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Development and Recent Progress on Ammonia Synthesis

Catalysts for Haber—Bosch Process

John Humphreys, Rong Lan, and Shanwen Tao*

Due to its essential use as a fertilizer, ammonia synthesis from nitrogen and
hydrogen is considered to be one of the most important chemical processes of
the last 100 years. Since then, an enormous amount of work has been undertaken
to investigate and develop effective catalysts for this process. Although the
catalytic synthesis of ammonia has been extensively studied in the last century,
many new catalysts are still currently being developed to reduce the operating
temperature and pressure of the process and to improve the conversion of
reactants to ammonia. New catalysts for the Haber—Bosch process are the key to
achieving green ammonia production in the foreseeable future. Herein, the
history of ammonia synthesis catalyst development is briefly described as well as
recent progress in catalyst development with the aim of building an overview of
the current state of ammonia synthesis catalysts for the Haber—Bosch process.

method for ammonia synthesis from H,
and N, under high pressure and tempera-
ture using recycling.”) This process was
industrialized by Carl Bosch, with the first
ammonia synthesis plant being built in
1911.”) Due to this the process of produc-
ing ammonia from H, and N, at high
temperature and pressure is known as
the Haber-Bosch process.” Fritz Haber
and Carl Bosch won the Nobel Prize in
Chemistry in 1918 and 1931 respectively
for their work on this process. In 2007,
Gerhard Ertl won the Nobel Prize in
Chemistry for his great contribution on
the surface chemistry of iron catalysts.”’)

The new emerging ammonia synthesis catalysts, including electride, hydride,

amide, perovskite oxide hydride/oxynitride hydride, nitride, and oxide promoted
metals such as Fe, Co, and Ni, are promising alternatives to the conventional
fused-Fe and promoted-Ru catalysts for existing ammonia synthesis plants and
future distributed green ammonia synthesis based on the Haber—Bosch process.

1. Introduction

The production of ammonia over the last century has been fun-
damental in supporting the increase in population due to its use
as a fertilizer. The use of ammonia in fertilizers, which provide a
fixed nitrogen source, has supported ~27% of the world’s popu-
lation over the last century.™ To facilitate the massive increase in
demand, German chemist Fitz Haber in 1908 developed a
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Today most ammonia synthesis plants
use fused-iron catalysts that use a variety
of carefully designed promoter materials.
As will become evident, these plants
require high pressure and temperature to
achieve the desired conversion and as such
require a significant energy input. It is
therefore the goal of any new ammonia
synthesis catalyst to ease these conditions
by achieving high catalytic activity at reduced temperatures
and pressures, enabling a more energy-efficient process.

In the conventional Haber—Bosch process, fossil fuels such
as natural gas and coal are normally used as the energy sources
for ammonia synthesis, releasing millions of tonnes of CO, to
the atmosphere, which is about 1-2% of the global CO, emis-
sion.**! The use of low-carbon renewable energy sources has
been proposed to produce green ammonia. According to the
roadmap for ammonia economy, in the foreseeable future, the
Haber—Bosch process is still the dominant ammonia synthesis
technology, although other emerging technologies such as
electrochemical and photocatalytic synthesis of ammonia are
also promising.””) Green ammonia production can alleviate
the pressure on renewable electricity storage if the “surplus” elec-
tricity from wind and solar energy is used as the energy source
for ammonia synthesis.! New robust catalysts for agile opera-
tion of small-scale distributed green ammonia synthesis are in
demand. As renewable energy technologies advancing the
possibility of running green ammonia production through the
Haber—Bosch process increase, H, production from electrolyzers
powered through renewable energy offers a more energy-
efficient alternative to the conventional methane-reforming
process while lowering carbon emissions. In a review recently
published by Smith et al., they calculated that an ammonia loop
fed with H, from an electrolyzer would produce 0.38-0.53 tonnes
of CO, per tonne of NH;3 compared to 1.673 tonnes of CO, per
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tonne of NHj for the loop with H, from methane reforming.[8]

The electrolyzer loop would also improve energy efficiency by
50%."! In their calculations they used an electrolyzer efficiency
of 60% in line with those currently available. However, future
research into more efficient electrolyzers will further increase
the viability of this process. Through redesigns of the ammonia
synthesis loop involving the replacement of the condenser with
absorption of ammonia, the potential for highly active novel
ammonia catalysts greatly increases. Catalysts that can tolerate
and facilitate quick start-up and agile operation will be key to
dealing with the internment nature of renewable energy. As
such, catalysts with high activity at low operating conditions
(pressure and temperature) that have good impurity tolerance
for agile operation of plants go hand in hand with green ammo-
nia production. From this point of view, the search for better
catalysts for efficient synthesis of ammonia through the
Haber-Bosch process is key for achieving green ammonia.

The reaction of hydrogen and nitrogen to produce ammonia is
as follows!*?!

N, + 3H, ¢ 2NH; + 46.1kJ mol~! 1)

From this it can be seen that the reaction is exothermic with a
high pressure and low temperature favoring ammonia synthesis
at equilibrium conditions. Although the theoretical ammonia
equilibrium concentration can be close to 100% at low temper-
atures and high pressures, the ammonia formation rate is
extremely slow and not suitable for production purposes.”?
Due to this the Haber-Bosch process is conducted at high tem-
perature and pressure. However, at these conditions the equilib-
rium shifts so as to decompose the produced ammonia and give a
lower production rate.

The catalytic synthesis of ammonia relies on the surface reac-
tion of nitrogen and hydrogen on the catalyst surface. This sur-
face reaction is achieved through the chemisorptions of the
reactants on to the catalyst surface.’”! This differs from the other
adsorption process of physisorption due to the formation of a
chemical bond with surface and reactants.'”) How the reactants
behave when in the adsorption phase is the essence of catalyst
theory. Liu published a book and a comprehensive review of cat-
alytic ammonia synthesis, mainly on the principles and theory of
ammonia synthesis.*! Jennings also edited a book on catalytic
ammonia synthesis fundamentals and practice.l'’l Recently,
Saadatjou et al. have published a review on the use of ruthenium
catalysts for ammonia synthesis from nitrogen and hydrogen.?
The focus of this review will be on the catalytic activity of iron,
cobalt, nickel, and nitride catalyst systems plus the latest progress
on electride, hydride, nitride, oxynitride hydride promoted Ru,
Fe, Co, and Ni catalysts for ammonia synthesis. The basic struc-
ture of this review is highlighted in Figure 1. These catalysts can
be used for both conventional centralized large-scale Haber—
Bosch ammonia synthesis plants and distributed small-scale
green ammonia production via the same process.

2. Principles of Catalyst Mechanism

The proposed reaction mechanisms for the catalyzed reaction of
nitrogen and hydrogen to form ammonia are as follows!'’)
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Figure 1. Graphical overview of strategies to improve Haber—Bosch
ammonia synthesis.

N+ < N 2)
Nj+* ¢ 2N* 3)
H* + N* ¢» NH*+* (4)
NH* + H* ¢» NH}+* (5)
NH; + H* > NHj+* 6)
NH} > NH;+* (7)
H, + 2* <> 2H* )

This reaction model was proposed by Stolze and Norskov.!**)

AQ second model was proposed by Bowker,!"* which has the dis-
sociative adsorption of hydrogen take place in two steps instead
of one. From this model there are three proposed rate-limiting
steps, which are 1) the dissociative adsorption of dinitrogen,!®
2) the reaction on the catalyst surface of adsorbed species,” and
3) the desorption of ammonia.[*®

However, after extensive surface science experiments it is
generally accepted that the dissociative adsorption of N, is
the rate-limiting step.'” As early as 1934, P.H. Emmett and
S. Brunauer'?” examined the adsorption of N, on the iron ammo-
nia synthesis catalyst over a range of temperatures (273-450 °C)
and pressures (0.1-50 MPa), finding that the rate of nitrogen
adsorption was in the correct order of magnitude to be the
rate-determining step for ammonia synthesis.*” Extensive
research on nitrogen interaction on the iron surface was con-
ducted by Ertl et al”*! Using techniques such as Auger
electron spectroscopy, UV photoelectron spectroscopy, thermal
desorption spectroscopy, work function measurements, and
low-energy electron diffraction, they investigated the adsorption
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of nitrogen on iron single-crystal surfaces for both Fe(100) and
Fe(111) over a temperature range 140-1000 K to come to the con-
clusion that nitrogen adsorption is the rate-limiting step in the
ammonia synthesis reaction.”* Even after many experiments
involving the adsorption of N,, there is still controversy over
the exact mechanism of this step. It is unknown whether the
N, dissociates directly to nitrogen atoms on the catalyst surface
or whether this dissociation to nitrogen atoms takes place on
intermediates. This has been experimentally tested in numerous
experiments but different conclusions were reached for a variety
of different metals and crystal faces and at different condi-
tions.!?>?°! This is most notable at conditions used in industrial
synthesis, where high pressures are involved. Spencer™ pro-
vides a detailed breakdown of the rate-determining step for
the ammonia synthesis reaction with the conclusion that the con-
cept of a single step to determine the rate is too simple, especially
in industrial conditions. This is supported by work conducted
by Johnson and Roberts,*”) in which nitrogen was easily disso-
ciated on an iron surface at 80 K. In their work Ertl et al.'”! found
that the highest activation energy of the reaction steps was for
the reaction on the catalyst surface of adsorbed species with a
value of 117kjmol™ compared to 42kjmol™" for nitrogen
dissociation.

The thermodynamic equilibrium of the ammonia synthesis
process is important to understand to evaluate the potential max-
imum ammonia yield of a catalyst at certain conditions. In 1906
Fritz Haber calculated the equilibrium yield of ammonia from
nitrogen and hydrogen at temperatures from 200 to 1000°C
under pressures of 1, 30, 100, and 200 atm.?® The thermody-
namic equilibrium data published by Max Appl®® calculated
from Gillespie and Beatties’s®” work has been reproduced in
Figure 2.

From this we can determine under what conditions the high-
est theoretical ammonia yield can be achieved. Therefore, the
goal of any catalyst for ammonia synthesis should be to reach
its maximum yield at low temperature to achieve a higher yield
due to the limit imposed by thermodynamic equilibrium. As
mentioned earlier the reaction rate at low temperatures is too
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Figure 2. Effect of temperature and pressure on the percentage of

ammonia at equilibrium reproduced from Max Appl “Ammonia,
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slow to feasibly produce ammonia despite the large equilibrium
limit, which almost reaches 100% conversion. Most modern
ammonia synthesis catalysts used in the Haber—-Bosch process
are reported to achieve a conversion rate of around 10-15% oper-
ating in the range of 425-450°C at pressures above 100 atm.”)
From this it can be seen that if catalysts can be developed to
increase the rate of reaction at temperatures lower than this then
the conversion per pass of the ammonia synthesis loop will
increase exponentially. For this reason, the catalytic activity of
the catalyst is of key importance. If the activity of new catalysts
is high enough, ammonia synthesis can be achieved at reduced
temperature and pressure, which is anticipated to have a higher
overall energy efficiency. The activities of key ammonia synthesis
catalysts are summarized below.

The catalysts used in the process discussed previously gener-
ally fall into one of two categories, fused-iron and supported
metallic catalysts. Fused-iron catalysts are the most widely
applied of all the ammonia synthesis catalysts.>?'"*¢ These
catalysts are derived from iron oxides, of which there are three
possibilities: Fe,03, Fe;0,, and Fe; 0,219 which are known as
hematite, magnetite, and wiistite, respectively. Hematite has a
rhombohedral crystal lattice structure with the unit cell contain-
ing four Fe*" ions and six O*~ ions.!"”! Magnetite has the spinal-
type cubic crystal lattice structure with a unit cell containing eight
Fe;04 molecules; it is this iron oxide that has been the basis of
ammonia synthesis catalysts over the last century.'”) Wiistite has
a NaCl-type cubic lattice structure with each unit cell containing
four FeO molecules.™” Although magnetite makes up the major-
ity of industrial ammonia synthesis catalysts, wiistite has gained
considerable interest with the highest reported activities of the
three.”? Industrially, these iron catalysts will be multipromoted
with promoters such as K,0, BaO, and Al,Os are present in small
quantities of a few weight percentage."’”! These provide the
catalysts with a range of structural and electronic promotion that
will be examined more closely in the following review of the
literature.

