better suited: temperature, pressure and residence time can
be adjusted more easily, but especially the formation of the
product can be monitored in a temporally resolved manner.
So far, mechanocatalytic gas-phase reactions under flow
conditions at elevated pressure have not been reported. For
this purpose, special milling jars were designed, that resemble
small autoclaves (see Figure S6 and S7). For these experi-

ments, a Retsch MM400 shaker mill was used. Figure 3 shows
the result of a long-term catalytic run with 4.0 g of the catalyst
(details on setup, experimental procedure and results for
other runs can be found in the SI in Figure S5, supplementary
text S2 and S5 and Table S5). At 20 bar pressure, ammonia is
produced for over 60 h with a regime of around 20 h at
a stable value in the range of 0.26 vol.%, before the
concentration slightly decreases. It was possible to increase
the maximum concentration by a factor of 1.6 to around
0.42 vol.% by doubling the average residence time of the gas
mixture inside the milling jar (see Figure S16). Ammonia is
also formed at atmospheric pressure, albeit with significantly
lower product concentration (around 1000 ppm, see Fig-
ure S17). Thus, mechanocatalytic ammonia synthesis is pos-

Figure 2. Pressure-dependency of the mechanocatalytic ammonia for-
mation in batch. In each experiment, a fresh FeCs mixture was used,
same milling conditions like in Figure 1 (top), total milling time for
each experiment was 24 h.

Figure 3. Development of ammonia production during continuous
mechanocatalysis with 4.0 g of the catalyst (see Table S5 entry 68 and
80). The experiments were performed using a Retsch MM400 at
a frequency of 25 Hz and with two 15 mm steel balls. The temperature
was kept at 20 8C by external cooling. The jar was fed with 20 mLmin�1

(STP) of a H2:N2 (3:1) mixture at 20 bar. Due to safety reasons, the
milling process had to be paused after every day; which is the reason
for the sharp spikes, for further explanations see S2. For the repetition
run (Table S5 entry 80) the mill stopped working after about 40 h and
had to undergo maintenance. For the time of the experiment, the
repetition has proven very good reproducibility of the mechanocatalytic
ammonia formation.
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sible at room-temperature (global vessel temperature was
kept at 20 8C by a cooling system) and atmospheric pressure in
a continuous fashion. Ammonia formation in this and other
experiments starts after a short induction period of 2–3 h.
Figure S18 shows an exemplary infrared-spectrum of the
product gas after 18 h, showing also trace amounts of methane
(explanation see above). A total of 6.5 mmol ammonia was
produced in this experiment (for comparison nFe =

68.04 mmol, nCs = 1.50 mmol).
This high amount proves, that ammonia is formed

catalytically and not from hydrolysis due to water impurities
formed from reduction of potential oxide surface species. The
observed slight deactivation at extended milling times could
so far not be suppressed completely. Potential causes for this
could be slowly proceeding reaction of the active cesium
species towards CsOH by impurities, as indicated by the
presence of extremely weak reflections of CsOH in the
PXRD of the product after milling (see Figure S19) as well as
oxidized cesium species on the surface, as indicated by XPS
investigation (see Figure S20 and S14 for comparison with the
iron starting material). Elemental analysis also indicated
incorporation of nitrogen into the catalyst (see Table S6).

Test experiments, during which the mill was stopped at
certain stages of the reaction showed that ammonia formation
does not proceed further and quickly declines without the
influence of ball milling (see Figure S21 and S22). Further-
more, other additives besides cesium were tested (see
Table S5). Lithium oxide, which showed a slight promoting
effect in the batch reaction, did not yield ammonia in
a continuous-flow experiment when combined with iron,
which might be explained by the low pressure compared to
the experiments under batch conditions. Also both the
addition of h-BN (to prevent cold welding of pure iron) or
Li3N did not result in ammonia formation. Since hydrolysis of
Li3N readily results in formation of ammonia, this experiment
again proves that no hydrolysis is involved in the reactions
with the FeCs mechanocatalyst. The only other active
compound when mixed with iron was CsH, whereas an
analogous experiment with NaH did not result in ammonia
production (see Figure S23 and Table S5, entries 78 and 79).
CsOH·xH2O (obtained from thermal treatment of
CsOH·H2O, which lead to partial dehydration, see Figure S1)
in combination with iron, produced almost no ammonia
during milling (see Figure S24 and Table S5, entry 77).

The low amounts of ammonia still produced are most
likely caused by the presence of the crystal water and
subsequent hydrolysis of nitride species, again showing that
through this route at best only small amounts of ammonia can
be obtained.

To finally prove that ammonia formation results from
activation of nitrogen and not impurities (e.g. dissolved N in
the stainless steel), two control experiments were performed:
A batch reaction using 15N2 produced exclusively 15NH3 (see
Table S3, entry 64 and Figure S25) and a continuous-flow
experiment under exclusion of nitrogen gas resulted only in
insignificant values of � 10 ppm of ammonia (see Table S5,
entry 81 and Figure S26). Significant amounts of ammonia in
this experiment could only be produced after again dosing
nitrogen gas.

In summary, we have developed a system for the
mechanocatalytic synthesis of ammonia from its elements
working at room-temperature and down to atmospheric
pressure.

While several systems were identified that led to ammonia
formation, the most promising systems consists of a mixture
of iron with small amounts of elemental cesium. This catalytic
system operates both under batch conditions and in a con-
tinuous process for more than 60 h, leading to continuous
formation of ammonia at values up to 0.26 vol.%. This study
demonstrates the continuous catalytic synthesis of ammonia
from the elements in a manner probably similar to the Haber-
Bosch process, but at ambient temperature and pressure
conditions due to the influence of mechanical forces, some-
thing which has remained elusive in spite of more than
hundred years of efforts via different approaches.
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