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Abstract: A potential method of storing and transporting hydrogen safely in a cost-effective and
practical way involves the utilization of molecules that contain hydrogen in their structure such as
ammonia. Because of its high hydrogen content and carbon-free molecular structure, as well as the
maturity of related technology (easy liquefaction), ammonia has gained attention as a “hydrogen
carrier” for the generation of energy. Unfortunately, hydrogen production from ammonia requires an
efficient catalyst to achieve high conversion at low reaction temperatures. Recently, very attractive
results have been obtained with low-surface-area materials. This review paper is focused on summa-
rizing and comparing recent advances in novel, economic and active catalysts for this reaction, paying
particular attention to materials with low surface area such as silicon carbide (SiC) and perovskites
(ABOs structure). The effects of the supports, the active phase and the addition of promoters in
such low-porosity materials have been analyzed in detail. Advances in adequate catalytic systems
(including support and active metal) benefit the perspective of ammonia as a hydrogen carrier for the
decarbonization of the energy sector and accelerate the “hydrogen economy”.

Keywords: hydrogen production; ammonia decomposition; catalysts; low surface area; ruthenium;
nickel; cobalt; novel support

1. Introduction

A great deal of effort is made by the scientific community to identify new energy
sources and vectors to replace fossil fuels through the decarbonization of the energy
sector [1,2]. Despite solar, wind and hydroelectricity technologies being consolidated as
renewable energy sources, they suffer intermittency due to weather conditions.

Green hydrogen (H;), produced from eco-friendly resources, might resolve the prob-
lem of the massive energy storage required to mitigate the fluctuations of these energies
and meet the global energy demand [3]. The concept of using hydrogen as an energy carrier
dates back more than two centuries ago. However, until the energy crisis of the 1970s, its
growth was not accentuated. After that, numerous advances were achieved in this field in
the 1980s [4].

Hydrogen is a renewable, clean and non-toxic fuel that only releases energy and vapor
water into the atmosphere when it is combusted [5]. It does not present spillage problems, as it
disperses quickly (due to its very low density), and it has much more chemical energy per mass
than any fuel made from hydrocarbons. Its energy content is very high (141.9 MJ kg ') and
very low in volume, showing that it is an adequate carrier of energy. Therefore, hydrogen,
instead of being a source of energy, stores energy and delivers it in a usable form, and it is
the most abundant element in the universe [6]. Additionally, it yields twice the electricity
generation of conventional fossil fuels [7].
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In this context, the system that tries to satisfy society’s energy needs through hydrogen,
instead of using fossil fuels, is known as the “hydrogen economy”. The hydrogen economy
would provide a lasting response to the triple challenge that the world currently faces: the
energy needs of emerging countries, the depletion of fossil resources and the threat of the
consequences of climate change [8]. Despite the enormous advantages of establishing this
system, its success depends on the development of five key elements: production, delivery,
storage, conversion and applications of hydrogen.

Nonetheless, only a small part of the generated Hj is applied for energy purposes,
whereas 92% of Hj is used as a chemical feedstock and in the metallurgical and petrochem-
ical industries [9].

Currently, 70 Mty per year is demanded (International Energy Agency) by industrial
processes, and most H, generation relies on methane steam reforming. However, this
technique generates about 7 kg of CO, per kilogram of Hj [10] and must be replaced by
processes using environmentally friendly routes to reach net zero carbon emission.

However, the success of the hydrogen economy and the use of this compound as an
energy carrier depends on the current H; storage and transport routes, which are character-
ized by their high costs (high pressure or low temperature) [11]. A potential solution to this
issue involves the utilization of molecules that contain hydrogen in their structure (“Hp
carriers”), which have been explored for storing H, safely and in an economically feasible
way, so that it is possible to transport it using the current supply networks [12,13].

2. Roles of Ammonia in a Hydrogen Economy

Among the substances capable of assuming the role of Hj carriers (methane, formic
acid, derivates of amines, ammonia and complex hydrides), ammonia (NH3) should
be highlighted.