Supported metallic catalysts are catalysts made up of a metallic
catalyst material, normally ruthenium or cobalt for the ammonia
synthesis reaction, present on the surface of a support material,
normally activated carbon or a metal oxide.”) Commonly the
weight percentage of the metallic catalyst is around 2-10%.
Supporting these metallic catalyst materials is done for the fol-
lowing reasons. First, when compared to iron the cost of ruthe-
nium and cobalt is significantly higher; therefore, by using a
support material to make up the bulk of the catalyst the cost
can be brought in line with that of the iron catalyst. Second,
Dy tailoring the support material to the specific catalyst, promo-
tion effects can be achieved, greatly altering the catalyst activity.

The design of the ammonia synthesis loop is an in-depth topic
that has been covered extensively elsewhere.[>***4*° However, it
is important to highlight the key concepts of this process to
understand the goals of ammonia synthesis catalyst development
and how the said catalysts can be implemented. In the simplest
terms, the ammonia synthesis loop consists of an ammonia con-
vertor, which catalytically coverts the synthesis gas to ammonia; a
compressor, which is used to achieve the desired pressure for the
synthesis gas and to recycle the stream before it enters the con-
vertor; and a condenser, which can be located either after or
before (but after the recycle stream has been combined with
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the synthesis gas) the convertor to separate the produced
ammonia.” This design imparts some key considerations on
ammonia catalyst development. Running the synthesis loop at
reduced pressure may appear appealing as this will not only
lower the duty of the compressor but allow for savings on con-
struction materials as lower-pressure-rated designs can be used.
However, as ammonia is removed from the system through a
condenser, it follows that, as the synthesis loop pressure is
decreased, the refrigerator power will have to be increased to
achieve the lower temperatures required for separation. This
can be quantified in practical terms through examining both
the Kellogg advanced ammonia process (KAAP) and Topsge pro-
cesses, which use synthesis loop pressures of 9.1 and around
25MPa, respectively.”) At 9.1MPa the Kellogg advanced
ammonia process requires a condenser temperature of —20°C,
whereas the Topsge processes normally use condenser temper-
atures of between 0 and —10 °C.1 The effect of pressure on the
synthesis loop efficiency was calculated by Liu for an iron-based
catalyst (ZA-5) producing 330 tonnes of ammonia per day at both
10 and 30 MPa.?) At 10 MPa the efficiency of circulation com-
pression and refrigeration compression was worse, with a circu-
lation compressor duty of 295 kW and a refrigeration compressor
duty of 311 kW compared to 240 and 184 kW, respectively, for
30 MPa. However, the duty of the fresh syngas compressor rises
from 7970 to 10 410 kW as the pressure goes from 10 to 30 MPa,
significantly offsetting the increase in refrigeration and circula-
tion compressor duty.!?! To further add to this, it should be noted
that the catalyst volume is nearly four times as large in the
10 MPa loop to achieve the required conversion per pass. As such
itis evident that a balancing act must be achieved when aiming to
lower the ammonia synthesis loop pressure, although real ben-
efits can be achieved by aiming for synthesis loops operating at
just under 10 MPa. It has been suggested that the condensation
step of the ammonia synthesis loop could be preplaced by absorp-
tion of ammonia in crystalline salts, which can absorb ammonia
at partial pressures as low as 0.002 bar at moderate tempera-
tures.°=°l The implementation of this over the conventional
condenser for separation has the potential to allow ammonia syn-
thesis loops to operate at pressures as low as 30 bar.®! From the
thermodynamic data shown earlier, the benefits of operating at
lower temperature can be seen. At lower temperatures the theo-
retical maximum conversion to ammonia is increased. However,
as the ammonia synthesis reaction is exothermic, running the
convertor at lower temperatures requires better heat removal
from the convertor. Numerous different convertors have been
designed over the years; however, most of these can be divided
into two categories: tube-cooled convertors and quench conver-
tors.”?! Tube-cooled convertors are internally cooled through
tubes in the catalyst bed, the cooling medium normally being
the reactor feed gases to reach the reaction temperature.
Quench convertors use multiple catalyst beds that operate adia-
batically with part of the reactor feed gas used as the quench
between beds. Therefore, implementation of new catalysts that
show improved activity at lower pressures and temperatures
must be done with great care. Despite this it can be seen that
significant reductions in operating pressure can be achieved
while maintaining viable condenser temperatures, while the
significant increases in conversion at lower temperature can
outweigh the demand on convertor heat removal. As such the
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current goal of researchers in the field of ammonia synthesis cat-
alysts is to develop catalysts that exhibit increased activity at lower
temperatures, with activities suitable for ammonia synthesis at
loop pressures of around 10 MPa.

3. Iron Catalysts

3.1. Early Development of Iron-Based Catalysts

Fused-iron catalysts are by far the most studied and widely
applied of all the ammonia synthesis catalysts.>>'™*%! As men-
tioned in the previous section, fused-iron catalysts are derived
from three possible iron oxides, Fe,O; (hematite), Fe;O4
(magnetite), and Fe;_,O (wiistite). Of these, catalysts derived
from Fe;0, are the most commonly used in industrial ammonia
synthesis.

The crystal structures of iron oxides from perspective side
views is shown in Figure 3.

The first ammonia synthesis catalysts were based on magne-
tite with the commonly held belief that this structure provided
the best activity for ammonia synthesis. Therefore, the majority
of catalyst development over the last century was devoted to the
promoters of the magnetite catalysts that were used to increase
catalytic activity. Magnetite is ferromagnetic with the inverse spi-
nal crystal structure.'>** The Fe?" and Fe*'ions are located in
the interstitial sites with the O anions forming a close-packed fcc
sublattice.'” To determine the optimal ratio of Fe*™ to Fe*" ions,
Almquist and Crittenden”®® conducted studies to show how the
catalytic activity varies with this ratio in magnetite, and they
found that a value close to 0.5 was optimal. This work was
continued by Bridger et al.*® using promoters of Al,0;-K,O0.
In their results they obtained a volcano-type plot showing
how the conversion percentage varied with the Fe®t/Fe*" ion
ratio, which agreed with the conclusion of Almquist and
Crittenden®®! that the optimal Fe®"/Fe*" ion ratio is 0.5.

3.2. Promoted Fe-Based Catalysts

Although iron makes up the basis of most industrial ammonia
synthesis catalysts, it shows no activity on its own at the condi-
tions required. Therefore, it is necessary to promote these cata-
lysts with a range of promoter materials that provide both
structural and electronic promotion effects.

In 1970 Aika and Ozaki®” investigated the use of an Al,0;
promoter with an iron catalyst using 2.2 wt% of the promoter.
Although no yield increase was noted over their test of the unpro-
moted catalyst,*® they confirmed the use of Al,Oj as a sintering
preventer. In 1972, Baranski et al.b?! investigated the kinetics of
reduction for iron catalysts used for ammonia synthesis, finding
a link between the gas flow rate, temperature, and reduction
degree. Small iron particles were investigated for their structural
sensitivity toward ammonia synthesis by Dumesic et al. in
1975.°7 Van Ommen et al. studied the potassium promoter
in a number of studies.®*? The first experiments promoted
with KOH resulted in a reduction in activity due to the potassium
remaining in the hydroxide form under the synthesis condi-
tions and producing a strong interaction with the iron surface.®"
Further experiments reviled that potassium promoters
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Figure 3. Perspective side views of Fe-oxide crystal structures. Reproduced with permission.®? Copyright 2016, Elsevier.

performed poorly at low pressure but when the pressure was
increased much higher activities could be unlocked.®? This
was confirmed by other work in the potassium promoter.[®*¢*
In addition to the pure iron-based catalysts, iron alloys were also
investigated as ammonia synthesis catalysts. The investigation of
iron alloy catalysts was studied in 1982 by Taylor et al.®>*®) Their
work involved both iron—cobalt and iron—nickel catalysts, with
both showing improved activity over the pure iron catalyst.
However, nickel is much more expensive than iron, which could
be the major reason that this kind of catalyst has not been com-
mercialized. Low-iron-content catalysts using y-Al, O3 as the sup-
port were investigated by Homs et al. in 1984.1”) As expected, the
low iron content resulted in much lower activity than that of
other reported catalysts at the time but did provide insight into
the nature of promotion with an increase in activity as the H*
concentration increased. This did have a limit of 8 mmolg™"
H" in the y-Al,O; support, after which the activity decreased.
Bare et al.[*®® reported alumina and potassium promoters on an
iron single crystal showing that these promoters provide no elec-
tronic promotion. This work was continued by Strongin et al.[°”
Similar to the iron—cobalt and iron-nickel alloys, Baiker et al.
investigated an Feg,Zry catalyst in 198777 showing good
activity.

The activity of Fe-based catalysts is related to the face of the
iron crystals. In 1982, Spencer et al. investigated the effects of the
surface structure for single-crystal iron catalysts for ammonia
synthesis.”*! The planes studied were the close-packed (110)
plane with six coordinated atoms exposed, the (100) plane, which
has four coordinated atoms exposed and is less closely packed,
and the (111) plane, which has the most open surface and con-
tains four coordinated and seven coordinated atoms exposed. It
was found that the (111) crystal surface had the highest ammonia
synthesis rate by an order of magnitude compared to (100) and
(110). Further work into the face of the iron crystal was reported
by Strongin et al.”* in 1987, in which the seven coordinated sites
(Cy) were further confirmed to be the major factor dictating the
activity of the crystal face toward ammonia synthesis. Again, the
(111) plane was shown to be the most active, with good activity
also shown for (211). The low activity for (210) confirmed that
surface roughness was not an import factor for crystal face
activity, further emphasizing the importance of C; sites. Their
ordering of plane activity was as follows: (111)>(211)>(100)>
(210)>(110)."%

In 2015, Han et al. prepared a Nb,Os-promoted wiistite-based
catalyst for ammonia synthesis./”* To produce this catalyst appro-
priate amounts of magnetite, iron, alumina, potassium nitrate,

calcium carbonate, and other promoters were melted with
0.6 wt% Nb,Os at 1600 °C before crushing and sieving to obtain
a catalyst with a granule size range of 1.0-2.0 mm.”*! Although
the results suggest that the catalyst with Nb,Os has a slightly
lower activity than the catalyst prepared without Nb,Os (around
19% ammonia outlet concentration compared to 18% outlet con-
centration for the NDb,Os-promoted catalyst at 450°C,
30000h ™", and 15 MPa), it was shown by TG experiments that
it had a reduction temperature around 25 °C lower than that of
the non-Nb,Os promoted catalyst, avoiding difficulties faced by
sintering of the nonpromoted catalyst.”>! It also achieved the
reduction at a much faster rate, which would improve commis-
sioning times in ammonia synthesis plants. The activities of
reported typical iron-based catalysts are listed in Table 1.
Comparing the results is challenging because the operating
conditions are quite different. Generally, the Al,0;, KO,
CaO0, and SiO,-promoted iron catalysts exhibit high activity with
an ammonia conversion of 15-20% at the convertor outlet
achieved for space velocities of 30 000-10000h™" at 425°C
and 150 bar.[*”)

Recent results reported by Wang et al.”* have shown the excel-
lent promotion effect lithium hydride has on the activity of iron
along with metal hydrides toward ammonia synthesis when pres-
entina 5 to 1 molar ratio to iron. Unlike the established norm as
seen in the other reported catalysts thus far in which the bulk of
the catalyst is iron with promoters present in a small weight per-
centage, this low-iron-content catalyst provides significant activ-
ity at temperatures substantially lower than those previously
seen. The iron content is only ~58% in this catalyst, which opens
up a previously underinvestigated area of catalyst development of
iron catalysts with reduced iron content. However, the practical
application of these hydride catalysts might be limited by the
sophisticated preparation process and by their high sensitivity
to air and moisture.’””®

Hydride catalysts were further investigated with iron as
reported by Gao et al.”! Good activity was achieved at low tem-
peratures for low iron content with a 20% Fe-BaH, catalyst.
However, the major impact of their results comes from the
implementation of the chemical looping process for ammonia
synthesis. In this process pure nitrogen feeds and pure hydrogen
feeds are alternated to create a loop of synthesis gas as compare
to the conventional process in which hydrogen and nitrogen are
fed together in a 3 to 1 ratio. In the chemical looping process,
nitridation of the hydride support occurs under the pure nitrogen
flow, followed by the formation of ammonia through the hydro-
genation of the nitridated hydride. When this process was used,
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Table 1. Chemical composition and activity of selected iron catalysts for ammonia synthesis.

