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Abstract: The production of ammonia through the Haber-Bosch process is a large-scale catalytic
industrial endeavour with substantial energy consumption. A key area of energy optimisation for
this process involves efforts to ease the synthesis reaction conditions, particularly by reducing the
operating pressure. To achieve this goal, new catalysts are designed to function effectively at lower
pressures and temperatures. In recent years, reports in the literature concerning including lanthanide
oxides in the catalysts’ composition have started appearing more frequently. This review article offers
a concise overview of the pivotal role that lanthanide oxides play in the field of ammonia synthesis
catalysts. The paper delves into the diverse utilisation of lanthanide oxides, emphasising their role
in catalytic systems. The review explores recent advances in the design of catalysts incorporating
lanthanide oxides as promoters or support materials, highlighting their impact on enhancing catalyst
stability, activity, and operation. Three main groups of catalysts are discussed, where iron, ruthenium,
and cobalt constitute the active phase. Insights from recent research efforts are synthesised to
provide a comprehensive perspective on the application prospects of lanthanide oxides in ammonia
synthesis catalysts.
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1. Introduction

Large-scale ammonia production is carried out via the catalytic Haber-Bosch process.
An industrial plant may require more than 450 °C and more than 20 MPa of pressure
to run efficiently [1]. Demanding reaction conditions, in addition to the reagents being
obtained from fossil fuel processing, cause the process to consume more than 1.5% of
the annual energy production and emit 1.9 tonnes of CO, per tonne of ammonia pro-
duced [2]. It is then crucial to develop novel catalytic systems or re-engineer existing ones
to enable more sustainable ammonia production at milder conditions to be suitable for a
hydrogen-driven economy.

Nowadays, researchers focus on creating catalytic systems based on transition metals
other than iron, such as ruthenium or cobalt, because conventional systems are already
considered mature technology with limited possibilities for performance improvement. In
the case of transition metal-based catalysts, support is often opted for to obtain high metal
dispersion, use the metal particle surface as efficiently as possible, and decrease the loading
of costly metals of limited supply. Since the support can also be the functional component
of the catalytic system, its selection should not be arbitrary. The material must provide
proper stability to the catalyst and sufficiently enhance its performance in the reaction by
modifying the active phase properties.

Ammonia synthesis catalyst activity benefits greatly from additives that increase the
active surface’s basicity. When the basicity and electron-donating capabilities of the catalyst
surface increase, the weakening of the dinitrogen bond is facilitated [3]. It is established
that increasing the electron density of occupied states near the Fermi level on the metal
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atoms is necessary to increase the rate of nitrogen adsorption and dissociation [4]. Then,
the excessive electrons located at the d-band can be donated to the 7* antibonding states of
the adsorbate [5]. This weakens the triple bond in its molecule, facilitates its dissociation,
and accelerates the rate-limiting step of ammonia synthesis [6].

In this context, lanthanide oxides are very frequently used as catalyst supports, pro-
moters, or other modifying elements [7-9] due to their rich chemistry and abundance of
beneficial properties in terms of the ammonia synthesis reaction. This review was pre-
pared to gain a perspective on what has already been accomplished in the field, provide
a roadmap of conducted research, and direct the prospects of future studies regarding
applying lanthanide oxides in ammonia synthesis catalysts. Even though several other
reviews aiming to present the application of lanthanide oxides in catalytic systems have
been published in recent years [10-12], they tend to focus primarily on ruthenium catalysts
as research on this topic is most abundant, and these systems usually display the highest
activity. However, we feel that not enough attention is paid to cobalt-based catalysts since
numerous papers have recently been published on this topic, revealing many interesting
phenomena. Therefore, this paper aims to address this issue and elaborate on this topic. We
first discuss the properties of lanthanide oxides, focusing on those that are crucial for the
efficient operation of NHj synthesis catalysts. Next, we present and discuss the literature
that reports using lanthanide oxides as promoters or supports of three main modern groups
of NHj synthesis catalysts: iron-, ruthenium-, and cobalt-based.

Despite the extended study of intellectual property rights in the area of lanthanide
oxide utilisation in ammonia synthesis catalysts being different from the aim of this study,
it is worth noting that a number of the presented studies resulted in patents. This indicates
that the related research was often planned and conducted with industrial application
in mind. While the phenomena or general characteristics of catalysts are published in
papers, the detailed methods of the synthesis, compositions, and applications of catalysts
are most often proprietary, especially in the case of prospective systems with remarkable
properties. Some examples of such patents concerning certain catalyst types, created due to
the work of particular research groups, are indicated in this review. Notably, the number of
patents for novel systems is systematically growing [13]. CASALE SA, Fuzhou University,
ThyssenKrupp AG, and Haldor Topspe own most patents among different entities.

2. Lanthanides, Lanthanide Oxides, and Their Properties

Lanthanide oxides derive from bastnasite, monazite, and xenotime ores, minerals that
contain phosphates and carbonates of rare-earth metals [14]. They are obtained through
a multi-stage process: the physical treatment of the ore, beneficiation, hydrometallurgi-
cal or pyrometallurgical processes (calcination), and finally, the separation of individual
oxides [15,16]. Lanthanide oxides are in the form of white or light-coloured solids. They all
display a relatively small specific surface area (a few to several dozen m? g~!) and high
melting points exceeding 2000 °C [17]. They are widely used in ceramics (pigments and
glasses), optical applications (lasers), electronics, nuclear power (control rods) industries,
and catalysis [17,18].

Lanthanides, as a group, exhibit similar physicochemical properties. From a chemical
point of view, these elements are characterised by a gradual variation in the electron
configuration (filling of the 4f orbital) resulting from their location in the periodic table.
Therefore, lanthanides exhibit certain regularly variable atomic features that determine
the chemical properties and structure of the compounds they form, including oxides. One
of the fundamental parameters is the ionic radius of a given element’s atom (cation). In
the case of lanthanides, the phenomenon called lanthanide contraction is observed [19]:
a decrease in the atomic or ionic radius that is gradual but more significant than would
result from the predictions of periodic trends [20,21]. As the atomic numbers of lanthanides
increase, so does the number of electrons on the 4f subshell. Relative to the electrons
located on subshells closer to the nucleus, their shielding effect on the remaining electrons
is weakened. Consequently, the electrons at the lower subshells are attracted more strongly
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by the increasing positive charge of the nucleus. As a result, the given lanthanide’s ionic
(and atomic) radius decreases.

Table 1 presents selected atomic properties of lanthanides. As indicated by the ionisa-
tion energies and electron configuration, the occurrence of the Ln®* cation is characteristic
of all lanthanides. This cation exhibits high stability, causing Ln,O3 sesquioxide to be
the most common system. However, it is worth noting that three elements display lower
fourth ionisation potential compared to the other lanthanides. These are Ce, Pr, and Tb; in
their case, a stable cation on the +4 oxidation state is also very common. As a result, they
can also exhibit more complex stoichiometry, dependent on the Ln3* /Ln** ratio, usually
with an oxygen deficit in the structure. These are described by the Ln,O;,_op, formula,
where n = 1 to 0, and m = 1 to 8. The stable structures for the given three elements,
existing under normal conditions, are CeO,, PrsO11, and Tb4O7, and some metastability
is also demonstrated by the PrO, and TbO; [22,23]. However, these structures may alter
their stoichiometry due to the temperature or partial pressure of oxygen changes in the
environment [24,25].