The ammonia market involves a mature technology (it is the second most-produced
chemical globally) and a relatively low cost of production, storage and distribution using
existing rail, road, marine and pipeline networks [14-18]. This compound can be easily
liquefied under 8.6 bar and 20 °C, so this procedure consumes less energy than liquid
hydrogen (—253 °C at 1 bar), and its vessels and pipes are light and easy to design [19]. In
addition, it is a non-flammable, non-dangerous and easily detectable substance. Because
of all this, along with the fact that it allows producing 121 kg of H, per cubic meter of
NHj3;, which is double that produced by liquid hydrogen (71 kg of H; per cubic meter of
liquid Hy), and is a carbon-free molecule, ammonia is considered an excellent H; carrier for
mitigating issues related to the storage and transport of hydrogen [20,21]. In addition, NHs
can help in the transition toward a clean future as viable fuel, so it can be directly used
thermo-chemically (combustion), in thermal decomposition (ammonia decomposition)
and/or electro-chemically (fuel cells), as summarized in Figure 1 [16,19,21-23].

Ammonia is usually produced in large quantities (180 Mt annually) through the cat-
alytic reaction of hydrogen and nitrogen at temperatures around 400-600 °C and pressures
around 200—400 atmospheres (Haber-Bosch process). These raw materials come from air
and hydrogen separation plants. To reduce the carbon footprint of the Haber-Bosch pro-
cess, a renewable energy source must be employed. However, the origin of hydrogen can
be diverse, ranging from the traditional reforming processes to others that are environ-
mentally friendly (free of CO,), such as electrolysis [24] or biomass gasification [25]. On
the other hand, N, could be produced by electrochemical separation processes with high
efficiency [26] or by conventional separation processes from the air.
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Figure 1. Roles of ammonia in a hydrogen economy. Adapted with permission [22]. Copyright
2021, Elsevier.

On the other hand, there are various review papers focusing on the production of green
ammonia to decarbonize the current fossil-fuel-based ammonia industry [18,20,21,27]. Green
ammonia production can be carried out through ammonia electrosynthesis [20,27,28]. This
method consists in an electrochemical process, where nitrogen is fed to the cathode and
hydrogen to the anode in proton-conducting cells. The reactions taking place are as follows:

N, +6H'+6e~ <+ 2NH; )

3H, < 6H'+6e" @)

Electrosynthesis of ammonia consumes about 20% less energy than the Haber—Bosch
and is carried out at low temperature and pressure conditions. However, this technology
presents a low selectivity and poor maturity.

In recent years, the generalized interest in hydrogen production from ammonia has
made it a target in research, as revealed by the increasing number of publications on this
topic (Figure 2, from Scopus).
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Figure 2. Trend of published articles on the topic of “hydrogen from ammonia” in the last 10 years
(source: Scopus, 17 September 2022).

Hydrogen can be produced from ammonia by using various technologies, such as
thermal decomposition, microwave, plasma technologies, solar energy and/or ammonia
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electrolysis [17]. Among them, the catalytic thermal decomposition of ammonia is the most
commonly used method for hydrogen production, owing to its maturity; it can be carried
out with or without catalysts and coupled with other parallel exothermic reactions [14].

The key challenges of NHj3 as a carrier of H are the decomposition of ammonia and
the separation of H, from the reaction products. These processes must be energy-efficient,
reliable and scalable to enhance the perspective of ammonia as a hydrogen carrier toward
the “hydrogen economy” while fulfilling the requirements of a decarbonized economy, in
line with the EU energy policy [29,30].

3. Catalytic Thermal Decomposition of NH;

Ammonia decomposition using heterogeneous catalysts is extremely interesting be-
cause it allows the release of H; in a catalytic reactor. The resulting H, can be used in situ,
either in fuel cells or by direct combustion. Furthermore, this reaction yields H, and N»
as byproducts without carbon (COy) emissions. The hydrogen purification can be easily
carried out in Hy-permeable membrane reactors [22]. In this sense, some of the current
problems associated with the “hydrogen economy” are avoided, such as its storage and
distribution, taking advantage of the benefits related to the use of ammonia.

Most of the investigations that aim to generate H; from NH3 decomposition are per-
formed at elevated temperatures [14,15,31]. However, the application of NHj3 as a hydrogen
carrier requires in situ production at suitable reaction conditions (temperatures and pressures)
to be used in fuel cells. Therefore, one of the current main challenges is the development of a
sufficiently active catalytic system at low temperatures at an affordable cost.