Catalyst Promoter [wt%] Reactor Reactor ~ Weight hourly space  NH; percentage NH; Ref.
temperature pressure velocity (WHSV) in reactor synthesis rate
[°q] [MPa] [mLg " h™] outlet [v/v%]  [umolg™ h™|
7% Fe[CeO, (applied electric - 100 0.1 144 000 - 155 [83]
field 6 mA)
20% Fe-BaH, (chemical - 300 0.1 60000 - 1703 [79]
looping synthesis)
2.8% Fe/y-Al,05 - 320 0.1 - - 0.12 67]
20% Fe-BaH, - 350 0.1 60000 - 384 [79]
Fe(95%)Co(5%) - 400 0.1 - - 820.07 [65]
Fe(85%)Ni(15%) - 400 0.1 - - 334.354 [65]
1.2% Fe/BaCeOs_,H,N, - 400 09 36,000 - 6800 82]
Feg1Zrg - 417 0.9 - - 72 [70]
Fe-5LiH - 300 1 60000 - 4840 [153]
Fe/LiH 40%LiH 350 1 60 000 - 11428 [76]
10% Fe/C 3.5%Ba 400 1 53 400 - 14 400 [154]
80% Fe/CeosSMo202_5 - 450 1 16 000 - 8700 84]
Fer,O - 400 3 - 7.94 - 12
FePc 10% Cs 400 3 12000 - 14 000 [155]
Fe-Metal organic framework 1% K 400 3 13500 - 30400 [156]
derived catalyst (MDC)
Fe, O (Al,03 + CaCO; + K,CO3) <10 wt% 430 7200 - 11900 [157]
FesO4 (Al,05 + CaCO; + K,CO3) <10wt% 430 3 7200 - 9200 [157]
1% Fe/BaTiO;_,H, 400 5 66 000 - 14000 87]
10% Fe/C K 470 9 140 000 458 - [158]
2% Co-8% Fe/C K 470 9 140 000 6.04 - [158]
FeOOH/ALLO; K (5 wt%) 500 9 26 400 - 32850 [159]
Fe,_,O - 425 10 - 19.23 - [2]
ZBRW-10 (wustite) Al,O5 (2.18 Wt%) + CaO (1.3 wt%) + 450 10 - 10.8 - [160]
K20 (0.44 wt%) + CoO (2.1 wt%)
Fe;O4 2.4% Al,03, 1.4% CaO, 0.6% K,O, 425 15 - 20.8 - [47]
0.34% Si0,, 0.3% MgO
Fe;O4 2.3% Al,03, 1.1% CaO, 0.58% K0, 425 15 - 21.0 - [47]
0.33% SiOy, 0.3% MgO
FesO, 2.4% Al,03, 1.1% CaO, 0.58% K,O, 425 15 21.1 [47]
0.39% SiO,, 0.4% MgO, 0.5% Co30,
FesO,4 AlLO;, K, Ca, 0.6% Nb,Os 450 15 - 18 - [75]

the activity of the 20% Fe-BaH), catalyst increased by ~4.5 times
at a temperature 50 °C lower.”” Interestingly, when iron was
replaced with nickel in this catalyst, a drastic increase in activity
was observed. Nickel is known to show some activity toward
ammonia synthesis,®™ but its results have never been high
enough to compete with the leading Fe catalysts. However, when
the 20% Ni—-BaH, catalyst was used in the chemical looping pro-
cess, it achieved an activity higher than the 20% Fe—BaH, catalyst
and an activity 40 times higher than the same nickel catalyst used
in the conventional catalytic process. The activity of this 20%
Ni-BaH, catalyst in the chemical looping process at 300°C
and 0.1 MPa is 2033 pmol g~ 17! Further details on these cat-
alysts have been laid out in a review article recently published by
Gao et al.’®

Low-iron-content catalysts were taken even further in a study
by Tang et al.,®!) in which iron was supported on the oxyhydride
material BaTiO;_,H,, with an iron weight percentage of 1 wt%.
The activity of this catalyst was 14mmolg ' h™' and was
achieved at 400°C and 5MPa, with the high activity relative
to iron content expected to be caused by an increased resistance
to hydrogen poisoning as well as the electron promotion effect of
the oxyhydride support.®! Further low-iron-content experiments
were conducted by Kitano et al.®? in which nitrogen was incor-
porated into an oxyhydride material. The oxynitride-hydride used
was BaCeOs_,HN, with iron supported in a quantity of 1.2 wt%.
Again, high activity when compared to the low iron content was
obtained, 6.8 mmol g ' h™" at 400 °C and 0.9 MPa. When using
this catalyst, they found that the rate-limiting step was no longer
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Figure 4. a) Conventional mechanism for ammonia synthesis on a transition metal catalyst supported on BaCeOs. b,c) Proposed mechanisms for

ammonia synthesis on transition metal catalyst supported on BaCeO;_,N,H, where anion vacancies and lattice N>~

and H™ participate in the reaction.

Reproduced with permission.B? Copyright 2019, American chemical society.

the dissociative adsorption of N, but instead the formation of
N—H bonds on the catalyst surface.®” This new mechanism
is highlighted in Figure 4 with two different pathways proposed
and shown alongside the conventional pathway. Instead of the
H, and N, reacting on the transition metal catalyst surface, as
is the case when supported on BaCeOs;, the anion vacancies in
the oxyhydride-nitride support mediate the Mars-van Krevelen
mechanism.®? As shown in Figure 4, for both proposed mech-
anisms, lattice N>~ and H™ participate in the reaction.
Recently the use of an Fe catalyst supported on CeO, was
shown to exhibit excellent activity at the extremely low tempera-
ture of 100 °C when the catalyst bed was exposed to an electric
field.®*! At atmospheric pressure and 100 °C, the low-Fe-content
7% Fe-CeOQ, catalyst exhibited an activity of 155 pmolg™'h™",
Other catalysts with the same weight percentage on CeO, were
also tested, including Ru, Ni, Co, Pd, and Pt, all of which showed
activity at this low temperature; however, the Fe catalyst dis-
played the highest activity. Conventionally when used in a low
weight percentage with a catalyst support, Ru catalysts outper-
form Fe by a significant margin with conventional Fe catalysts
using a large weight percentage of Fe. This was shown by
Murakami et al!®% when the same catalysts were tested at
450°C without an applied electric field, with the Ru-based
catalyst showing an activity six times higher than that of the
Fe catalyst. From this it can be seen that although beneficial
to all catalysts at low temperature, the applied electric field
has an enhanced effect toward Fe catalysts. The associated mech-
anism was proposed for ammonia synthesis in an electric field,
with density functional theory (DFT) calculations revealing that
the N,H formation step was the limiting step. Their DFT calcu-
lations showed that the lowest N,H formation energy can be
attributed to Fe, which is in good agreement with their results.

In a recent report by our group the beneficial effect of oxygen
vacancies and the resulting strong metal support interaction
(SMSI) effect that occurs was reported for an Fe catalyst
promoted with Ceo 8Smy 0, 5.2 This catalyst exhibited good
activity at 450 °C and 1 MPa of 8.7 mmol g ' h™" while showing
excellent tolerance toward oxygenate poisoning. When 150 ppm
of injected known O, was introduced into the feed gas stream,
our catalyst retained 47.4% of its activity, whereas industrial
wiistite and magnetite only retained 26.4% and 7.6%,
respectively.®*

Table 1 highlights the activities of a range of iron catalysts at
various reaction conditions and iron contents.

3.3. Stability of Iron Catalysts

Stability of Fe-based catalysts is important in achieving long-term
operation. The effect of oxygen poisoning in ammonia synthesis
catalysts was investigated by Fastrup and Nygard Nielsen in
1992.%%1 The theory of oxygen poisoning has been discussed
at length by Nielsen et al.®® with the theory that an equilibrium
coverage of oxygen will be converted to water after some time
establishing on the surface. For industrial ammonia catalysts
promoted with potassium, the effect of oxygen poisoning is even
more pronounced, as reported in 1926.%”) In their experiments
Fastrup et al. used H, and N, gas of 99.9999% purity with a
further purification unit installed and a multiply promoted
industrial iron catalyst. In their first experiment, they started
ammonia synthesis at 350°C and 1.5 atm, achieving a stable
NH; outlet concentration of around 0.12%. After around 3 h
the purification unit was bypassed and it was noted that the
ammonia outlet concentration linearly decreased to around
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Figure 5. Variation in NHj signal when 1.6 ppm of oxygen is added
at the 2 h mark to reactant gas at 450 °C and 0.2 MPa. Reproduced with
permission.[85] Copyright 1992, Springer Nature.

0.08% over 30h (Figure 5).% Their next experiment involved
increasing the reactor pressure to 2atm and temperature to
450°C and adding 1.6 ppm of oxygen to the stream after 2 h.
This caused the outlet NH; concentration to drop from around
0.41% to 0.34% over a time of roughly 3 h.®>! From this it can be
seen that the equilibrium surface coverage of oxygen is reached
much faster, which is to be expected. To investigate the claims
about the potassium promoter and its susceptibility to oxygen
poisoning, they tested two catalysts: one with and one without
potassium. By running experiments at 90 bar and 410 °C, they
found that in the oxygen-free feed the potassium proved more
active with an outlet concentration of 9.6% compared to 7.4%
for the potassium-free catalyst.®”) However, at the same condi-
tions (90 bar and 410 °C), when 8 ppm of oxygen was introduced
to the feed it was seen that the outlet concentration of the
potassium-promoted catalyst dropped to 5.2%, whereas that of
the potassium-free catalyst only dropped to 6.9%.%°! These
results clearly agree with previously reported results.®”) That
means oxygen can poison iron-based catalysts. Recently it has
been reported that oxygen levels of as low as 1 ppm can led to
activity loss in multipromoted fused-iron catalysts.®!

For the production of green ammonia based on the Haber—
Bosch process, the presence of oxygenates such as O,, H,O0,
and CO, is inevitable in the feed gases, H, from the electrolysis
of water and N, from air separation. Heavy gas purification pro-
cesses must be adopted to clean the feed gases enough before
delivery to the reactor to avoid poisoning of the Fe-based cata-
lysts. If an oxygenate-tolerant catalyst is successfully developed,
the requirements on oxygenate removal will be lower and thus
less expensive gas purification facilities with reduced energy
inputs can be used, improving the overall efficiency. In terms
of efficiency, the Haber—Bosch process is suitable for large-scale
synthesis plants. However, most green ammonia synthesis
plants will be based on locally generated renewable electricity
from wind and solar energy and thus will operate at a relatively
small scale. To make the localized green ammonia production
more efficient, one possible strategy is to increase the overall effi-
ciency by simplifying the gas purification process, which is
achievable through the use of oxygenate-tolerant catalysts.

www.advenergysustres.com

For a catalyst to work the reactants are required to adsorb on to
free active sites to make the reaction happen. However, when
other substances are present in the reaction a preferential adsorp-
tion of those substances on to the free adsorption sites may occur
and form strong chemical bonds, causing a drop in catalytic activ-
ity or a complete loss altogether, as well as a drop in selectiv-
ity.®>7 In ammonia synthesis the poisoning compounds are
commonly CO,, CO, and H,0 as well as sulfur, phosphorus,
arsenic, and chlorine.”” It has been reported that the total content
of CO 4 CO, in the inlet to a large scale plantis <10 mg m > and
<25mgm~ for smaller-scale plants.’” Oxygen and oxygen-
containing compounds (oxygenates) can oxidize the commonly
used iron catalyst, which leads to the formation of iron oxide crys-
tallites, which causes a loss of surface area.’” However, this pro-
cess is reversible with the introduction of hydrogen gas to reduce
the catalyst, although irreversible grain growth can occur.”” The
poisoning effect of oxygenates is particularly bad at lower temper-
atures and is one of the key issues facing current ammonia
synthesis catalysts, where the main drive is to lower the reaction
temperature.””! In our study, it was found that deliberate
introduction of anion vacancies in the promoter/cocatalyst can
significantly improve the oxygenate tolerance of Fe and other
metal-based catalysts for the Haber—Bosch process.*

4. Ruthenium-Based Catalysts

After multipromoted fused-iron catalysts, supported ruthenium
catalysts are the second most common ammonia synthesis cata-
lyst and the only other to be used industrially for ammonia syn-
thesis. The Kellogg advanced ammonia process was developed in
1980 and uses ruthenium supported on graphite carbon as the
catalyst.”