Table 1. Selected properties of rare-earth elements. Reproduced with permission from ref. [26]. ©

Springer Nature 2004.
Element Electronic A Sum of the First Three Fourth Ionisation Potential Ln3* Ionic Radius
Configuration Ionisation Potentials [k] mol—1] [k] mol—1] [pm] [27,28]
La 54! 62 3455 4819 117
Ce 4f1 541 652 3523 3547 115
Pr 4f3 6s? 3627 3761 113
Nd 4f* 6g? 3697 3899 112
Pm 45 6s? 3740 3966 111
Sm 416 g2 3869 3994 110
Eu 4f7 652 4036 4110 109
Gd 417 5d1 652 3749 4245 108
Tb 4 652 3791 3839 106
Dy 4f10 652 3911 4001 105
Ho 4f11 g2 3924 4101 104
Er 4f12 g2 3934 4115 103
Tm 413 pg2 4045 4119 102
Yb 414 6g2 4194 4220 101
Lu 4f14 541 6g? 3887 4360 100

The atomic properties of lanthanides presented in Table 1 also affect the crystal struc-
ture of the oxides they form. This is due to the changes in electron configuration. The
variation concerns the 4f orbital, which, due to its location, is relatively well shielded
from the influence of the chemical environment by the outer electron shell (552p6). This
organisation of the electronic structure weakens the crystal field splitting effects [29] and
reduces the covalent bond contribution in the crystal lattice. As a result, the proportion of
ionic bonds and electrostatic interactions in the formation of crystals increases [30], together
with the contribution of the ionic radius of the lanthanide cation. Consequently, rare-earth
oxides exhibit polymorphism and can exist in various crystalline structures. However,
some structures are more energy-sustainable and, thus, more common.

Five varieties of polymorphic oxides with LnyO3 stoichiometry have been distin-
guished in the literature as A, B, C, H, and X types. The first three types, A, B, and C, occur
at standard conditions. The last two types, H and X, are found stable only at temperatures
above 2000 °C [31]; therefore, they will not be discussed in detail. The polymorphic type
in which the oxides occur depends on the ionic radius, their synthesis method, and the
temperatures and atmospheres or subsequent thermal treatment used [32].

Type A is a hexagonal system of the P32ml space group [33]. The Ln3* cation is bound
to seven oxide anions, whereby six O?~ anions form an octahedron, and the remaining
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02~ is located on one of its sides. LayO3 and Nd,O3 exhibit this structure. Type Bis a
monoclinic system with type A distortion. It is of the C2/m space group [34,35]. The metal
cations in this structure have a coordination number of six or seven. As in type A, six O?~
anions form an octahedron, but the seventh anion is slightly farther from the cation. Under
standard conditions, oxides ranging from Nd;O3 to Dy,O3 can exhibit this transitional
structure, although they will slowly morph into type C. It is a cubic system, of the a3 space
group, with a bixbyite structure [36]. The Ln3* cation forms six coordination bonds with
oxide anions. The unit cell consists of 32 metal cations and 48 oxide anions with a double
fluorite structure with every fourth O~ anion missing. The C-type structure is exhibited
by oxides from Pr,O3 to LuyO3. The fluorite structure is exhibited by oxides with LnO,
stoichiometry, organised into a Fm3m space group [26]. It is a face-centred cubic structure
in which the lattice is formed by a Ln** cation coordinated with eight O?~ anions, located
in tetrahedral space, where each anion connects with another four cations. In this structure,
a lanthanide may also occur at the +3 oxidation state, but the change in valence occurs due
to the generation and disappearance of oxygen vacancies in the structure. This structure is
demonstrated by CeO, and adequately defective PrsO;1 and Tb4O7 [31].

The lanthanide oxide’s electronic and crystal structure will influence its properties.
One of the most important factors for the effective operation of an ammonia synthesis
catalyst is the basicity of its surface. The ability to donate electrons (according to Lewis’s
definition) is crucial as it facilitates the dissociation of adsorbed gas molecules. As the bonds
in the crystal lattice of oxides are about 75% ionic (which results from the electronegativity
of the elements forming them), lanthanide oxides are basic oxides, and their basicity is
comparable to that of alkali metal oxides [32]. Hence, the gradual decrease in the ionic
radius of lanthanide cations and ionic charge density [37] progressing along the period
from La3* to Lu3* will result in a fairly smooth change, i.e., a decrease in basicity [38].

One of the material surface basicity estimating methods, which accounts for the power
and number of basic sites of the Lewis type, is the measurement of the adsorption capacity
of a gas molecule with acidic properties, e.g., CO, [39]. The basicity of lanthanide oxides
was investigated by Sato et al. [40]. Results of the study are presented in Figure 1.
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Figure 1. Relationship between the radius of rare-earth cation and strength of basic sites of REOs
calcined at 1000 °C. The strength of basic sites is defined as the temperature of the CO, desorption
peak observed below 500 °C. Reproduced with permission from ref. [40]. © Elsevier 2009.

Sato’s research indicated a direct correlation between the ionic radius of the lanthanide
Ln3* cation and the strength of the basic sites on the oxide surface. A certain degree of
deviation from the linear relationship in the case of some of the lanthanides (La;O3 and
Nd,O3) was explained by the different crystal structures they tend to display (type A,
hexagonal) and the formation of surface carbonates in contact with carbon dioxide in air.
Sato also demonstrated the relationship between the decrease in the total number of basic
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sites and their increasing concentration on the surface with the decrease in the ionic radius
of the Ln3* cation [40,41].

Surface carbonate stability testing can also assess the basicity of lanthanide oxides.
Maitra et al. used this method in their research [42]. As a determinant of the basic-
ity of the oxide, the last stage of surface carbonate decomposition temperature was
assumed. The series of decreasing basicity estimated by the author was as follows:
La>Pr~Nd>Sm>Gd ~Eu>Tb ~Ho ~ Er>Dy ~Tm ~ Yb ~ Lu > Ce. Despite the gen-
eral agreement of the series with the one resulting from predictions based on the electronic
structure of cations, Maitra pointed out the difficulty of obtaining consistent results using
this method. As causes, he indicated the possible influence of impurities present in oxides,
the influence of polymorphism on the structure and temperature of carbonate decomposi-
tion, the narrow span of temperatures at which the decomposition reaction occurs, and the
dependence of the reaction progress on the composition of gaseous atmosphere.

In addition to the electron donation capability of lanthanide oxide surfaces, their ability
to transport electrons in bulk, i.e., conductivity, is also worth discussing. The parameters
describing the conductivity of lanthanide oxides are presented in Table 2.

Table 2. Electrical conductivity data of rare-earth sesquioxides for py,= 0.02 MPa. Reproduced with
permission from ref. [43]. © Elsevier 1970.

Lanthanide Oxide Tg[°Cl E;(T<Tg)[eVl E;(T>Tg)leVl 0400°C[x10° Q-1em-1] ©650°C[x10° Q-1 cm—1]

LayO3 270 0.7 1.05 230 1700
Pr,O3 320 0.4 0.95 300 3450
Nd,O3 - - 1.15 25 1450
Sm;0O3 560 0.6 1.28 20 880
Eu,05 570 0.6 1.35 5 150
Gdy03 560 0.5 1.57 5 130
Tb,O3 280 0.4 0.95 3 200
Ho,05 575 0.7 1.61 5 160
Yb,O3 605 0.5 1.61 3 50

Tp—the breakpoint at which for the logo = f(1/T) function, a change in the activation energy of the lanthanide
oxides conductivity occurs; E; (T < Tg)—the activation energy of the conduction of a substance at tempera-
tures below the Tg; Ez (T > Tg)—conductivity activation energy of a substance at temperatures above the Tg;
0 400 °C,650 °c—specific conductivity of the substance at 400 °C and 650 °C.