The ammonia decomposition reaction (NH3 = SH, + % Ny AH= +46 k] mol ! )is
slightly endothermic, and its kinetics depends on two factors: ammonia concentration in the
feed and temperature [14]. Many works have been carried out using different active phases
and supports to identify the ammonia decomposition mechanism [14,32-34], although the
most accepted one includes six steps as suggested by Temkin [14]. It begins with ammonia
adsorption in the active sites of the catalyst. Then, the adsorbed NH3 molecules undergo
consecutive N-H bond breaks, releasing hydrogen atoms that combine to form Hj. The
final step involves the desorption and recombination of nitrogen atoms to produce N,. This
mechanism has been reported to follow six consecutive steps:

(1) Step1: NH;(g) = NHs(a)

(2) Step2: NHj;(a)+s < NHj(a)+H(a)
(3) Step3: NH,(a)+s = NH(a)+H(a)
(4) Step4: NH(a)+s = N(a)+H(a)

(5) Step5: 2H(a) = Ha(g)+2s

(6) Step6: 2N(a) — Na(g)+2s

where s symbolizes a vacant site of the catalyst’s surface, (g) denotes gas and (a)
indicates adsorbed molecules. However, two phenomena behave as limiting stages of the
reaction regardless of the catalysts: the desorption of nitrogen and the breaking of the N-H
bond, and both steps are influenced by the chemical properties of the active metal surface
(composition and morphology) as well as the support [14,35].

At high temperatures (between 520 and 690 °C) and high ammonia concentrations
(50-780 torr) the ammonia reaction is a first-order reaction concerning ammonia concentra-
tion [36]. In the case of working at low temperatures (<400 °C) and high partial pressures
of ammonia, a zero-order dependence of the reaction rate on ammonia was observed [14].
Nevertheless, in the high temperature range, both at low ammonia pressure values and
feeding pure ammonia, the inhibition by hydrogen did not appear to be significant [36].

Therefore, in any case, the N-M bond strengths (M = active metal surface) are the
key in the design of catalysts for ammonia decomposition reaction, and they should be
strong enough for the N-H bond scission (or NHy dehydrogenation steps) to take place
but adequately weak to desorb N [32].

Ganley et al. [35] correlated the reaction rate of ammonia decomposition for different
metals and the relative rate of N—H bond scission and N-N recombination (estimated
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from Blowers-Masel correlation). These authors suggested that the rate-limiting step for
ruthenium (Ru), nickel (Ni), cobalt (Co), iron (Fe) and chromium (Cr) catalysts was nitrogen
desorption, whereas for rhodium (Rh), iridium (Ir), platinum (Pt), palladium (Pd) and
copper (Cu), the limiting step changed, showing a large effect of the active metal surface.

On the other hand, Boisen et al. [37] studied different metals for both the synthesis
and decomposition of ammonia, mainly focusing on the rational design of catalysts for the
latter. Figure 3 shows the volcano-type correlation between ammonia decomposition rate
and nitrogen binding energy. They found that nitrogen binding energies were lower on Ru
and Ni with a high NH3:Hj; ratio, whereas with a low NHj:H, ratio, the nitrogen binding
energies were stronger, which indicated that the optimal catalysts for ammonia synthesis
did not work for its decomposition.
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Figure 3. Calculated turnover frequencies of ammonia synthesis/decomposition at 773 K; 1 bar; 3:1
Hj/Np; and 0.02, 20 (solid line) and 99% NH3 as a function of the reaction energy of dissociative Np
adsorption. The vertical line gives the dissociative nitrogen binding energy of the optimal ammonia
decomposition catalyst when the ammonia concentration is 20%. At these conditions, the gas phase
equilibrium NHj concentration is 0.13% (top). Experimental rates of ammonia decomposition over
various catalysts at 773 K, 1 bar, 3:1 H, /N, and 20% NH; (bottom). Reprinted with permission
from [37]. Copyright 2005, Elsevier.