Since 1979, when Ru was first supported on graphite carbon
and used as an ammonia synthesis catalyst, it has gained a large
portion of the research attention for ammonia synthesis catalysts,
with a large number of different support materials investi-
gated.>1%%*% Ag well as support materials, Ru loading percent-
age, precursor form, and impregnation method have also been
investigated to determine their effect on catalyst activity. The
activities of the most effective current Ru-supported catalysts
are reported subsequently. More details on ruthenium catalysts
can be found in an early review reported by Saadatjou et al.*?

A major breakthrough in Ru-based catalysts was the classifi-
cation of the Bs-type site as the active site for Ru-based
catalysts.””) This site is composed of three Ru atoms in a layer
above which there is a layer composed of two Ru atoms. A geo-
metric model can be used to calculate the optimal Ru particle size
required to maximize the amount of Bs-type sites, with a Ru par-
ticle size of 2 nm found to be optimal.*”) By performing detailed
reduction experiments, Bielawa et al. found that particle growth
will increase for the Ru with reduction temperature; therefore,
the reduction temperature is key to achieving the required opti-
mal particle size to maximize the number of Bs sites.””! As well
as the reduction temperature, the barium promoter in Ru cata-
lysts can increase the number of Bs-type sites in the Ru catalyst
through a reconstruction of the Ru catalyst’s surface. By exam-
ining the reaction orders of a barium-promoted and unpromoted
Ru catalyst, it was found that they were within the experimental
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limits, showing the same type of active site is used in both cata-
lysts.””) Therefore, the increased activity in the Ba-promoted Ru
catalyst is through an increase in the number of Bs-type active
sites.

Similar to Fe-based catalysts, Ru-based catalysts are also
unstable in the presence of trace amounts of oxygenates. At
350°C and 3 MPa, the ammonia formation rate of the 5wt%
Ru/LagsCeq 504 75 catalyst decreased by over 50% in 20 h when
using research-grade H; and N, (>99.99%) as feed gases, contain-
ing low concentrations of oxygenates such as H,0, O,, and CO,."

Since the publication of the review article by Saadatjou et al.,
several new ruthenium catalyst systems have been reported.
Wang et al. recently synthesised ZrO, and ZrO,~KOH supports
for ruthenium to be used as an ammonia synthesis catalysts.!**!
They did this using a similar method to that of Chuah et al.®®
where 1mol L' KOH was added dropwise to ZrO(NOs), solu-
tions until a pH of 10.5 was observed. This hydrogel was split,
with one being digested in the mother solution at 369 K for 24 h
to produce ZrO,—KOH and the other aged at room temperature
for 24h to produce Zr0,.”® The K-promoted Ru catalyst was
added to the support via the wet impregnation method using
a solution of K,RuO,, which was then reduced in ethyl alcohol
and treated with H, at 723 K for 4 h.1>>) The Ru/ZrO,~KOH cat-
alyst has the highest rate and NHj3 concentration of the catalysts
tested, with it being reported that this is due to the high surface
area of the ZrO,~KOH support compared to other common
oxide supports such as Al,O; and the strong basicity after
KOH loading.”!

The use of a carbon-covered Mg—Al hydrotalcite (CCHT) as a
ruthenium support was reported by Narasimharao et al.®” in
2015. The Mg—Al hydrotalcite support with a Mg/Al ratio of 2
was prepared by a coprecipitation method under supersaturation
conditions. Carbon was coated on the support through pyrolysis
of cyclohexene at 873 K. In their results they found that when
promoted with cesium and barium with a ruthenium to pro-
moter to support weight ratio of 10/25.5/25.5/100 an ammonia
conversion of 0.9% can be achieved at ambient pressure and
600 K.>%!

The support morphology as well as synthesis and treatment
methods can be shown to have a great effect on the activity of
the catalyst. In Table 2, numerous ceria-supported Ru catalysts
reported by a number of groups are listed, all highlighting dif-
ferent activities due to the effects that support treatment of mor-
phology have on the catalysts. Lin et al.**% investigated the effect
of ceria morphology by synthesizing both ceria rods and ceria
cubes to be used as supports. When they tested these supports
under the same conditions (1 MPa, 400 °C), they found that the
ceria rods gave an activity more than twice that of the ceria cubes
(18mmolg™"h™" vs 7.9mmolg 'h™" at 400°C and 1MPa).
They noted that the ceria rods have a higher number of oxygen
vacancies than the ceria cubes as well as finding a lower crystal-
linity and higher dispersion of the Ru catalyst on the ceria
rods.'® Further work on ceria supports was conducted by
Wang et al.l'*!l in which Ru@CeO, coreshell particles were syn-
thesized for ammonia synthesis, with Ru cores surrounded by
CeO, shells. This again had a drastic effect on activity, with
an increase from 4 to 8.5 mmol g~* h™! for the core—shell catalyst
when compared to a conventionally supported Ru/CeO, catalyst
under the same conditions (1 MPa, 425°C). By forming a
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core—shell catalyst structure, they significantly increased ruthe-
nium and support interactions leading to this higher activity.**!

The vast majority of ruthenium catalysts involve a large-
weight-percentage support material with ruthenium particles
located on the support surface; however, recently catalysts incor-
porating ruthenium into the support compound have been inves-
tigated. Wang et al.'®? used perovskite support LaCoOs but
instead of adding ruthenium to the support surface, they added
it as a B-site dopant to get LaCog 9gRu 0,03. When this was com-
pared to a conventionally supported Ru catalyst on LaCoOj at the
same conditions (1 MPa, 450 °C), the activity increased from 4.9
to 10.5 mmol g~"h™* for the doped perovskite. By substituting
Co with Ru, then, a strongly synergistic effect can be achieved
for these two species, both of which show activity for ammonia
synthesis. This was found to benefit the dissociative adsorption
of N, through the formation of more Ru clusters along with a
larger Co surface presence.l'®? Other catalysts to use this design
include intermetallic YRu, synthesized by Ogawa et al.,['>*! show-
ing an activity 300 times higher than Ru for ammonia synthesis.
This significant promotion was attributed to strong electron pro-
motion and a resistance to hydrogen poisoning.'®*! Despite the
significant increase in activity achieved over bulk Ru, it should
still be noted that it is not as high as the best performing
supported ruthenium catalysts while using a much larger Ru
content, ~70wt%, greatly increasing the catalyst cost.'*’!
Therefore, the application of YRu, on its own is commercially
unviable. However, the substitution of Ru with YRu, on the best
performing support materials may provide a new class of cata-
lysts with significant activity.

Metal hydrides, similar to those discussed for iron catalysts,
have been investigated for use as ammonia synthesis catalysts.
Kobayashi et al.*® supported a ruthenium catalyst on TiH, to
be used for ammonia synthesis. Despite reporting a modest
activity, their conclusion that the H, reactant may exchange
with lattice hydrogen provides an interesting development for
catalyst design."® Hattori et al.'® used CaH, as the support
material with and without the addition of BaO. Their results
display significant activity for both catalysts at atmospheric
pressure and low temperature (340°C). When compared to
the activity of the Ru/TiH, catalyst, there is a significant
increase despite the much milder conditions, with activities of
2.8 mmol g’1 h™! for the Ru/TiH, catalyst at 400°C and
5MPal'® and 7.4mmolg 'h™' for the Ru/CaH, catalyst at
340°C and 0.1 MPa.’®! This activity is increased even further
to 10.5 mmol g~ ' h ™! when BaO is added to the catalyst support.
It is reported that the CaH, will facilitate the transformation of
BaO to metal hydride BaH,, facilitating enhanced electron dona-
tion abilities."®® This drastic jump in activity by changing the
metal hydride support highlights this as an interesting area of
catalyst development with the potential for further enhancement.

Using the findings highlighted earlier, Kitano et al.**®! devel-
oped core-shell Ru/Ba—Ca(NH,), catalysts in which the disper-
sion of Ba and Ca species appears on the Ru catalyst. By
providing good resistance to hydrogen poisoning along with
enhanced electronic promotion through the core-shell structure
and metal amide support, they achieved excellent activity at mild
conditions with a reported value of 60.4 mmol g~ *h™" at 360 °C
and 0.9 MPa.l'*! Similar to the results reported for BaO-CaH,
where BaH, is formed during the catalyst pretreatment and
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Catalyst Ru content Promoters Reactor Reactor Weight hourly ~ NHj percent NH; Ref.
[wt%] temperature pressure space velocity in reactor synthesis rate
[°C] [MPa] [mLg™ h™']  outlet[v/v%] [umolg™ h7]

Ru/CaFH 12 - 50 0.1 36 000 - 50 [107]
Ru/MgO (microwave- 10 - 320 0.1 3000 - 613 [108]
assisted 2.45 GHz)

Ru/Cs/Ba/CCHT 6.2 Ba (15.8 wt%) 327 0.1 66 666 0.9 - [99]

Cs(15.8 wt%)
Ru/HT-C12A7:e 2 - 340 0.1 18 000 - 2290 [96]
Ru/BaO-CaH, 10 - 340 0.1 36 000 - 10500 [105]
Ru/CaH, 10 - 340 0.1 36 000 - 7400 [105]
K/Ru/graphite 10 K(2 wt%) 400 0.1 - - 490 [161]
Ru/HT-C12A7 2 - 400 0.1 36 000 - 3050 [162]
Ru/SAs/S-1 0.27 Ba (9 wt%) 400 0.1 18 000 - 1389.5 [163]
YRu, - - 400 0.1 18 000- - 3318 [103]
36 000
Ru/BaZrO; 2 - 400 0.1 36 000 - 3630 [164]
Ru/BaZro Y0103 2 - 400 0.1 36 000 - 4000 [164]
Ru/graphene 1.4 Ba/Ru=1 400 0.1 36 000 - 336 [165]
Ru/2.0SrNb 2 Cs/Ru=38 450 0.1 36000 - 5035 [166]
Ru/Sibunit 4 Ba (10.8 wt%) 350 0.7 - - 1540 ne7]
Cs (2.6 wt%)

Ru/Ca(NH,), 10 - 300 0.8 36000 - 15 800 [116]
Ru/Ba—Ca(NH,), 10 Ba (3 at%) 360 0.9 36 000 - 60 400 [106]
Ru/BaCeO3_H,N, 4.5 - 400 0.9 36 000 - 28570 [82]
(after 20 h)