The conductivity of oxides with the Ln; O3 stoichiometry is relatively low, although
variable. The electrical conductivity of oxides depends on the radius of the Ln3* cation
and increases as it increases. As the temperature increases, the conductivity of all oxides
increases linearly, and above the break temperature T, the rate of increase in conductivity
rises. The break temperature also varies between oxides and increases with the atomic
number of lanthanides. With it, the E, conduction activation energy (above the Tg tem-
perature), necessary for the electron to jump from the valence band to the conduction
band, also increases. Lanthanide oxides can be considered mixed conductors; as the ionic
component has a certain share in conductivity, the electronic one is mainly responsible
for material conductivity [43]. Under standard conditions, Ln,O3 oxides exhibit p-type
conductivity [44]. The holes formed along with the cationic vacancies due to the penetration
of oxygen into the crystal lattice of the oxide are responsible for the transfer of charges,
according to Equation (1):

0.750,(g) = 1.505" + Oin 4 3h™ (1)

where Oéi is an oxide anion at the node of the crystal lattice, Uy, is a cationic vacancy, and

h™ is a hole.
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As the partial pressure of oxygen decreases, the p-type conductivity decrease is ob-
served, while the n-type conductivity increases due to the elimination of oxygen from the
crystal lattice and the formation of oxygen vacancies, according to Equation (2):

O~ 7 0.50,(,) + 0o + 2~ 2)

where U is an anionic vacancy, and e~ is a free electron.

The share of n-type conductivity is higher in oxides with a higher number of Ln**
cations in the lattice and for those that exhibit oxygen defects in their structure (or a
tendency to form them), i.e., CeO, or Pr and Tb oxides [43,45].

3. Iron-Based Catalysts

Reports on using lanthanide oxides in modifying iron catalysts are few. However,
the available literature sheds some light on the effects the modification induces on the
performance of the iron catalyst. The reports concern the conventional fused iron-based
system. Aleksic et al. [46] investigated samarium oxide as a structural promoter and
demonstrated its effect on the porosity of a reduced iron catalyst. The contact promoted
with K,O and Sm,03 displayed pores with a larger average dimension of 70 nm, compared
to the reference catalyst (containing KO and Al,O3) with a pore diameter of 40 nm.
The structural effect of Sm»O3 on surface development and porosity increase in fused
iron catalysts was also demonstrated in other studies, again by Aleksic et al. [47] and
Mitov et al. [48]. A beneficial effect on the catalyst reduction rate was also confirmed
for Sm;0O3. However, it was accompanied by a slight increase in the reaction activation
energy. Berengarten et al. [49] investigated a double-promoted iron catalyst with K,O in
different loadings and a selected structural promoter: Al,O3, Ho,O3, Dy,0Os3, or Er,Os.
He demonstrated lanthanide oxides’ structural effect and contribution to increasing the
second electronic promoter performance. The influence of K;O is stronger in their presence
than in the case of the reference system promoted with Al;Os. It leads to an increase in
the activity and a decrease in the work function of electrons from the iron surface. Other
reports also indicated that introducing Euy O3 [50] or CeO; [50-54] develops the surface
area and increases the porosity of the reduced iron catalyst.

Studies conducted by Karaslavova et al. [55], concerning yttrium oxides, and by
Zakieva et al. [56], focusing on the addition of Er,Os, LayO3, Pr,Os, and ScyOj instead of
AlyO3, also confirmed the pro-structural action of lanthanide oxides and the facilitation, i.e.,
decrease, of the temperature of catalyst reduction. It was demonstrated that the increasing
influence of the oxide was correlated with the decrease in the lanthanide cation radius.

Yu et al. [57] investigated the properties of a multi-promoted iron catalyst (K,O, Al,O3,
and CaO) with the addition of a rare-earth gangue, being a mixture of lanthanide oxides
such as La;O3, CeO,, PrgOq1, and Nd,O3. The catalysts were compared with lanthanide-
free reference catalysts and an industrial cobalt-containing fused iron system (ICI74-1). The
catalyst obtained by melting magnetite ore, promoter precursors, and gangue reduced to a
greater extent and at a lower temperature than the reference catalysts. Additionally, the
gangue-promoted catalyst activity was high, and it performed nearly identically to the
ICI74-1 industrial system with a high cobalt content. Therefore, the economic viability
of replacing cobalt with cheap rare-earth gangue was indicated as the cost of fused iron
catalysts could significantly decrease. Its use in the iron system could decrease the cobalt
content or even eliminate it, which was regarded as an unsubstitutable promoter for
high-performance ammonia catalysts.

The scope of the available literature shows that although lanthanide oxides are not
commonly used as an iron catalyst dopant, they undeniably benefit its various properties,
including activity.
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4. Ruthenium-Based Catalysts

Although ruthenium is considered one of the most active phases in the ammonia
synthesis reaction among the transition metal family, the element in its metallic form,
without proper structuring, does not display any significant catalytic performance [58,59].
An efficient catalyst is obtained only via the strong dispersion of ruthenium into nanometric
crystallites with a predominant share of defective surface structures of high surface energy
and further enhancement in their electron donor capabilities. It is achieved through the use
of properly selected supports or promoters. Lanthanide oxides have often been used in
recent years due to their unique and desirable properties.

In ruthenium systems, alkali metal ions, alkaline earth, and rare-earth ions are usually
used as promoters. A broad characterisation of these ions’ influence on ruthenium catalytic
activity was undertaken by Aika et al. [60], who studied Ru/MgO systems. The activities
of the studied catalysts are summarised in Table 3.

Table 3. Promoter (M) effect on 2 wt.% Ru/MgO (M/Ru = 1 mol ratio) for NH3 synthesis under
80 kPa of Nj + 3Hj, at 588 K. Reproduced with permission from ref. [60]. © Elsevier 1992.

Promoter Rate [umolnp, g=1 h~1]

- 60
Na* 361
K+ 536
Rb* 581
Cs* 690
CaZ* 135
Sr2* 113
Ba2+ 213
La3* 115
Ce3* 100
Pr3+ 129
Nd3+ 140
Sm3+ 86
Gd3+ 93
Dy3* 118

A comparison of the activity of the promoted and non-promoted systems highlights
the dire need to add promoters for effective catalyst performance. Alkali metal cations
(Cs*, Rb*, K*, and Na™") induced the strongest effect; however, the influence of alkaline
earth cations (especially Ba*) and lanthanides was also noticeable, albeit to a lesser extent.
The promoting effect of these metals is well established, and numerous studies indicate
caesium, potassium, and barium as those with a dominant promoting power. Compounds
containing selected cations are primarily assigned an electronic function, facilitating the
dissociation of adsorbed nitrogen molecules and supporting the product’s desorption by
directly donating electrons from the active metal surface to the lowest unoccupied molecular
orbital (LUMO) of dinitrogen or mediating their transport. However, there is no shortage
of studies attributing other functions to these compounds. However, alkali promoters tend
to increase the susceptibility of an active phase to hydrogen poisoning as they facilitate
hydrogen adsorption to the degree that it starts competing with nitrogen adsorption. Such
an effect was not observed by Kadowaki et al. [61] in the lanthanide oxide-promoted Ru
catalysts, where in the case of the Ru-SmyO3/Al,O3 system, the activity increase caused
by a decrease in the activation energy was free of the hydrogen retardation effect.

Aika et al. [60] suggested the electronic promotion function of lanthanide cations. They
demonstrated nearly double the activity of Ln-promoted catalysts relative to the activity
of the non-promoted Ru/C system. Ni et al. [62] studied ruthenium catalysts deposited
on activated carbon and promoted with La, Ba, or K. The results of this research indicated
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that the addition of La contributes to the increase in the amount of adsorbed N5 on the
surface of the active phase, a decrease in the amount of Hj, as well as an increase in the
dispersion of Ru and an improvement in the carbon support stability. Murata et al. [63,64]
demonstrated that La, Ce, and Sm nitrates(V) are more efficient electron promoters of the
Ru/Al;O3 system than CsNOj3. The lanthanide nitrates contributed to a similar catalyst
activity with a 2.5 times smaller amount of promoter added. Niwa et al. [65] proved that
lanthanide oxides as supports are a far more efficient form of these metals than their cations
(Figure 2).