Both studies are considered essential references for the design of catalysts based on
the rate-determining step for ammonia decomposition. However, there is no general
assumption for the rate-determining step, and each catalytic system must be examined in
detail [14,34]. Despite this, these studies concluded that Ru is the most active metal phase
for the ammonia decomposition reaction.

On the other hand, Lucentini et al. [14] compared the global warming power on a
100-year basis (kg CO, kg~ ?!) of the elements versus the price of the active metal phase (USD
kg~!). As shown in Figure 4, Ru must be avoided due to the high environmental impact
related to the use of this element. For that reason, an alternative to Ru is the application
of cheaper metals in catalytic supports that enhance ammonia decomposition, also using
suitable precursors and optimal operating conditions.
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Figure 4. Comparison of the price (USD kg ') and the global warming power on a 100-year basis
(kg CO, kg™ 1) of the elements. Reprinted with permission from [37]. Copyright 2021, ACS.

Apart from all the above, the structure of the catalysts and the configuration of the active
site have an important effect on anchoring the ammonia molecule, as well as the existence of
vacant sites, to release nitrogen and hydrogen atoms. In fact, the metal crystallite size is essential
for catalytic activity since it is a structure-sensitive reaction [38—46]. Overall, a small metal
crystallite size leads to a high ammonia conversion and hence a higher hydrogen production.

Ru active sites are made up of crystallites with sizes of around 3-5 nm and are called
B5-type sites. This involves one layer of three Ru atoms and two further atoms in the layer
directly above [38]. In addition, the shape of the nanoparticles plays a significant role in
the generation of these active sites. Indeed, the optimal catalytic activity was found for
an elongated-shape crystallite of 7 nm rather than for 2-5 nm crystallites of hemispherical
particle shape [39]. The B5-type sites presented a suitable N-M bond strength improving
the reaction mechanism.

In the case of non-noble metals, crystallite sizes between 2 and 15 nm maximize the
ammonia conversion at low temperatures [45,46]. In particular, nickel size in the range of
3 to 5 nm decreased the energy barrier, and excellent hydrogen production was achieved
due to the presence of active sites of B5-type [45]. Moreover, first-principles calculations
have shown that the desorption of N took place more easily on Ni(111) [47]. For Co
catalysts, Bell et al. [46] suggested that the ammonia conversion was enhanced as the cobalt
size diminished, obtaining the maximum activity at 10-20 nm [48].

Considering the promoters, the use of alkaline, alkaline-earth and rare-earth precursors
is reported to enhance the catalytic activity due to an increase in the surface area, a reduction
in the pore volume and an increase in the electron density of the metals resulting from an
increase in the basicity of the catalysts. In addition, it is known that the promoters can
decrease the metal size and enhance the stability of the catalyst by hindering the metal
agglomeration [42,49-51].

In particular, the use of lanthanum (La) as a promoter results in not only morphological
changes of Ni and/or Co active sites but also electronic effects, facilitating recombinant
nitrogen desorption and hence increasing the reaction rate. Furthermore, studies show that
the use of small amounts of cerium (Ce) greatly reduces the decomposition temperature of
ammonia. Zheng et al. [52] estimated an optimum molar ratio of Ce/Ni that allowed the
control of the crystallite size of Ni, inhibiting its growth.

The support has a key role in the design of catalysts since it influences their properties.
Supports are used to enhance the size, shape and dispersion of the active phase; likewise,
they might affect the electronic structure of the metals [53]. Actually, high electron con-
ductivity, basicity, thermal stability and the absence of electron-withdrawing species are
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the best requirements for a suitable catalytic support for this reaction [14,48,53]. These
properties benefit the electron transfer from the support to the metals, accelerating the
desorption of N [32]. Although supports with high surface areas allow the generation of
highly dispersed metals with small particle sizes [14], recently, materials with a low surface
area, such as silicon carbide (SiC) or perovskite-derived catalysts, have shown an excellent
performance in the production of hydrogen from ammonia [40,42-44,54].

In light of this, this review summarizes and compares recent advances in novel,
economic and active catalysts for this reaction, paying particular attention to materials with
a low surface area (<35 m? g_l) such as silicon carbide or perovskites (ABOj structure). The
effects of the supports, the active metal and the addition of promoters have been analyzed
in detail in these non-porous materials.