Ru/mesoporous carbon(MPC)-18 13.8 Cs/Ru=1.1 360 0.99 - - 10200 [168]
Ru/MPC 10 Cs(33 wt%) 370 0.99 - - 8100 [169]
Ru/MPC 10 Ba/Ru=0.5 380 0.99 - - 10400 [170]
Ru/Ceo.sLag.sO1 75 5 - 350 1 72 000 - 31300 [77]
Ru/Pr,05 5 - 400 1 18000 - 19000 n71
Ru/Ti-Ce-S 3 - 400 1 - - 14580 [172]
Ru/Yittria Stabilized Zirconia (YSZ) 0.4-1.0 Ba/Ru=1 400 1 72 000 - 5640-14 100 [173]
Ru/gC-Al,03 5 Ba(6 wt%) 400 1 60 000 - 5611 [174]
Ru/Al,05-980 5 Ba(6 wt%) 400 1 60 000 - 7217 [175]
Ru/Lag sPro 501 75 5 - 400 1 72000 - 60200 [176]
Ru/MgO-MIL 3.1 Cs/Ru=1 400 1 24000 - 22290 n77)
Ru/CeOy-r 4 - 400 1 18 000 - 3830 [178]
Ru/CeO,-c 4 - 400 1 18 000 - 1289 [178]
Ru@CeO,-9 2.48 - 425 1 60 000 - 8500 [101]
LaCog.o3Rup 0203 0.93 - 450 1 - - 10500 [102]
Ru/MgO 2 Cs (6.4 wt%) 400 2.6 - - 4200 [179]
Ba/Ru/Graphitic Nanofilaments (GNFS) 4 Ba (1 wt%) 400 3.0 - - 18570 [180]
Ru/BaCeO4 3 - 400 3.0 - - 6450 [181]
Ru/ZrO,~KOH - - 400 3.0 - 3.95 11100 [95]
Ru/Pr,03 5 - 400 3 72000 - 64 000 [182]
Ru/Y-layered double oxide (LDO) 3.85 - 425 3 - - 16120 [183]
Ru/MgAI-LDO 3.86 - 425 3 - - 14760 [183]
Ru/BaCeO,-a 1.25 Cs (4%) 450 3.0 24000 - 28 000 [184]
Ru/CeO,—Cy,H9NO (TPAOH) 2.5 Cs (4%) 450 3 24000 - 32000 [185]
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Table 2. Continued.
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Catalyst Ru content Promoters Reactor Reactor Weight hourly ~ NH; percent NH; Ref.
[wt%)] temperature pressure space velocity in reactor synthesis rate
rq [MPa] [mLg'h™"]  outlet[v/v%] [umolg 'h™]
Ru/CeO,~CS 25 - 450 3 70000 - 27000 [186]
Ru/Li/AC 48 Li (7.6 wt%) 460 3 62 400 - 106 120 [187]
Ba (5.25 wt%)
Ru/CeO,-MS 25 Ba (6%) 450 X 24000 - 24000 [188]
Ru/Al,0; 4 - 400 5.0 - - 390 [94]
Ru/MgO 4 - 400 5.0 - - 7390 [94]
Ru/BaTiO; 4 - 400 5.0 - - 15670 [94]
Ru/TiH, 0.9 - 400 5 66 000 - 2800 [104]
Ru/BaTiO, sHos 0.9 - 400 5 66 000 - 1400 [104]
Ru/BaTiO; 5Hos 1 - 400 5 36000 - 28200 81]
BaCs—RuC (Ny) - Ru:Ba:Cs 1:0.05:0.2 400 9.5 - - 287 647 [189]
Ru/CeOy-r 10 - 400 10 70 000 - 115 000 [100]
Ba/Ru/BN 45 Ba (5.6 wt%) 400 10 - - 186 600 [190]
Ru—N-mesoporous carbon (MC) 3.75 Ba (4 wt%) 400 10 - - 79000 [191]
Ru/MC 23 Ba(4%) K(14%) 400 10 - - 133000 [192]
Ru/AC-G 10 Ba(9 wt%) 400 10 70000 - 312500 [109]
Ru/La,Ce,0O; 4 - 425 10 - 12.94 52700 [193]
Ru/carbon nanotubes (CNT)-D 3.4 Ba (3.4 wt%) 450 10 - - 110000 [194]

reaction,!'®! Ba(NH,), is reportedly formed, resulting in a pro-
motion toward the dissociative adsorption of N,, thereby shifting
the rate-limiting step.[*°®!

Extremely low-temperature ammonia synthesis from H, and
N, has been recently demonstrated using a Ru-based catalyst by
Hattori et al.'*”) Solid solution CaFH was used as the Ru catalyst
support with an activity of 50 pmol g~*h™" achieved at ambient
pressure and a near-ambient temperature of 50 °C. CaFH sup-
port can be formed at low temperature from the solid solution
of CaF, and CaH,; the week ionic bonds in this solid solution
between Ca®* and H™ were attributed to the excellent catalytic
performance by Hattori et al.,'®” with the H™ sites facilitating
the release of hydrogen atoms.

Microwave-assisted ammonia synthesis was reported by
Wildfire et al.l'%®! using a Ru/MgO catalyst. An activity of
613 pmol g ' h™! was reported at 320 °C and ambient pressure
in a 2.45 GHz microwave reactor. They noted that the Ru loading
had a significant impact on this synthesis method with a lower
metal site temperature and quicker response time when the load-
ing percentage of Ru increased from 4% to 10%. Although the
reported activity is not as high as the current best performing Ru
catalysts under conventional conditions, the demonstration of
this technology with Ru/MgO may open this synthesis method
up to other higher activity Ru-based catalysts.

The properties of typical reported Ru-based ammonia synthe-
sis catalysts are listed in Table 2. The highest NH; formation rate
of 310000 pmol g~* h™" at 100 bar and 400 °C was observed for
the Ba-promoted Ru catalyst supported on AC-G when a WHSV
of 70000 mL g~ " h ™" was used.''® Although this activity appears
high, the flow rate used for their catalytic activity test was
relatively high at 70dm*>h™'. When considering the flow

rate, the highest activity is seen for Ru/Ba-Ca(NH,),, with
60400 pmol g~ ' h™" at 9bar and 360°C, which was achieved
at the much lower flow rate of 3.6dm>h™" corresponding to a
much higher conversion."°®) Metal hydrides, amides, and oxyhy-
drides have proven to be excellent support materials for the Ru
ammonia synthesis catalysts that can provide protection against
hydrogen poisoning and in some cases, shift the rate-limiting
step. At ambient pressure, Ru supported on high-surface-area
12Ca0-7Al,05 electride exhibits the highest catalytic activity, with
a value of 2290 pmol g~' h™" at a temperature of only 340 °C.°®

Although the Ru-based catalysts exhibit exceptionally high
activity toward ammonia synthesis at reduced temperature
and pressure, in 2017, the global ruthenium production was
reported at 35.5 tonnes.[''”) If an ammonia synthesis plant needs
300 tonnes of a catalyst, in which the said catalyst contains only
2 wt% Ru, then 6 tonnes of Ru will be required, roughly 17% of
the global annual Ru production. This will result in a sharp
increase in the price of Ru. Therefore, globally there are approxi-
mately only ten ammonia synthesis plants that use Ru-based cat-
alysts, while the rest of the market is dominated by the cheap
fused-Fe-based catalysts.

5. Electride-Based Catalysts

Although part of the supported ruthenium class of catalysts
reported previously, ruthenium catalysts with electride supports
are discussed in more detail due to the excellent promotion effect
of this recent material.

Recently electride-based catalysts commonly using the elec-
tride material as the catalyst support have gained attention.
An electride is an O~ ionic compound in which electrons act
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Figure 6. a) Ammonia synthesis rate and outlet ammonia mole fractions for Ru/C12A7:e~ compared with various supported Ru catalysts. b) Apparent
activation energy and turnover frequency for Ru/C12A7:e” compared with various supported Ru catalysts. All catalysts were loaded with 1wt% Ru and
tested at 0.1 MPa, 400°C, H3/N; =3, 60 mL min~". Reproduced with permission.m Copyright 2012, Springer Nature.

as the anion.!'**' The majority of these complexes are organic
and have poor thermal stability. This led to the development of
the inorganic electride with the formula [Caz4Alng(,4]4+(e7)4 in
2003, which showed good stability above room temperature.***!
This electride was investigated as a support material by
Inoue et al”**! due to its strong electron-donating ability and
hydrogen storage ability. The immediate benefits of this catalyst
support can be seen in Figure 6, where the activity, ammonia
outlet mole fraction, activation energy, and turnover frequency
are reported alongside conventional supported ruthenium cata-
lysts all at 0.1 MPa and 400 °C.1”) In terms of activity, only the
cesium-promoted Ru/MgO catalyst comes close, while for turn-
over frequency the Ru/[CaysAl,5064]" " (€7)s catalyst dwarfs the
others.

They synthesized the support material using two different
methods, the solid phase reaction method and the hydrothermal
method.”?®! The temperature at which water and hydroxyl groups
were removed during the hydrothermal synthesis was varied
between 873 and 1273 K to find out how this affected the surface
area and catalytic performance.*®! [CayAl,g064]*(€7)4 synthe-
sized using the hydrothermal method at 1173 K produced the
highest rate for ammonia synthesis for the electride-supported cat-
alysts, which is higher than that of K-Ru/Al,O; and Ru/ZrO, at the
same temperature and pressure (3 MPa).l”” It is also higher than
that of the Ru-Cs/MgO catalyst at the same temperature and pres-
sure.”® The structure of the [Ca24A128064]4+(ef)4 electride is
shown in Figure 7, where the green sphere represents the possible
space electrons can occupy in the structure.

Further research into electride materials led to the finding that
in the Ru/HT-C12A7:e™ catalyzed reaction, the nitrogen disso-
ciation step was no longer the rate-limiting step and that the new
rate-limiting step was due to the formation of the NH,* species
as shown in Equation (4)—(6)."'* This discovery then further
increased interest in new electride materials for ammonia
synthesis.

Electron

Figure 7. Lattice structure of the [Cay4Al064]* " (€7)4 electride with Ru
loading. The structure shows how electrons occupy the oxygen vacancies
in the material. Reproduced with permission./” Copyright 2012, Springer
Nature.

Following their work on C12A7:e ', Inoue et al.' investi-
gated the 2d electride Ca,N:e™! as an ammonia catalyst support
for the Ru catalyst. They noted stable catalytic activity down to
temperatures as low as 200 °C while also providing a notable
increase in activity across the temperature range tested.
However, it was believed that this increase was due to the hydride
Ca,NH formed during the reaction and not the electride.'*”
Inoue et al. further investigated the electride-derived hydride
Ca(NH,), for its activity toward ammonia synthesis with the
Ru catalyst.!"'%

Recently, the water-stable electride YsSi3 has been investigated
as a Ru support for ammonia synthesis by Lu et al.''”) In their
work, they exposed the prepared YsSi; samples to distilled water
for 1h before measuring the activity. It was observed that the
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activity of the sample remained constant between the dry catalyst
and the wetted one. This provides a noted advantage when com-
pared to conventional Ru support materials such as MgO while
achieving comparable activity.!''”! Further work on this electride
was conducted by Lu et al.'*® YsSi; ingots were obtained
through arc melting as before from their metallic precursors.
However, instead of mechanically grinding the obtained ingots,
they were treated using Ar/H, arc evaporation at a temperature
of 1000 °C."® The evaporated YsSi; was flown out of the cham-
ber and filtered to obtain nanoparticles of the electride. This
method further emphasizes the effect that the support morphol-
ogy and particle size has on the catalytic activity as an increase
from 1.875 to 4.448 mmolg 'h™' at 340°C and 0.1 MPa was
achieved when the support was changed from mechanically
ground YsSi; to YsSi; nanoparticles, respectively.''® This
increase in activity was also accompanied by a decrease in reac-
tion temperature of 60 °C from 400 to 340 °C with both taking
place at atmospheric pressure.

Wu et al. recently noted the potential of LaScSi as an electride
support for Ru in the catalytic synthesis of ammonia.''*! Again,
like YsSis, the electride support was noted to have good stability
in air and water while exhibiting good activity with a turnover
frequency of 0.1s™" at 0.1 MPa and 400 °C. They attributed its
high performance to the nature of its anionic electrons, which
were tiered and in higher concentration than other electrides,
demonstrating desirable properties for the future of electride-
based catalysts.[''”]

Like the electride LaScSi, LaRuSi was synthesized by
Li et al."?% Again, this catalyst was stable in air and water, with
stability even reported in some acids such as HNO; and
Ethylenediaminetetraacetic acid (EDTA). By incorporating Ru
into the support lattice rather on the surface, numerous advan-
tages can be achieved, as highlighted in the previous section for
the catalysts LaCog 9gRug,0,03 and YRu,.102193] At the same con-
ditions a slight increase in activity over the supported electride
Ru/LaScSi was observed with an activity of 5.34 mmolg 'h™"
obtained for LaRuSi and 5.3mmolg 'h™' for Ru/LaScSi,'2%
both of which were achieved at 400°C and 0.1 MPa. The
observed activation energy of N, dissociation on the LaRuSi cat-
alyst was lower than that observed for conventional Ru-supported
catalysts and the turnover frequency (TOF) was increased by a
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factor of 600 over the Ru powder at their reaction conditions
(400 °C and 0.1 MPa).!*>”! By replacing La with Ce in the electride
to form CeRuSi that activity can further increase to 5.48 mmol
g 'h™! under the same reaction conditions; CaRuSi was also
investigated by Wu et al.'*"! but performed much worse, with
an activity of 0.06mmolg ™ h™' at these conditions.'*"
However, it should be noted that although the activity of both
LaRuSi and CeRuSi is slightly higher than that of Ru/LaScSi,
the weight percentage of Ru in the catalyst is much higher
too, with ~38 wt% Ru in both LaRuSi and CeRuSi but only
8.3 wt% in Ru/LaScSi.'*”! This will significantly increase the
cost, making the realistic application of such catalysts unviable
considering the slight increase in activity.

The activities and reaction conditions of various electride-
based catalysts are highlighted in Table 3. Although good activity
for this interesting class of catalysts has been shown over a vari-
ety of different electride materials at low temperatures (<400 °C),
the reaction pressure is 0.1 MPa for all reported catalysts. As the
synthesis loop in the KAAP process operates at a pressure of
~9 MPa while using a conventional ruthenium catalyst sup-
ported on activated carbon,?’ activity tests of the best performing
electrides at these conditions are required to further evaluate
their feasibility for industrial application.