Ru-Lad*Mgo | ]I
RuLa203 [

Ru-Ce3*/MgO c
RwCeo, [

Ru-Sm3*/MgO s

Ru/Sm»0O3 S

. | . I X
0 200 400 600

Rate / e mol h™! g—calt‘1
Figure 2. Ammonia synthesis rate at 588 K on 1 g of supported catalyst with 1.0 wt.% of Ru; 0.1 MPa,
H,/Nj = 3. Comparison of lanthanide promoter and support. All the samples were reduced at

773 K. Ru/lanthana (promoter) = 1/1 (mol/mol). Reproduced with permission from ref. [65]. ©
Elsevier 1996.

As Niwa et al. [65] illustrated, ruthenium catalysts deposited on lanthanide oxides
were nearly twice as active as Ru/MgO reference systems promoted by the corresponding
lanthanide cation. The increased activity was attributed to strong metal-support interac-
tions (SMSIs), which resulted in defective LnyO3_ support species formed under reducing
conditions, containing stable oxygen vacancies in their lattice abundant with electrons. The
vacancies near ruthenium particles are a source and a channel for electrons transferred to
the metal surface [65,66], leading to a localised increase in electron density. The author
suggested that the difference in activity may also be caused by the limited stability of
promoters in the form of salts under the NH3 synthesis reaction conditions [3,60], their
degradation, and the loss of beneficial properties [67].

Sato et al. [68] investigated the activity of Ru/Pr,Os catalysts (Figure 3). For this system,
he recorded nearly twice the reaction rate at 1 MPa, compared to other Ru/support catalysts
regarded in the literature as those of the highest activity: Ba-Ru/AC and Cs-Ru/MgO [8].
Due to the remarkable performance, the system composition and synthesis method were
patented [69]. As the reason for the extraordinary activity, the authors pointed to the
morphology of the catalyst surface: ruthenium was present as a nanolayer covering the
entire surface of the support (Figure 4). As argued by the authors, the nanolayer was
formed due to a redox reaction between the Ru3(CO)1, precursor and the PrgO;;1 phase
at the catalyst synthesis stage, which prevented the aggregation of ruthenium crystallites.
The area was created with many faults and terraces structurally similar to the active B5
sites, uncoordinated sites with optimal N, adsorption energy [70]. Additionally, due to the
high basicity of the support, it was possible to efficiently transfer the charge to the metal
surface and facilitate the dissociation of adsorbing N, molecules.
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50.00 1 0900 1 5900 20(30([) 330000
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Thermodynamic equilibrium

Cs-Ru/MgO
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W
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Figure 3. Catalytic performance of supported Ru catalysts for NH3 synthesis at 1 MPa. Reaction con-

ditions: catalyst, 0.2 g; reactant gas, Hy /Nj = 3 with a flow rate of 60 cm® min—!; reaction temperature,

400 °C. Reproduced with permission for ref. [68]. © The Royal Society of Chemistry 2017.

Figure 4. HR-STEM images of (a) Ru/Pr;O3, (b) Ru/CeO;, and (c) Ru/MgO after H, reduction.
Reproduced with permission for ref. [68]. © The Royal Society of Chemistry 2017.

Further studies of the Ru/Pr;O3 system were also undertaken by Imamura et al. [71],
who focused on analysing the NHj synthesis reaction kinetics carried out with this catalyst.
The results of his experiments indicated that ruthenium catalysts deposited on lanthanide
oxides are characterised by a much lower susceptibility to hydrogen and product poisoning,
in contrast to many other ruthenium systems burdened with this flaw [72-74]. The authors
attributed the differences in properties to the basicity of lanthanide oxides and their greater
stability under reaction conditions compared to electron promoters such as Cs,O, whose
action is strongly inhibited by adsorbing hydrogen [75].

Miyahara et al. [76], encouraged by the high activity of ruthenium catalysts deposited
on praseodymium oxide, tested most of the lanthanide oxides as supports and compared
their activity with the Ru/MgO contact (Figure 5). They demonstrated the differentiated
activity of catalytic systems depending on the support used. Systems deposited on lighter
oxides were characterised by higher activity than the reference system (Ru/MgO) (in
descending order: Pr;O3 > CeO; > LapO3 > NdyO3 > SmyO3 > Gd,O3). Catalysts deposited
on heavier oxides: Tb,O3, Ho,O3, EryO3, and Yb, O3 displayed lower activity, which was
caused by the low specific surface area of the supports conducive to the aggregation of
metal crystallites and the consequent decrease in the number of active sites at the surface.
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Figure 5. (a) Effect of temperature on ammonia synthesis activity of Ru/lanthanoid oxide catalysts
at 1.0 MPa; (b) turnover frequency (TOF) of ammonia synthesis at 400 °C as a function of the
density of basic sites in Ru/lanthanoid oxide catalysts. Reproduced with permission for ref. [76].
© Elsevier 2021.

The kinetic analysis carried out by Miyahara et al. [76] indicated that compared to
Ru/MgO, all systems deposited on lanthanide oxides are characterised by high resistance to
hydrogen poisoning (order of reaction to H, ~ 0), which is due to the presence of electrons
in the f orbitals of lanthanides. Miyahara also drew attention to the negative, low value
of the exponent describing the reaction order to NH3, which suggests that the activity of
these catalysts may be limited by the opposite reaction: the decomposition of ammonia,
occurring under conditions of an increased concentration of the product in the gas. The
author also presented a correlation between the catalyst’s surface activity (TOF) and the
density of basic sites on its surface (Figure 5b); the most active catalysts also exhibited the
highest number of basic sites.

Among lanthanide oxides, cerium oxide attracts significant attention from researchers.
In all reports, the high activity of such systems, good dispersion of deposited ruthenium,
and the support’s participation in increasing the electron density on the active phase
crystallites are indicated. The studies point to several factors that are responsible for such
a state. Luo et al. [77] and Li et al. [78] reported the occurrence of SMSI interactions,
increasing the electron density of the catalyst surface. Ma et al. [79] and Liu et al. [80]
demonstrated the participation of oxygen vacancies (formed on the reduced surface of
the support) in the charge transport, support of nitrogen dissociation, and inhibition of
hydrogen poisoning. The works of Lin et al. [81,82], Wang et al. [83,84], and Li et al. [85]
indicated the relationship between the structure of the ceria resulting from the method of its
synthesis and the occurrence of defects in the lattice, i.e., the number of oxygen vacancies
modifying the electron donor capacity. The broad studies of Ru/CeO; conducted by
researchers from Fuzhou University resulted in several patents concerning its composition
and preparation [86,87]. As reported by Manaka et al. [88], the sorption properties of the
Ru/CeO; system, the strength of the Ru-CeO; interactions, and, consequently, the activity
are also influenced by the method of synthesis of the catalyst itself, and more precisely
by the type of Ru precursor used. Luo et al. [77], Han et al. [89], Ogura et al. [90,91],
and Zhang et al. [92] also suggested the possibility of controlling the defection of the
cerium oxide to modify the catalyst properties and increasing the electron density on Ru
via the introduction of other lanthanide cations (La, Pr, and Sm) into the crystal lattice.
Similarly, Ma et al. [93] and Wu et al. [94,95] reported that it can also be performed by
incorporating transition metals such as Zr and Ti. Ma et al. [79] and Liu et al. [80] indicated
the possibility of a further activation of catalysts deposited on ceria and other lanthanide
oxides by introducing Cs*, K*, and Ba2* ions, which reduced the work function of electrons
from the active phase surface.

Another widely studied ruthenium catalyst support type is MgO-Ln,O3 mixed
oxides [96-99]. The research groups of Saito et al. and Javaid et al. independently observed
a synergy effect resulting from such a fusion. The catalyst deposited on the mixed oxide
was significantly more active than the Ru/MgO system. In addition, using such a mixture
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of oxides is economically justified as it reduces the cost of the supports due to the relative
inexpensiveness of MgO compared to lanthanide oxides. The first report on using this
support type can be found in the works of Saito et al. [96]. They demonstrated the superior-
ity of mixed MgO-CeO, oxides over MgO and CeO, as supports of ruthenium catalysts
(Figure 6).
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Figure 6. Temperature dependencies of ammonia formation rates on Ru/(MgO-CeO5) catalysts with
various contents of CeO;. Reproduced with permission from ref. [96]. © Springer Nature 2006.

The Ru/MgO-CeO, catalysts displayed higher activity in the tested temperature range
than the Ru/MgO and Ru/CeO; systems. Two factors were assumed to cause such a state.
It was shown that using mixed oxides increased the interaction strength between Ru and
the support, accelerating the partial reduction of cerium oxide. Partially reduced ceria,
CeOy_s, constituted the electron source, causing a local increase in electron density at the
ruthenium (Ru;-) atoms. This was attributed to the weakening of the dinitrogen bond and
allowed for its facilitated chemisorptive dissociation. The second factor responsible was
the higher dispersion of Ru on the surface of the mixed oxides compared to single ones. It
increased the contact area between the active phase and the support, resulting in a more
efficient electron transfer between the two phases.

Studies on ruthenium catalysts deposited on mixed magnesium-lanthanide oxides
have been conducted by Javaid et al. [97-99]. Work [97] described using MgO-Tb,0s3,
MgO-Dy,03, MgO-Ho,03, MgO-Er;O3, and MgO-Yb,0O3 as the ruthenium supports.
Among the catalysts produced, the Ru/MgO-Er,O3 system was the most active in ammonia
synthesis. Also, the effect of the Mg/Er molar ratio on the specific surface area and activity
of Ru/MgO-Er,O;3 catalysts was determined (Figure 7).

The molar ratio of Mg/Er affects the size of the specific surface area and the activity of
catalysts. However, researchers did not achieve the beneficial effect of oxide combination
that Saito et al. did [96]. It was found that the optimal molar ratio of Mg/Er is equal
to 25, as it provides a satisfactory development of the specific surface area and activity
greater than Ru/MgO yet comparable to Ru/Er;Os. The observed increase in the activity
of the Ru/MgO-Er,O3 catalyst (at a molar ratio of Mg/Er = 25) was explained by the
phenomenon of the preferential deposition of ruthenium particles on the surface of Er,Os.

Despite their short history, ruthenium catalysts have already found their way into
industrial practice and the consciousness of researchers. However, there is still much room
for optimisation, and in the coming years, many reports about further discoveries are
planned [7,8], mainly involving lanthanide oxides. Despite all its advantages, ruthenium
remains a very expensive metal, which is why other metals, such as cobalt, gain many
researchers’ attention.
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Figure 7. A comparison between the surface areas and the activity trends of Ru/MgO-Er,O; catalysts
at 450 °C, 0.1 Mpa, and H; /Nj. Reproduced with permission from ref. [97]. © Elsevier 2020.

5. Cobalt-Based Catalysts

Despite the great potential, cobalt metal displays only marginal catalytic activity in
its unmodified and raw form [100,101], like iron and ruthenium. The use of cobalt as
an independent active phase is a relatively recent issue. Originally, cobalt was used as
a structural promoter of an iron catalyst, e.g., as reported by Smith et al. [102,103] and
Kalericzuk et al. [104,105]. Its operation consisted of modifying the catalyst reduction, as a
result of which a more developed interfacial contact surface was created. In addition, cobalt
stabilised the surface of the iron under reaction conditions, preventing it from sintering.
These factors led to an increase in the activity of the catalyst.

The first reports of developing an active cobalt-based supported catalyst can be at-
tributed to Hagen et al. [106], who described a barium-promoted cobalt system deposited
on activated carbon. This contact showed nearly 40% higher activity than the commercial
iron catalyst KMI and a lower susceptibility to product poisoning.

Similar observations are presented by Hagen et al. in a study [107], which focused
on barium-promoted bimetallic Co-Fe catalysts. The results confirmed the low activity of
unpromoted cobalt (even though it was dispersed on a carbon support). They indicated the
need to modify its surface’s adsorption and dissociative capacity to obtain a high-activity
catalyst. The author also demonstrated that alkaline earth metals have a stronger promoting
effect than alkali metals, with the greatest increase in activity obtained by adding barium
(more than two orders of magnitude compared to the non-promoted catalyst; a 281-fold
activity increase) [107]. Hagen also pointed out that the cobalt systems promoted with
barium exhibited resistance to NH3 poisoning, similarly to the ruthenium catalysts, but in
contrast, showed very low susceptibility to hydrogen inhibition.

Hagen’s work emphasised the potential hidden in cobalt catalysts, whose operation
was then poorly understood. It encouraged their optimisation in terms of composition or
synthesis methods, among others. Research on cobalt catalysts deposited on graphitised
activated carbon was also carried out by Rarég-Pilecka et al. [108] and Tarka et al. [109].
The analyses concerned the influence of catalyst preparation routes on its properties. It has
been demonstrated that the smallest particle sizes and high activity are achieved via the
deposition of small amounts of the active phase precursor on a high-surface-area support,
calcination, and subsequent introduction of the promoter into the catalytic system. The
catalyst obtained this way was much more active than the commercial KMI iron system,
especially at high levels (above 11%;,,].) of ammonia content in the gas. Still, it displayed
almost twice the activation energy. Despite using a high-surface-area support, the metal
dispersion obtained was relatively low, as Karolewska et al. pointed out [110], indicating
the possibility of using cerium as a structural promoter of cobalt in Ba-Co/C systems.
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However, an increase in dispersion and a decrease in the average size of cobalt particles
(and a consequent increase in catalyst activity) occurred only when the cobalt and cerium
promoter precursors were introduced simultaneously. The action of ceria promoter in
supported systems manifests itself mainly at the stage of contact synthesis. The presence of
a cerium and cobalt mixture induces a better dispersion and segregation of Co3O4 phase
particles formed via calcination, which, due to the reduction, transforms into a metallic
phase strongly dispersed on the support. In work [109], Tarka et al., on the other hand,
showed that adding barium counteracts the carbon support’s methanation, reducing the
sintering of active phase particles under reaction conditions. In addition, even a small
promoter content, which tends to localise on cobalt particles, yields a significant effect.

The change in the cobalt catalyst development direction was initiated by the work
of Rardg-Pilecka et al. [111]. The authors used activated carbon not as a catalyst sup-
port but as a matrix to create high-surface-area support-free catalysts via the templating
method [112,113]. Depositing a cobalt precursor or a mixture of cobalt and cerium precur-
sors on a carbon matrix, subsequently calcining the material, and then burning the matrix
led to the creation of a material with an extensive and developed porous structure, which
was a reproduction of the carbon template. Oxide materials were impregnated with barium
nitrate. In the studies, cerium was primarily assigned a structural function; it developed
the surface area of cobalt in the Co+Ce system, but no activating effect was observed.
Due to the higher reaction rate obtained with the Co+Ba catalyst, an order of magnitude
higher than the Co+Ce system, barium was assigned a cobalt-activating effect. The highest
reaction rate (25 times higher than the Co+Ce catalyst) was obtained for the co-promoted
Co+Ce+Ba system. This is due to the synergistic action of both additives: the development
of the cobalt surface by cerium and its activation by barium. The synergistic interaction
was also observed in support-free cobalt catalysts obtained via the co-precipitation method,
investigated by Rarog-Pilecka et al. [114]. The co-precipitation synthesis method of a cobalt-
based catalyst and its optimal conditions were patented and often applied in subsequent
works of this research group [115].