6. Cobalt-Based Catalysts

In recent years, cobalt-based ammonia synthesis catalysts have
attracted the attention of researchers because of their high activ-
ity. Like ruthenium, cobalt-based catalysts are commonly used
with a support material; however, unlike ruthenium this is solely
for promotion effects and is not a cost issue, as is also the case
with ruthenium.””? As such, these supports/promoters can be
added in a much greater weight percentage range, from a few
weight percentage as seen in multipromoted fused-iron catalysts
to weight percentages similar to those seen for ruthenium.

In 2002, Hagen et al.l'*? investigated the catalytic activity of a
barium-promoted cobalt catalyst supported on carbon for ammo-
nia synthesis. To synthesize the catalyst, they first cleaned Vulcan
XC-72 at 1372 K using 10% H, in N,. After this, both cobalt and
barium were added to the support carbon through incipient
wetness impregnation using Co(NOs), and Ba(O,CCHj3), as the

Table 3. Chemical composition and activity of selected ruthenium catalysts for ammonia synthesis.

Catalyst Ru content Promoters Reactor Reactor pressure WHSV NHj3 percentage in NHj3 synthesis rate Ref.
[wt%] [wt9%] temperature [°C] [MPa] mLg'h™ reactor outlet [v/v%)] [tmol g7 'h™)
Ru/HT-C12A7:e”" 2 - 340 0.1 18 000 - 2290 [96]
Ru/CayN:e~ 1.8 - 340 0.1 36000 - 3386 115
Ru/Ca(NH;), 1.8 - 340 0.1 36 000 - 3386 [195]
Ru/YsSi; NP 10 - 340 0.1 36 000 - 4448 [118]
Ru/C12A7 (microcube) 5 - 400 0.1 36 000 - 5380 [196]
Ru/YsSi; 7.8 - 400 0.1 18 000 - 1875 [117]
Ru/LaScSi 8.3 - 400 0.1 36000 0.36 5300 9]
LaRusSi - - 400 0.1 36 000 0.492 5340 [120]
CeRuSi - - 400 0.1 36 000 - 5480 [120]
CaRuSi - - 400 0.1 36 000 - 60 [121]
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metal precursors. They measured the activity of the prepared cat-
alyst using a stainless steel microreactor over the temperature
range of 320-440 °C and pressure range of 2-50 bar. From these
experiments they found that the highest activity could be
obtained at 440 °C and 10 bar with a H,/N, mole ratio of 3/1;
at these conditions a rate of 86400 pmolg ' h ™' was achieved.
In 2006 Rarog-Pilecka et al.'**! investigated the role of the
preparation procedure on the catalytic activity of carbon-
supported cobalt catalysts for ammonia synthesis. They produced
the carbon support by treating activated carbon in helium at
1900 °C followed by CO, at 850 °C. This carbon support was then
impregnated with cobalt using cobalt nitrate hexahydrate as the
precursor. This sample was calcined after drying at 220 °C and
labeled “Co/C”; this sample was further treated in hydrogen at
350°C to create Cog,p/C. A third sample was then produced
through reoxidizing the Cog,p/C at 220°C in air to produce
Cog.pic/C.1?% All of these samples were also investigated after
impregnation with barium using a barium nitrate precursor. The
activity of these catalysts was measured at 9 MPa using a H,/N,
mole ratio of 3/1 over the temperature range of 400-470°C. In
their results they reported that the highest activity was obtained
at 470°C using the Ba—Cogyp;c/C catalyst with a rate of
In 2007 the treatment method of the carbon support for the
cobalt catalyst was investigated by Rarog-Pilecka et al.'**! The
first two supports were prepared from commercial activated
carbon with both being treated at 1900 °C in helium, with one
of them further treated in CO, at 850°C. A third support was
obtained following the same two-step procedure using helium
and CO, but using GF45 from Norit as the starting material.l"**l
Two different cobalt precursors were used, cobalt nitrate hexahy-
drate and cobalt acetate, which were both added to the support
material through impregnation. Again, barium nitrate was added
as a promoter using the standard impregnation method.!"**]
These prepared catalysts were then subjected to the oxidation,
reduction, and reoxidation pattern as reported in their previous
work.['?3] When evaluating the catalyst at 9.0 MPa, 400 °C, and a
stoichiometric H, N, gas follow, it was found that the highest
activity was for the catalyst supported on the treated GF45 sup-
port, with a rate of 1.52 g3 g~ P h™ L1
In 2008, Rarog-Pilecka et al.'**! again investigated the use
of cobalt as an ammonia synthesis catalyst. This time they used
activated carbon as a template to form an unsupported cobalt
catalyst. Commercial activated carbon after being treated with
hydrogen was used as the template material. This was then
impregnated using cobalt nitrate both with and without cerium
nitrate. This impregnation was repeated until an inorganic-
to-carbon weight ratio of 1.5:1 was obtained. The carbon was then
burnt off at 250°C in air. Both the cobalt and cobalt—cerium
oxide catalyst obtained this way were promoted with barium
using the conventional method.[***! When investigating the activ-
ity of the produced catalysts, they found that the doubly promoted
cobalt catalyst promoted with both cerium and barium had the
highest activity with an activity of 1.98 gnpy3 g~ h™! when tested
at 6.3 MPa and 400 °C with a gas mole ratio of H,/N, of 3/1.1'”)
The preparation method of the doubly promoted cobalt cata-
lyst was again investigated by Rarog-Pilecka et al. in 2011 with
barium- and cerium-promoted cobalt catalysts prepared through
the coprecipitation method.'?®! To prepare the catalysts, they

www.advenergysustres.com

added potassium carbonate to an aqueous solution of either
cobalt nitrate or cobalt nitrate and cerium nitrate to obtain the
cobalt and cerium carbonates. After drying, these carbonates
were then treated at 500 °C in air overnight to obtain the oxide
catalyst. Again barium nitrate was added as a promoter using the
standard impregnation method."2®! When evaluating the activity,
they used a pressure of 6.2 MPa with a gas mole ratio of H,/N,
of 3/1. Again, the highest activity was for the doubly promoted
catalyst, with the highest turnover frequency being 0.370s " at a
temperature of 430 °C.[*2¢!

In 2012 the effect of cerium addition was studied by
Karolewska et al.l'*”! They synthesized the catalyst through copre-
cipitation using cobalt nitrate and cerium nitrate with potassium
carbonate as the precipitant. From this the carbonates of cerium
and cobalt were obtained, which were converted to the oxide
catalyst through air treatment at 500 °C. Again barium nitrate
was added as a promoter using the standard impregnation
method.["?”! The catalyst activity was measured at 400 °C with
a pressure of 6.3 MPa and a gas mole ratio of H,/N, of 3/1;
at these conditions it was found that a cerium loading of
11.5wt% provided the highest rate, with ammonia produced
with a value of 3.33 gyms gf1 h1.027

In 2013 Karolewska et al. further studied the effect of cerium
addition and the preparation procedure on cobalt catalysts sup-
ported on carbon.**! Their carbon support was obtained from
treated commercial activated carbon; the cobalt and cerium were
then supported on the carbon following two different proce-
dures.['®! The first involved separate impregnation steps for both
the cobalt nitrate and cerium nitrate precursors using an alco-
holic solution. The second procedure used a coimpregnation
method in which both the nitrate precursors were added
together. After drying, the samples from both of these proce-
dures were calcined to form the oxide catalyst. Again barium
nitrate was added as a promoter using the standard impregnation
method."?® Catalytic activity measurements were conducted at
9.0MPa at a temperature of 400°C using a stoichiometric
gas flow of nitrogen and hydrogen. At these conditions it was
found that a higher rate can be achieved when the catalyst is
prepared through the coimpregnation method, with a rate
of 816gnyus;g 'h™! for the coimpregnated catalyst and
4.95 gy g h™! for the stepwise-impregnated catalyst.['?8

Recently, Lin et al."?®! have prepared a cobalt catalyst sup-
ported on ceria for the synthesis of ammonia. They prepared
a series of Co/CeO, catalysts with a range of different properties
of surface hydroxyl groups by varying the pretreatment method.
They prepared these catalysts through the coprecipitation
method, with an aqueous solution of Ce(NOs); and Co(NOs)3
with a weight ratio of Co to CeO, of 7.9 wt%. A suspension with
pH 10 was then formed by adding NaOH dropwise with this
suspension being aged for 3h. The suspension was washed
with distilled water and dried overnight at 110 °C. The obtained
catalyst was then either treated with air or hydrogen for 4h at
600°C."*’! The ammonia formation rates at various tempera-
tures and a pressure of 10 MPa are shown in Figure 8. They pro-
posed the reaction pathway shown in Figure 9.

In their results they noted that high catalytic activity was
observed for catalysts after reduction in hydrogen at a high tem-
perature."??! This could be related to the formation of hydroxyl
ions on the surface (Figure 9). The OH™ ions may react with H,
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Figure 8. Ammonia synthesis rate of Co/CeO, at 10 MPa and WHSV
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Figure 9. Proposed reaction pathway for ammonia synthesis on
Co/CeO,. Reproduced with permission.I'* Copyright 2011, RSC Publishing.

forming H,0 and thereby leaving the surface, leaving the active
site for absorption of nitrogen, which may facilitate the formation
of ammonia. In the Ru-based ammonia synthesis catalysts, it was
found that the ammonia synthesis catalytic activity of 4 wt% Ru
on Sm;03;—CeO, increases with the doping of Sm,05 and the
maximum activity was observed at 7mol% Sm doping. It was
believed that the oxygen vacancies induced by Sm*" present
in ceria are not only facilitated by the reduction of the surface
oxygen of ceria, but also favorable to the hydrogen desorption.!**”!
From this point of view, introduction of oxygen vacancies in the
catalyst support/promoter is a good strategy to improve the
ammonia synthesis activity.

In 2015 Tarka et al.!"*" reported on the effect of a barium pro-
moter on the stability and activity for ammonia synthesis when
used to promote a carbon-supported cobalt catalyst. The prepared
catalysts used in the experiments all had a cobalt content
of 27.4wt%, with the barium promoter content varying from
0 to 0.88 mmol g ' (C + Co).I"*"I The catalysts were then tested
at 9 MPa, 400 °C with a H,/N, ratio of 3/1; at these conditions it
was found that a barium promoter content of 0.68 mmolg '
(C+ Co) performed best, with an ammonia synthesis rate of
1.5 gnms gc+cO71 h™! achieved.['3!

McAulay et al. reported the activity of a Co-Re catalyst
for ammonia synthesis.'*¥ The CoRe, catalyst used in their
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experiments was synthesized by mixing NH,ReO, with
Co(NO;3),-6H,0 in deionized water."*?! This mixture was then
dried and calcined in air. The catalyst activity was measured
at ambient pressure and a temperature of 400 °C with a H;,/N,
feed gas ratio of 3/1. At these conditions they reported an ammo-
nia synthesis rate of 943 ymol g~* h™.1*%

The effect of lanthanum addition on cobalt catalysts obtained
through coprecipitation was studied by Zybert et al. in 2015.13*!
The catalysts were prepared by adding potassium carbonate to an
aqueous solution of cobalt nitrate and lanthanum nitrate to form
carbonates of cobalt and lanthanum. These were then fired in air
to obtain the oxide catalysts, which were then impregnated with
barium using the standard method."**! When testing the activity
of these catalysts at 430 °C and 6.3 MPa with a H,/N, feed gas
ratio of 3/1, they reported that a rate of 3.27 gnpzg "h™ ' was
achieved for the barium- and lanthanum-promoted catalyst.!***!
Table 4 shows the activity of a range of cobalt-based catalysts for
ammonia synthesis.

In these catalysts, Co supported on CeO, or carbon and pro-
moted with Ba exhibits a very high activity. As the cost of cobalt is
significantly lower than that of Ru, it can provide a competitive
alternative to Ru in terms of cost. However, a comprehensive
study on the stability is required.