The results of the measurements carried out by Rarog-Pilecka et al. indicated the
synergy effect occurring due to the co-promotion of cobalt with cerium-barium compounds.
It was manifested by a significant increase in the surface activity (TOF) of the co-promoted
catalyst compared to single-promoted systems. The TOF of the Co/Ce/Ba catalyst increases
by more than twice as much in relation to the Co/Ba system and by an order of magnitude
in relation to the Co/Ce catalyst, i.e., in a similar manner to systems obtained via the
carbon matrix templating method [111]. The authors of [114] also pointed to the extended
functionality of barium in the system; in addition to its electronic action, it was also
supposed to exhibit some features of a structural promoter, namely to prevent the sintering
of active phase particles under reaction conditions.

Lin et al. presented their observations on the operation of barium in Ba/Co/Ce
systems in the paper [116]. According to the author, adding barium modified the cobalt
surface and increased the amount of H, and N, adsorbing on the catalyst surface. Lin also
stated that an excess of barium had an adverse effect; it led to a decrease in the number of
H,; adsorption sites and reduced the surface activity. The presence of a certain optimum for
the barium promoter amount, which leads to the highest activity of the cobalt catalyst, was
also indicated by Tarka [109]. According to Zybert et al. [117], the negative effect of barium
excess is caused by the surface enrichment phenomenon [118]. A migration of barium
compounds (under reaction conditions) to the surface of cobalt particles occurs due to the
system’s tendency to reduce the surface’s free energy, decreasing the interfacial surface
between the active phase and reactants.

It is worth noting that the observed synergy effect in the case of the Co/Ce/Ba
systems [114,119,120] results in higher activity than would result from the summation
of the activities of the single-promoted system. As Tarka et al. argued [121], the reason
for the observed added value was the in situ formation of small amounts of a barium
cerate phase (BaCeO3) at the catalyst activation stage through the reaction of the Ba and
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Ce promoter precursors. This compound is characterised by significant basicity [122],
increases the electron density on the surface of the active phase, reduces the impact of
hydrogen poisoning [123], and contributes to the stabilisation of highly active [124,125]
cobalt in HCP phases under reaction conditions. In her other work concerning barium and
ceria-promoted cobalt catalyst, Tarka et al. [126] indicate that exceeding the 1:1 molar ratio
of Ba to Ce may hinder the structural action of ceria. Then, decrease in the catalyst activity
is observed, caused by surface area shrinkage and the accumulation of barium on the Co
particles, leading to active site blocking.

In a study by Karolewska et al. [119] on the influence of cerium content on the proper-
ties of co-promoted cobalt systems, it was demonstrated that in addition to its structural,
i.e., surface-developing effect, cerium oxide also prevents the sintering of cobalt particles at
the calcination stage and during the NHj3 synthesis reaction. In a study [119], ceria was also
proven to stabilise the cobalt in the HCP phase under reaction conditions by increasing the
phase transition temperature to its FCC form. To some extent, cerium also hindered the
reduction of the Co3Qy, that is, increased the reaction temperature.

In a study by Patkowski et al. [127] concerning the influence of the precursor calcina-
tion method on the properties of Co/Ce/Ba catalysts, the structural function of CeO, as a
promoter was also confirmed. The calcination process length and conditions were related to
the resulting crystallinity of the promoters and the strength of their interactions. Elongated
calcination induced a better crystallisation of CeO, and BaCeO3 promoter phases, leading
to significant activation of the cobalt surface and improved adsorption and dissociative
capacity. However, the side effect was the intensification of sintering processes and a
significant decrease in the specific surface area of the catalyst. The higher crystallinity of
the promoters translated to an increased share of the HCP cobalt phase stabilised by them,
thanks to which, the activity, especially the TOF, was high.

Cerium oxide can also modify the electronic properties of the cobalt surface. The
co-precipitated Co/CeO; catalyst was investigated by Lin et al. [128]. The authors prepared
a series of ceria-supported catalysts, which they differentiated by applying different atmo-
spheres of the calcination process: air and hydrogen. The catalyst calcined in hydrogen
showed higher activity, which the authors attributed to the increased presence of hydroxyl
groups on the surface of cerium oxide. The OH™ groups reacted with hydrogen under
reaction conditions to form an H,O molecule, which, after desorbing from the CeO, surface,
provided sites of suitable energy for N, adsorption [129]. The additional sites accelerated
the NHj3 synthesis reaction rate by reducing competition for adsorption sites on the cobalt
metal surface. The authors also pointed to the diversity of the obtained catalysts regarding
the amount of oxygen vacancies in the cerium oxide structure. A catalyst annealed in a re-
ducing atmosphere displayed more vacancies, which supported the dissociation processes
on cobalt particles.

Issues related to the influence of the structure of cerium oxide and the resulting
presence of oxygen vacancies and their impact on the activity of Co/CeO; catalysts are
discussed by Lin et al. in the paper [130]. Employing hydrothermal synthesis, the authors
prepared cerium oxides of three different structures, with particles in the polyhedral,
nanorod, and cubic forms. Then, via impregnation with cobalt salt and the subsequent
reduction of these materials, catalysts with cobalt crystallites partially incorporated into the
structure of cerium oxide were obtained. The diversified structure of the oxides significantly
affected the reducibility of the materials and their defection, i.e., the concentration of
oxygen vacancies. The polyhedral structure of cerium oxide displayed the highest degree
of reduction, i.e., the presence of Ce®* ions and the highest number of oxygen vacancies,
and the related cobalt active phase was characterised by the highest electron density on its
surface, the lowest electron binding energy, and the highest activity [130].

Another proof of ceria being an appropriate support material for cobalt catalysts was
presented by Wang et al. [131]. It is established that using Co/CeO, in ammonia synthesis is
somewhat problematic as the Co nanoparticles are thermodynamically unstable and prone
to sintering under reaction conditions. Wang et al. presented a method of stabilising Co
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nanoparticles at high temperatures due to SMSIs via the introduction of dopamine during
the catalysts synthesis stage and further removing carbon layers via thermal treatment in
N,. It was demonstrated that the interactions between CeO, and Co are dependent on
the temperature of N; treatment and carbon removal, with these yielding the most active
catalysts that were 5 times more active than the unmodified Co/CeO, system (an increase
from 3.81 mmolnys gcat_l h™! to 19.12 mmolngs gcat_l h~1, at 425 °C and 1 MPa). The
details of the Co/CeO, system pretreatment or synthesis method to maximise catalyst
performance were also patented by Lin et al. [132,133].

Extensive research on lanthanum oxide as a promoter of a cobalt catalyst for ammonia
synthesis was conducted by Zybert et al. [134,135]. In a study [134], the authors focused on
obtaining co-precipitated cobalt catalysts promoted with lanthanum and barium. There,
the functions of particular promoters in the system were identified. Lanthanum oxide
is a structural promoter and does not activate the cobalt phase; its addition significantly
developed the system’s specific surface area and prevented cobalt particle sintering under
reaction conditions. Despite this, the reaction rate involving the Co/La system was very
low. Barium has a structural and modifying effect; it displayed action duality, similar to
Co/Ce/Ba systems [114,121]. Its presence stabilised the active phase particles under the
reaction conditions, and the activity of barium-promoted cobalt was more than an order
of magnitude greater than that of cobalt promoted by lanthanum alone. In a co-promoted
system, the synergy effect was observed. Active phase surface area and productivity
increased nearly twofold compared to the Co/Ba system. The authors also drew attention
to the fact that the presence of lanthanum hindered (i.e., raised the temperature) the
reduction of cobalt oxide. At the same time, this effect can be counteracted by adding
barium to the Co/La system.

Zybert et al. [135] also demonstrated the influence of LayO3 content on the properties
of co-precipitated Co/La/Ba catalyst. The data confirmed the structural action of the LayO3
promoter. The authors proved that the surface activity (TOF) of La-promoted catalysts was
similar to the Ba-promoted system, regardless of the La amount, and averaged ca. 0.14 s~
at 6.3 MPa and 400 °C. Also, an increase in the co-promoted catalysts’ reaction rate was
observed with the increase in the La content (and simultaneous decrease in the Co loading).
The reaction rate gradually increased from 1.3 gnps gco’l h~! for the Co(75.1)/La(1.8)/Ba
system to 4.2 gnps gco L h! for the Co(28,8)/La(55.7) /Ba catalyst, which was interpreted
as proof for the structural action of LayOs3, i.e., the development of cobalt’s surface area and
its prevention of particle sintering. Zybert et al. suggested that other activating promoters
must be introduced for cobalt-lanthanide-based catalysts to operate effectively.

Broad research on cobalt catalysts deposited on mixed magnesium-lanthanide oxides
was conducted by Ronduda et al. [136-144]. They demonstrated that using mixed supports
results in very active catalysts, similar to ruthenium-based systems [96-99].

Ronduda et al. [136] proved (Figure 8b, red bars) that Co/MgO-LnyO5 catalysts
containing 10 wt.% of Co obtained via the wet impregnation of co-precipitated, mixed
MgO-LnyO3 (In = La, Nd, Eu) are highly active. The Co/Mg-Nd system displayed a slightly
higher reaction rate than the Co/Mg-La and Co/Mg-Eu catalysts. Its advantageous perfor-
mance was ascribed to several factors. Firstly, the increased surface density of medium-
strength basic sites enhanced the active phase’s electron-donating ability. MgO-Nd,Os
support was characterised by more than 10% higher density of basic sites than other sup-
ports. Secondly, the deposition of cobalt did not change the nature of the basic sites on
the support surface but resulted in their denser distribution. The Co/Mg-Nd system was
also slightly less prone to hydrogen poisoning due to the smaller share of strong hydrogen
binding sites on the catalyst surface than its counterparts.
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Figure 8. (a) Temperature dependence of the ammonia synthesis rates of Co/Mg-Ln catalysts.
Reaction conditions: 6.3 MPa, H2/N2 = 3, V =70dm3 h~1. (b) NH3 production rates of various
catalysts. Reaction conditions: 6.3 MPa, H2/N2 = 3, V =70 dm3 h~1,470°C. Except for Co/Mg-La,
Co/Mg-Nd, and Co/Mg-Eu, the NH3 production rates are taken from refs. [139,143]. Reproduced
with permission from ref. [136]. © Elsevier 2022.

Ronduda et al. suggested the optimal Mg/Ln molar ratio in the mixed oxide supports.
According to the researchers, an optimal Mg/Ln ratio promotes the formation of strong in-
teractions between magnesium and lanthanide oxide, resulting in the partial incorporation
of magnesium ions into the lanthanide oxide’s structure. It reduces the oxygen-binding
energy, promoting the formation of oxygen vacancies. The delocalisation of electrons,
released by forming vacancies, induces a locally increased density, increasing the basic
character of the mixed support surface. For the MgO-La,O3 support, the optimal ratio was
proposed as 7 [137], while for the MgO-Nd,Os3 support, it was proposed as 10 [138]. The
systems deposited on optimised supports yielded the highest activities and displayed the
highest surface areas and highest basicity, demonstrated by the highest densities of basic
sites and highest share of ones of a strong nature. Relative to the activity exhibited by the
Co/Lay03 and Co/MgO catalysts, the Co/MgO-La,O3 system with a Mg/La molar ratio
equal to 7 exhibited a 2-fold and a 6.5-fold higher reaction rate, respectively. Analogously,
the Co/MgO-Nd,O3 system with an optimal Mg/Nd molar ratio of 10 yielded a reaction
rate 1.5-fold higher than the Co/Nd,Oj3 catalyst and as much as 13-fold higher than the
Co/MgO catalyst.

The mixed-oxide-based catalyst synthesis method can also be optimised. Ronduda et al.
demonstrated [139,143] that the selection of the metal precursor introduction method may
alter the dispersion and size of the metal particles, as well as result in their different stability.
A catalyst obtained via wet impregnation (WI) was characterised by a reaction rate more
than three times higher compared to a catalyst obtained via the deposition—precipitation
with urea method (DPU) and a reaction rate eight times higher compared to a catalyst
obtained by the conventional deposition—precipitation method (DP). Productivity growth
was also accompanied by a 4- to 8-fold increase in TOF [139]. Additionally, regardless of
the Co precursor introduction method, the catalysts displayed similar thermal stability;
however, the DP and DPU catalysts reduced at higher temperatures than the WI system.

Moreover, the surface of the WI catalyst was dominated by medium-strength basic
sites, while sites of weak basicity dominated the surface of the DP and DPU catalysts. It
was demonstrated that about 22% of hydrogen adsorption sites on the surface of the WI
catalysts were located in the low-temperature region. In contrast, in the DPU catalyst, they
accounted for only 6%, and almost no such sites were present in the DP system.

Ronduda et al. [142] also performed a kinetic characterisation of the most active
catalyst and compared it to commercial iron-based systems (Figure 9).
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Figure 9. The ratio of NHj synthesis reaction rates over the Ba+Co/Mg-La and the Fe-cat at various
temperatures as a function of the average NHj concentration in the gas phase (anp3). Activity
measured at 9 MPa, H, /N, = 3, V =70 dm3 h—1. Reproduced with permission from ref. [142].
© Elsevier 2020.

The author demonstrated 2.5-4.5 times higher activity in the Ba+Co/Mg-La system
compared to a commercial iron catalyst, depending on the reaction temperature and
ammonia content in the reaction gas stream. The kinetic analysis of the catalysts indicated
the cobalt-based system’s higher resistance to product poisoning and its insensitivity to
hydrogen poisoning, which distinguishes it from typical ruthenium-based catalysts. The
results of Ronduda et al. confirmed that barium in Ba+Co/Mg-La systems contributes to
an increase in the basicity of the active phase surface and modifies its adsorption capacity;
i.e., Ba reduces the effect of hydrogen inhibition and reduces the adsorption energy of
ammonia. It resulted in a 3.5-fold increase in activity relative to the unpromoted system
and an increase in the system’s thermostability [144]. In other studies [141], Ronduda et al.
demonstrated that a Ba+Co/Mg-La system displayed an approximately two times higher
reaction rate than the commonly used fused iron catalysts KM1 and P3-S-INS at 9 MPa
and 400 °C.

It is also worth noting that in light of the present research, the activity of these catalysts
is driven by two main factors: the basicity of the lanthanide support, as it determines the
TOF of the active phase, and the active phase content, which determines the number of
active sites as well as the cobalt particle size. In the study [140], concerning Co/MgO-La;O3
systems differing in cobalt loading, it was presented that regardless of the cobalt content,
the TOF values for all systems were very similar (0.025 s~! at 6.3 MPa and 400 °C), which
was achieved at an average cobalt particle size of ca. 20 nm. The recent studies by
Zybert et al. [145] indicated an optimal size range of cobalt particles (20-30 nm), ensuring
the highest activity of the given cobalt-based catalyst in the ammonia synthesis reaction.
Increasing or decreasing the particle size, e.g., by altering the metal loading in the catalyst,
will cause a decrease in activity. A drastic decrease in cobalt particle size below 0.5 nm may
lead to total activity loss. Patkowski et al. also noted such a phenomenon in the studies of
Co/Nd;0O3 systems with different cobalt loading amounts [146]. The TOF value averaged
ca. 0.125s7! (6.3 MPa and 470 °C) for all systems with Co average particle sizes greater than
20 nm. Still, the TOF decreased visibly for the system with the lowest Co content (10 wt.%)
and the smallest average Co particle size of 17 nm. The TOF decrease related to the change
in the strength of hydrogen binding induced by the catalyst surface, as the high-energy to
low-energy binding sites’ number ratio grew exponentially with the decrease in the Co
particle size. When the cobalt particle size decreased below 20 nm, the ratio exceeded 1.5,
and the strong hydrogen binding sites dominated the catalyst surface. This is due to the
multiplication of undercoordinated structures of cobalt, such as close-packed terraces, steps,
and kinks at the cost of open surfaces [147], which bind H, hydrogen stronger than flat
surfaces [148,149]. This trade-off leads to the hydrogen poisoning of the catalysts, limiting
their activity.
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6. Conclusions and Prospectives