7. Nickel-Based Catalysts

Although identified as a metal with activity toward ammonia syn-
thesis, Ni was quickly sidelined due to a much lower activity than
Fe despite Ni having a higher cost. However, new reports have
highlighted new improved activity toward ammonia synthesis
with Ni-based catalysts.”67?8%134136] Thege catalysts use specif-
ically designed support materials to interact with the Ni catalyst
to achieve excellent activities, acting as cocatalysts with the Ni.
Excellent activity at low temperature and atmospheric pressure
was obtained for a Ni catalyst supported on LaN by Ye et al.!*¥
Weakening the nitrogen triple bond through nitrogen vacancies
on the LaN surface allowed for a high activity to be achieved for
the Ni catalyst, overcoming its low binding energy. Activities of
2665 and 5500 pmol g~ ' h™! were achieved at 340 and 400 °C,
respectively (0.1 MPa, 36 000 mLg~"h™")."*l When they inves-
tigated Ni with support materials that had previously displayed
excellent activity with Ru, a similar high activity was not reported
with Ni. Therefore, counter to the conventional consensus that
Ni-based ammonia catalysts have limited activity, it has been
demonstrated that excellent activity at low temperature is obtain-
able."* However, the synergistic effect toward the support
material must be fully realized to obtain this activity with care-
fully designed materials used to overcome the low binding energy
of Ni. By utilizing the support material to weaken the nitrogen
triple bond, this new class of Ni catalyst will be a type of cocatalyst.
As mentioned in the section on Fe catalysts, the chemical
looping process has been shown to drastically increase the activ-
ity of hydride-supported catalysts by Gao et al.”?) As shown in the
Table 5, an activity increase of nearly two orders of magnitude
from 48 to 3125 pmol g~ h™" was observed for Ni-BaH, when
switched from the conventional synthesis with a feed gas ratio of
3/1 Hy/N, to the chemical looping process (300°C, 0.1 MPa,
60000mLg "h™").”"" As was highlighted in the Fe section,
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Table 4. Chemical composition and activity of selected cobalt catalysts for ammonia synthesis.

Catalyst Promoter [wt%] Reactor Reactor pressure WHSV NHj; percentage NH; synthesis Ref.
temperature [°C] [MPa] [mLg 'h™"] in reactor outlet [v/v%] rate [umol g7 h™]
20% Co—BaH, (chemical - 300 0.1 6000 - 1866 [79]
looping process)
20% Co-BaH, - 350 0.1 6000 - 576 [79]
CoRey - 400 0.1 12000 - 943 [132]
CoszMosN - 400 0.1 9000 - 652 [146]
2.6 wt% Co/C12AT7:e”" - 400 0.1 18 000 - 1764 [197]
CozMo;C - 500 0.1 12000 - 461 [198]
4.7%Co/BaCeO3_,H N, - 400 0.9 36 000 - 10100 [82]
5.2wt% Co/CNT BaH, (Ba: 20.1 wt%) 300 1 6000 - 4800 [199]
3.4 wt% Co-N-C - 350 1 60000 - 4340 [200]
Co/C 0.87 Ba/Co atomic ratio 400 1 - - 43200 [122]
Co/CeO,-D-500 - 425 1 - - 19120 [201]
CoPc 8% Ba 400 3 12000 - 10250 [155]
CoRey - 350 3.1 9000 - 2400 [202]
1%Co/BaTiO;_,H, - 400 5 66 000 - 5700 [81]
Co 11.5wt% CeO,, Ba 400 6.3 175 000 - 195 880 [127]
Co 0.6 mmol gc.co) ' Ba 400 6.3 175000 0.7 52352 [125]
Co 0.52 mmol g(cico) T Ce 400 6.3 175000 0.07 4705 [125]
Co 0.52mmol gc o) Ce, 400 6.3 175 000 1.7 116 470 [125]
1.17 mmol g(ucg)’]Ba
Co/Ba(CP) Ba (2 wt%) 400 6.3 70000 - 70905 [203]
Co 1.2mmol g™ (Co) Ba 430 6.3 233333 - 1666 [133]
Co 7.4wt% La 430 6.3 233333 - 103 333 [133]
Co 1.4mmol g™ (Co) Ba, 7.4wt% La 430 6.3 233333 - 181666 [133]
Co 0.88 mmol g(c.co) ' Ba 430 6.3 175 000 - - [126]
Co 0.75 mmol gc.co) ' Ce 430 6.3 175000 - - [126]
Co 0.75 mmol gc.co) ' Ce, 430 6.3 175 000 - - [126]
1.02 mmol g(@rCo)’] Ba
8.4% Co/Mg-La - 470 6.3 140 000 - 54 000 [204]
Co/C 0.69 mmol g(c o) ' Ba 400 9 70000 - 83333 [131]
26.8%Co/C Ba 400 9 144 444 - 84444 [124]
(Co-Ce)y/C 0.071 mmol g(@rcl,)’1 Ce, 400 9 155555 - 452390 [128]
0.89 mmol g(c+c°)’1 Ba
(Co—Ce)s/C 0.074 mmol gicycq) " Ce, 400 9 155555 - 294283 [128]
0.89 mmol g(@rCO)’1 Ba
Cog/C 0.84 mmol gic,co) ' Ba 470 9 14 444 - 99411 [123]
Cogp/C 0.92 mmol g(@rc(,)’1 Ba 470 9 14444 - 18 823 [123]
Cogpic/C 0.73 mmol gic,co) ' Ba 470 9 14 444 - 127 647 [123]
Co/CeO, - 430 10 240000 - 52040 [129]
6 wt% Co/CeO, Ba (3 wt%) 430 10 - - 26 654 [205]
10 wt% Co/CeO, - 430 10 - - 86 000 [206]

the chemical looping process elevates the Ni catalyst above the Fe
one despite lower activities in the conventional synthesis process.
During the chemical looping process, nitridation of the BaH,
support takes place, forming BaNH during the nitrogen loop.
When looking at the conclusions from Ye et al.['**! where it
is noted that high Ni activity relies on the breaking of the

nitrogen triple bond to overcome the low binding energy of
Ni, this favorable performance of the chemical looping process
with Ni catalysts makes sense. If the nitrogen triple bond in N, is
broken on the BaH, to form BaNH then this will also act as a co-
catalyst to the Ni, overcoming its weakness. Table 5 shows the
activity of a range of nickel-based catalysts for ammonia synthesis.
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Table 5. Chemical composition and activity of selected nickel catalysts for ammonia synthesis.

Catalyst Ni loading Reactor Reactor pressure WHSV NH; percentage in NH; synthesis rate Ref.
[wt%] temperature [°C] [MPa] [mLg 'h7] reactor outlet [v/v%] rmolg " h™]

Ni-BaH, 20 300 0.1 60 000 - 48 179]

Ni—BaH, (chemical looping) 50 300 0.1 60 000 - 3125 [79]

Ni-LiH 59.5 300 0.1 60 000 - 40 [76]

Ni-LiH (chemical looping) 50 300 0.1 60 000 - 1533 [79]

Ni/LaN NPs 12,5 340 0.1 36000 - 2665 [134]

Ni/LaN bulk 5 340 0.1 36000 - 820 [134]

Ni-Mo-N 34.8 400 0.1 9000 - 275 [135]

Ni;Mo;N 28 400 0.1 9000 - 395 [136]

Ni-BaZro.1Ceo 70203 54 620 0.1 30000 - 250 80]

NI/CeN NPs n.7 400 0.9 36000 - 6500 [150]
Low-temperature ammonia synthesis remains one of the key e

challenges facing catalysts today, with the commonly used fused- 101k Ru

Fe catalysts not able to reach the low temperatures achieved by Os

the expensive ruthenium catalysts. However, these low temper- 100F Fe

atures can be reached by Ni catalysts, as shown in the table, with

good activities for temperatures as low as 300°C reported. 0

Industrially, fused-Fe catalysts are still used over Ru catalysts g Nt

due to the greatly reduced cost. However, despite still costing 2 10f

more than Fe, these Ni catalysts are much cheaper than Ru and

therefore may provide cost-effective catalysts for low-temperature 10°F Mo

and pressure ammonia synthesis plants. b Ni

8. Metal Nitride Catalysts 00 06 750 500 250 00 20 500 750

In addition to the metal (Fe, Ru, Co)-based catalysts, a number
of metal nitride phases have also been reported for their high
activity in the catalytic synthesis of ammonia. Binary nitride
systems based on uranium,3” cerium,!*®  vanadium,!*>*!
molybdenum,™® and rhenium™Y have been reported over
the last century with the catalytic activity of uranium nitrate
reported by Haber.**

One major development in metal nitride catalysts was the idea
of ternary nitride systems.>'****4 This idea can be shown by
looking at the volcano-type plot obtained for the DFT-calculated
turnover frequencies of various ammonia synthesis catalysts.!**
These turnover frequency values were calculated through a com-
bination of a microkinetic model for the synthesis rate and the
linear relation that exists for the N, dissociation potential energy
and activation energy. Their model also accounts for potassium
and cesium promoters. This plot is shown in Figure 10.

It can be seen that if a ternary nitride is made by combining
two metals, one with too high a nitrogen adsorption energy and
one with a nitrogen adsorption energy that is too low, then an
ammonia synthesis catalyst can be obtained with a TOF closer
to the maximum than any single metal nitride.>'** In the
Co—Mo catalyst system shown on the plot, Mo binds nitrogen
too strongly,’?) whereas Co binds nitrogen too weakly.”) These
results were confirmed experimentally in a study by Jacobsen
et al'"! in which the ternary nitride catalysts Fes;Mo;N,
Cos;MosN, and Ni;MosN were tested with promoters. They

[AE-AE(Ru)](kJ/mol N,,)

Figure 10. Calculated turnover frequencies for ammonia synthesis as a
function of nitrogen adsorption energy (400 °C, 50 bar). Reproduced with
permission.'"* Copyright 2001, American chemical society.

obtained these nitrides by mixing a solution of metal nitrate salt
required for the system with a solution of ammonium heptamo-
lybdate which was dried and calcined at 400 °C for 2 h. This pro-
duced MMoO,4-xH,0 (where M = Fe, Co, Ni), which was heated
to 600°C in 4.5% ammonia and 3:1 H,~N,.'** They used
cesium nitrate as the catalyst promoter through impregnation
of the oxide either before ammonolysis or directly on to the
catalyst.[***!

The role of the preparation method on the activity of the
Ni,MosN catalyst was investigated by Bion et al. in 2014.*3¢
To investigate the preparation method, two different prepara-
tion routes were applied; these were the nitridation of
NiMoO, and the second was the nitridation of a mixed phase
precursor formed through the Pechani method. In their results
they reported an ammonia synthesis rate of less than
15 pmol h™! g™ ! for the catalyst prepared through the nitridation
of NiMoOy; however, for the catalyst prepared using the Pechani
method the rate increased to 395 pmolh™' g™* under the same
conditions of ambient pressure and 400 °C.*% This was due to
the presence of a large amount of Ni impurities in the catalyst
formed from the nitridation of NiMoO,.1*®
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In 2001, Kojima and Aikal"* investigated the preparation
method for Co;MosN catalysts and its effect on activity for
ammonia synthesis. In their preparation they used cobalt molyb-
date hydrate as the precursor. This precursor was prepared by the
addition of Co(NOj3),-6H,0 to a heated ammonium molybdate
solution.["*®! Nitrates of potassium and cesium were used as pro-
moters and were added to the cobalt molybdate hydrate precursor
through impregnation. The nitridation of the cobalt molybdate
hydrate precursor was then achieved using flowing ammonia
in a temperature-programmed quartz reactor. The heating
program involved heating to 973K at a rate of 5Kmin™'
with the 973 K maintained for 6h before quenching to room
temperature.'*”! The activity of the catalyst was then tested at
673K at 0.1 MPa using a gas flow rate of 45 mLmin~' H,
and 15mLmin™" N,. In their results they reported a rate of
652pumolh™' g™ for the unpromoted CosMo;N catalyst."*®!
This rate was shown to increase to 869 pmolh™' g™ when the
catalyst was promoted with potassium with a K/Co mole ratio
of 0.05. The highest rate achieved was for the cesium-promoted
catalyst, which had a rate of 986 pmolh™' g~ when promoted
with cesium with a Cs/Co mole ratio of 0.02.14%

Kojima et al.'*>'*"! further studied the CosMosN catalyst,
finding that the main adsorption species was NH, on the non-
promoted catalyst, with it changing to NH for the alkali-
promoted one. They also investigated the nitridation conditions,
finding that a poorly crystalline phase forms when heated to
673K under ammonia flow. The complete Co;Mo;N phase
was found when heated at either 973 K for 3 h or 873 K for 12 h.