As emerges from the existing literature, among all the transition metals, the use of
ruthenium or cobalt as an active phase for NHj3 synthesis catalysts for the process conducted
at mild conditions is explored the most often. These metals hold the most potential within
the scope of decreasing the energy intensity of the synthesis process, despite their relatively
high cost or limited availability, which is caused by their scarcity or high demand in
competitive uses. Developing efficient catalysts suitable for industrial use remains a major
challenge. Supports are often considered to lower the cost of the catalyst. They decrease
the costly metal content, provide high metal dispersion, and allow the most efficient use of
the metal particle surface. However, it is important to remember that contrary to popular
belief, the high cost of catalysts is a manageable factor for their implementation [150-152].
As an average ammonia synthesis plant may require hundreds of tonnes of catalysts to
operate, which may significantly increase capital expenditures, a 5- to 15-year period of
efficient catalyst performance is often required and expected. Therefore, despite the major
single investment cost of reactor filling and revamping, the share of the catalyst cost in the
final product price is marginal as it is depreciated over the years of the plant’s operation.
It is estimated to correspond to ca. 0.5% of ammonia’s total unit price, as the majority is
constituted and driven by operational expenditures, electricity, and synthesis gas costs.
Those may be decreased if the catalyst can operate at mild-temperature and -pressure
conditions. This is why an industrially applicable catalyst that can provide an increase in
ammonia yield of even a few per cent is economically justified, is in high demand, and can
be considered despite its supposed high cost.

The available research indicates that lanthanides, as oxides or in another form, will
drive the development of transition-metal-based catalysts for ammonia synthesis. They
are especially valid within the scope of newly emerging uses of ammonia, i.e., utilising its
molecules as hydrogen carriers and performing its synthesis through a process supplied
with green hydrogen, generated through water electrolysis, and powered with renewable
energy sources. Numerous reports indicate the suitability of lanthanide oxides as supports
of ruthenium and cobalt catalysts. They are reliable and durable scaffolds for active
phase deposition, with inherent flexibility due to a wide range of base cations and their
characteristics, allowing for the tailoring of catalyst properties. This is often performed
by altering the oxide synthesis and pretreatment methods and doping or mixing with
other oxides, which allow for the modification and control of their morphology, particle
dimensions, shapes, phase composition, and defection of the lattices. These supports
enable the active phase particles’ size, dispersion, and electronic state regulation. They are
also proven to stabilise them structurally under reaction conditions and prevent sintering
or phase transitions. Lanthanide oxides can also provide a certain degree of electronic
promotion: first, because they are inherently basic oxides; second, they can change their
conductivity by generating defects, which aid in electron transfer. This enables increasing
the charge density at the active phase surface, which is proven to be a key factor in elevating
NHj synthesis catalyst activity by facilitating dinitrogen adsorption and dissociation. They
are also reported to display strong interactions with the active phase and, through their
electronic influence, contribute to limiting the adsorption competition on the active sites,
decreasing or even mitigating hydrogen and product poisoning.

Although lanthanide oxides constitute a potential platform for active catalysts for the
NHj; synthesis process with low energy intensity, there are still some challenges on the
path to industrial application, which further research needs to overcome. (1) Despite the
electronic influence provided by lanthanide oxides, which favourably affects the catalyst’s
productivity, it alone is insufficient to yield a catalyst with suitable activity for industrial
application. Still, as numerous papers have indicated, introducing additional electronic
promoters, such as alkaline or alkaline earth metal ions, is mandatory and crucial to
maximise the catalyst performance. A catalyst can outperform commercial iron systems
only when such promoter and lanthanide oxide influences synergise. In this respect, it
is crucial to understand lanthanide oxide influence and gain insight into the relationship
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between oxide properties and catalyst activity. It is especially important to learn how to
maximise their influence, as lanthanide oxides, despite being cheaper than Co or Ru, are
still costly materials and usually constitute the majority of supported or non-supported
systems. Therefore, conducting studies on the recycling or regeneration of spent catalysts
or the recovery of lanthanide oxides and transition metals is also encouraged, as there
is a shortage of these. (2) Within the scope of expected catalyst longevity, the stability
of lanthanide oxides may constitute a challenge regarding catalyst integrity. Lanthanide
oxides are susceptible to the H,O and CO; in the environment [40], as they easily form
hydroxycarbonates in the presence of these [153,154]. The hydroxylation process rate and
degree increase with the lanthanide cation radius increase, which causes the lightest of
oxides (usually those of most beneficial influence as supports or promoters) to be most
susceptible. The process may occur during catalyst synthesis, forming, storage, handling,
or reduction in the reactor, wherever an H,O-rich environment may be present. During
the hydroxylation and incorporation of OH™ into the lattice, a quasi-layered structure is
formed [155], which increases the material’s volume. Such expansion may cause the catalyst
grains or moulds to be exposed to mechanical stress, leading to the loss of their structural
integrity. Such sensitivity also relates to the mixed supports due to the inclusion of MgO,
which is also highly susceptible to water vapour. Therefore, special care must be taken
to limit such exposure, and research must be undertaken to improve the catalyst water
resistance. (3) In addition to the above, forming catalysts based on lanthanide oxides is often
problematic. Efficient catalyst shapes are essential for the process design and maximising
the catalyst performance, as the given form influences the occurrence of pressure gradients
within the catalyst bed, heat and mass transport processes, or the efficiency of a converter.
Powders of lanthanide oxides may require a design process with high-pressure pressing or
extrusion, high-temperature heat treatment, and the addition of binders or lubricants to
be formed into an efficient catalyst shape, all of which may drastically alter the catalyst’s
properties, severely poison it, or disable it completely. They are inferior to commonly
used catalyst support materials, such as alumina, titania, or carbon. Unfortunately, most
of the presented studies do not discuss the subject of catalyst formation and concern the
material’s as-obtained powder form. Therefore, more attention must be paid to this matter,
indicating that more research is necessary. New forming or synthesis methods may need to
be developed to shape catalysts containing lanthanide oxides properly. (4) The structural
integrity issues of lanthanide oxide-containing catalyst forms are connected to dangers in
their industrial operation. Due to the mentioned reasons behind mechanical stress, catalyst
crumbling may occur, inevitably leading to the formation of catalyst dust. This is especially
dangerous as lanthanide oxides display excellent abrasive properties, generating a risk of
damage and premature wear in installation elements due to mechanical corrosion. This
constitutes an additional crucial reason for extended catalyst stability research.

The journey towards more sustainable and efficient ammonia synthesis processes is
undeniably paved with innovation. Lanthanide oxides have demonstrated their value as
excellent catalyst modifiers of broad influence, regardless of being supports or promoters.
Yet, there is still much to explore and accomplish. Future research efforts should be directed
towards the precise tailoring of catalysts. Pursuing catalysts operating at lower pressures
and temperatures is a path to reduced energy consumption. The challenge is to develop
novel catalytic systems that render the Haber—Bosch process more sustainable and environ-
mentally friendly. By fine-tuning the composition catalysts, it is conceivable that greater
efficiency and sustainability in ammonia synthesis can be achieved than using the currently
presented pioneering systems. To achieve this goal, the synergy of interdisciplinary efforts
is pivotal. Collaborations between chemists, materials scientists, and engineers will drive
innovation. These collective efforts will pave the way for developing next-generation
catalysts that harness the full potential of lanthanide oxides. This comprehensive review of
lanthanide oxides in ammonia synthesis catalysts signifies a culmination of current knowl-
edge and a launchpad for future discoveries. Lanthanide oxides present an opportunity to
make the ammonia synthesis process greener and more environmentally responsible.
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