In 2008, Mckay et al.*¥! synthesized the CosMo3N catalyst
along with FesMosN, NiMosN, y-Mo,N, p-Mo,Ny7s, and
8-MoN to investigate their activity as ammonia synthesis catalysts.
To prepare y-Mo,N, they conducted nitridation using ammonia
gas with a MoOjs precursor. To synthesize the f-Mo,Ny ;g catalyst,
they flew nitrogen and hydrogen with a H,/N, mole ratio of 3/1
over the MoOs precursor in situ in the microreactor. MoN was
synthesized through the nitridation of MoS, with ammonia
gas. To prepare CozMo;N, Fe;Mo;N, and Ni;MosN, the metal
nitrate of either Co, Fe, or Ni was mixed with an ammonium
molybdate solution, dried, and then nitridated following the same
procedure as that for y-Mo,N. They conducted their activity meas-
urements at 0.1 MPa, 400 °C, and using a H,/N, mole ratio of 3/1,
with an overall flow rate of 60mLmin~". Their results are
reported in Table 6,"*¥ where it can be seen that their activity
for the CosMosN catalyst is significantly lower than that reported
by Kojima and Aika.l**¢!

Alongside the ternary nitrides that are highlighted in Table 6,
Cao et al"* have reported on ternary amides of transition
and alkali metals. Both Rb,[Mn(NH,),] and K,[Mn(NH,),] were
synthesized through ball milling the respective metals at room
temperature under 0.7 MPa of NHj. They both exhibited a sig-
nificant activity increase over the best performing ternary nitride
catalyst, which was CosMosN, with activities of 11 mmol g™ *h™"
for K,[Mn(NH,),, 6mmolg 'h™' for Rb,[Mn(NH,),, and
5.3mmol g ' h™" for CosMo;N, all of which were measured at
400°C and 1MPa.™>'* This increase in activity was also
reported at a much-reduced pressure, with the ternary amides
tested at 1 MPa compared to 10 MPa for CosMosN. Along with
the results highlighted in the previous section where an increase
in activity is noted when the support material for a Ru catalyst is

www.advenergysustres.com

changed from hydride to amide (CaH, to Ca(NH,),),['*>''% this
move from ternary nitrides to ternary amides may be the key next
step in this class of catalysts.

Nitrogen vacancies in these nitride catalysts have been inves-
tigated in a study by Ye et al."**! in which a Ni-LaN catalyst was
used. An activity of 5500 mmol g~* h™' was reported at a temper-
ature of 400 °C and atmospheric pressure. They reported that
surface nitrogen vacancies in LaN weakened the N triple bond,
and the H, dissociation on the Ni surface also contributed to this.
Due to its low binding energy for N, Ni is not as commonly
reported as other more conventional ammonia synthesis catalysts
such as Ru and Fe. The poor performance of Ni was shown by
Ye et al.l"** when Ni was used with excellent Ru supports such as
C12A7:e"" and MgO. However, due to the weakening of the
N triple bond through nitrogen vacancies on the LaN surface,
this weakness of the Ni catalyst can be overcome with activities
in line with those of much more expensive Ru catalysts.

Ye et al. furthered their work in this area with Ni-CeN,
gaining a better insight into the nature of the ammonia
synthesis reaction on this new catalyst class.*”! An activity of
6500 pmol g *h™' was achieved for Ni-CeN at 400°C,
0.9MPa, and a WHSV of 36000mLg *h~ """ The nitrogen
vacancies generated in the metal nitride, CeN, were responsible
for the activation of N, in the catalyst system and the Ni in
this system was responsible for H, activation. This changes the
system for the conventional catalyst and promoter to a cocatalyst
system where each part performs its own task in ammonia syn-
thesis. The strong hydrogen adsorption energy of Ni compared to
the nitrogen vacancies in the cocatalyst, calculated as —1.30
and—0.62 eV, respectively, by Ye et al. enables the dissociate
hydrogen adsorption step to take place preferentially on the Ni
catalyst.>*) Ammonia is produced from the reaction of adsorbed
hydrogen and lattice nitrogen in the CeN catalyst; the produced
vacant nitrogen sites resulting from this are then used in the
nitrogen gas activation step, thereby achieving continuous
ammonia synthesis."®” The mechanism proposed for this was
further investigated through nitrogen isotope experiments in
which ammonia synthesis was conducted with 5N, and H,
using the pure CeN catalyst.'*”! This provided further confirma-
tion that lattice nitrogen (**N) in CeN takes place in the ammonia
synthesis reaction. To further understand the activity of these
catalysts, DFT calculations were performed with the nitrogen
vacancy formation energy calculated. In their calculations they
found that the nitrogen vacancy formation energy was lowest
for Ni—CeN, further increasing for Ni-LaN, Ni-YN, and finally
Ni-ScN with the highest nitrogen vacancy formation energy.!>”!

The reported catalytic activities for nitride-based catalysts are
listed in Table 6. The Cs- or K-promoted Coz;Mo;N catalysts
exhibit a high activity of ~900pmolg™'h™' at 400°C and
1 bar, which is comparable to Fe- and Co-based catalysts under
the same condition.°>'*%! However, the cost of these nitride cat-
alysts is much higher than that for fused-Fe catalysts, which is
the major barrier for large-scale applications. Further investiga-
tion of the activity under high pressure and the stability of
nitrides in the presence of oxygenates such as O,, H,0, and
CO at high temperature is required to fully understand their
potential as real industrial ammonia synthesis catalysts. At high
temperature, nitrides tend to be oxidized to oxynitrides or oxides
in the presence of oxygenates.!"*"! The effect of this oxidation
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Table 6. Catalytic ammonia synthesis activities of molybdenum nitride and ternary nitrides.

Catalyst Promoter [wt%)] Reactor Reactor pressure WHSV NH; synthesis rate NH; synthesis rate Ref.
temperature [°C] [MPa] [mLg 'h™] [mLh g™ [pmol g " h 7]
y-Mo;N - 400 0.1 9000 - 34 [148]
B-Mo,Ng 78 - 400 0.1 9000 - 35 [148]
3-MoN - 400 0.1 9000 - 4 [148]
CosMo;N - 400 0.1 9000 - 167 [148]
CoszMosN - 400 0.1 9000 - 652 [146]
Fe;Mo3N - 400 0.1 9000 - 95 [148]
Ni;Mo3;N - 400 0.1 9000 - 29 [148]
Ni;Mo3N - 400 0.1 9000 - 395 [136]
CozMosN Cs 0.02 mol mol ™' Co 400 0.1 9000 - 869 [146]
CozMosN K 0.05 mol mol~'Co 400 0.1 9000 - 986 [146]
NiCoMo3N - 400 0.1 12 000 - 166 [207]
Ni-LaN - 400 0.1 36 000 - 5543 [134]
Ni; 1Feg.sMosN - 500 0.1 5200 - 354 [208]
CeN NPs - 400 0.9 36 000 - 1450 [150]
Ka[Mn(NH,),] - 400 1 6000 - 11141 [149]
¥-Mo,N - 400 10 - 30 - [145]
CosMosN - 400 10 - 120 - [145]
FesMo3N - 400 10 - 90 - [145]
Ni;Mo3;N - 400 10 - 80 - [145]
CosMosN Cs (5 wt%) 400 10 - 1040 - [145]
FesMosN Cs (5 wit%) 400 10 - 440 - [145]
Ni,Mo;N Cs (5 wit%) 400 10 - 530 - [145]

process and the end products on the activity of ammonia synthe-
sis should be investigated to fully understand the potential of
nitride-based catalysts. In terms of stability in oxygenates, the
oxide-based promoter/cocatalyst, functionalized by oxygen vacan-
cies, such as CeygSmg,0,_s, is a better option.[84]

9. Conclusion

Through the last 100 years of development, the catalytic synthesis
of ammonia appears to have become a mature technology.
However, there is still a large volume of recent publications
on the development of ammonia synthesis catalysts for the con-
ventional Haber—Bosch process using a wide range of catalysts
such as promoted-iron catalysts, supported ruthenium catalysts,
and metal nitride catalysts. Although current research is now
focusing on the development of new highly active ammonia syn-
thesis catalysts using ruthenium, cobalt, nickel, and metal
nitrides, the lessons learned from the extensive study of the
promoted-iron catalyst, from its initial discovery to its widespread
global use on an industrial scale, will help us improve the Haber—
Bosch process through increased conversion by operating at
reduced temperature and pressure. The new emerging ammonia
synthesis catalysts such as those using electrides, hydrides,
amides, nitrides, oxynitride hydride and oxide support materials
are promising alternatives to the conventional Ru- and Fe-based

catalysts, but also to Ni- and Co-based catalysts. The effect of the
catalyst and the support morphology has also been emphasized
over the years to show that even when promising catalysts are
discovered, there is still much that can be done to further
increase activity. Anion vacancies, particularly oxygen and nitro-
gen vacancies, in promoters/cocatalysts play important roles in
improving both the activity and stability of ammonia synthesis
catalysts. To enable the Haber-Bosch process for localized
small-scale green ammonia production, it is desirable to develop
oxygenate-tolerant catalysts to simplify the gas purification pro-
cess, improving the overall efficiency. A comprehensive stability
study under different operating conditions with the presence of
various impurities in the precursor gases is required to validate
these new catalysts for industrial applications. To make the new
catalysts competitive with the cheap fused-Fe catalysts, cost is an
important aspect to be considered. The benefits from improved
catalytic activity should not be lost through a large catalyst cost if
the goal of replacing existing fused-Fe catalysts is to be achieved.
As such, the key challenges facing ammonia synthesis today are
outlined subsequently. 1) Although ammonia synthesis is exo-
thermic and can achieve higher thermodynamic conversions
at lower temperatures, catalysts currently require elevated tem-
peratures to achieve a viable rate. Future catalysts should be
designed to operate at as low a temperature as possible to maxi-
mize conversion per reactor loop. New Ni-based catalysts sup-
ported on LaN have been shown to provide activity at low
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temperatures, along with Ni catalysts supported on hydrides
using the chemical looping process. Therefore, it is expected
that Ni catalysts with specifically designed support materials
may provide the key to low-temperature ammonia synthesis.
Ru supported on CaFH achieved ammonia synthesis at an excep-
tionally low temperature of 50 °C, with weak ionic bonds in the
solid solution attributed to the activity at this low temperature,
again providing a key area for future research. 2) Oxygenates
in the feed gas stream poison ammonia synthesis catalysts,
greatly reducing their activity. Therefore, extensive purification
processes are currently used in ammonia synthesis plants.
These purification processes not only increase the initial and
operating costs of large-scale ammonia synthesis plants but limit
small-scale green ammonia synthesis, making such processes
unfeasible. The doped-oxide support material CepgSm ¢,0, 5
was shown to provide excellent tolerance for Fe toward oxygen-
ates when used as a promoter. This promotion effect was attrib-
uted to oxygen vacancies and the SMSI effect leading to
enhanced oxygenate tolerance over fused-iron industrial cata-
lysts. When injecting 150 ppm of O, into the feed gas stream,
the Ceg gSm p,0, spromoted catalyst retained 47.4% of its activ-
ity, whereas the commercial wiistite and magnetite only retained
26.4% and 7.6%, respectively. Therefore, catalyst promoters that
exhibit oxygen and anion vacancies as well as enabling the SMSI
effect may pave the way for oxygenate-tolerant ammonia synthe-
sis catalysts. 3) When designing new catalysts to address the
aforementioned major challenges, it is important to consider cat-
alyst cost. Despite the numerous highly active catalysts reported,
fused-iron catalysts still make up the vast majority of catalysts
used in ammonia synthesis plants due to their cost. Support and
promoter materials have been shown to enable low-temperature
synthesis and oxygenate tolerance, but expensive precursors and
synthesis methods will limit their application to real processes.
These expensive promoters are commonly used in a large weight
percentage as support materials, even when the expensive Ru cat-
alyst is replaced with the cheaper Fe one. The Ce;gSmg,0, 5
promoter only makes up 20 wt% of the catalyst, with the remain-
ing 80 wt% made up by Fe, close to the Fe content in the fused-
iron catalyst (=90 wt%).

Moving forward, addressing these challenges will be key to
improving and evolving ammonia production, not only in the
current large-scale production but also in opening the door
toward small-scale localized green ammonia production using
low-carbon renewable energy sources.
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