4. Recent Insights into Low-Surface-Area Catalysts for Catalytic Thermal
Decomposition of NHj;

Ruthenium catalysts supported on low-surface-area materials have been widely stud-
ied in the literature. These showed the highest catalytic activity at low temperatures.
Among the support properties, basicity and conductivity have an important role in enhanc-
ing the conversion of ammonia despite the intrinsic low porosity as is seen for rare-earth
oxide supports or SiC.

On the one hand, non-noble metals have been also tested in the decomposition of
ammonia. Among these, nickel and cobalt are the most studied as active phases of low-
surface-area catalysts. The synthesis method and the utilization of precursors, such as
perovskites, are key for the generation of a small metal size. Moreover, the addition of
promoters improves the activity at low temperatures.

The use of a bimetallic phase or combination of metals is being investigated as a
promising alternative in the case of a low-surface-area catalyst. In particular, the Co3Mo3zN
material presents small porosity and high activity.

The recently published catalysts for NH3 decomposition are classified according to
their active phase in Tables 1 and 2. Note that the catalytic activity was evaluated at
atmospheric pressure and based on the gas composition feed. However, other experimental
factors (support, promoters, gas hourly space velocity, etc.) clearly have an impact on the
ammonia conversion. It is important to note that activity decreases with the increase in the
gas hourly space velocity and with the increase in the NHj3 inlet flow [14].

4.1. Ruthenium-Based Catalysts
4.1.1. Novel Silicon Carbide Support

As mentioned above, Ru catalysts exhibit excellent catalytic activity. In this sense,
our research group has recently investigated for the first time the use of Ru supported on
SiC as a catalyst for the ammonia decomposition reaction [40]. Although SiC presented a
low specific surface area (25 m? g~ 1), this ceramic material presents interesting properties
(i-e., high resistance, chemical inertness, mechanical strength, high thermostability and
conductivity). In light of this, a series of Ru/SiC catalysts were synthesized by vacuum
impregnation method with different metal loadings (1-5 wt.% of metal). In addition,
the calcination conditions (N, or air flow, static air or non-calcined) and the reduction
temperature (400 °C and 600 °C) were optimized. A maximum catalytic activity (am-
monia conversion close to 100% at 350 °C) was obtained at 60,000 mL-NH3/Ar gcafl
h~! for the catalyst containing 2.5 wt.% Ru, calcined in a N atmosphere and reduced at
400 °C. The authors attributed this behavior to the higher proportion of chlorine species (Cl
derived from the Ru precursor) removed during the calcination process and the smallest
sizes of Ru (5 nm) generated at lower reduction temperatures. Additionally, the material
demonstrated long-term stability after 24 h of reaction. This work corroborated that a
low-surface-area material such as SiC was a suitable support for the nanosized Ru catalysts,
allowing operation at one of the lowest reaction temperatures for hydrogen production
from ammonia decomposition in this field [55].
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4.1.2. Rare-Earth Oxide Supports

On the other hand, other supports based on rare-earth oxides, especially ceria (CeO,) and
lanthanum oxide (La;O3), have been also employed as supports for Ru catalysts [14,56-60].
These metal oxides are conventional supports characterized by a low cost, high basicity
and great capacity to produce strong metal-support interactions that protect against metal
sintering, due to the oxygen vacancies of the materials. However, these metal oxides do
not show high surface area values (around 10-20 m? g~ 1).

Hu et al. [56] discovered that Ru (7 wt.%) supported on CeO, (nanorods) showed a
catalytic activity over 8 times higher than that of the counterpart system of Ru supported
on carbon nanotubes (CNTs), the most active catalysts in the state-of-the-art literature when
feeding pure ammonia. The strong metal-support interactions as well as the generation
of small particles (~3 nm) on the Ru/CeO; caused an improvement in the ammonia
conversion. Additionally, the utilization of sodium (Na) as a promoter reduced the metal
size and enhanced the electronic state of Ru, increasing the ammonia conversion at low
temperatures. Meanwhile, Furusawa et al. [57] prepared a chlorine-free Ru/CeO; catalyst
(5 wt.%) by incipient wetness impregnation and subsequent washing with 0.01 M of
aqueous ammonia. Moreover, the influence of the promoter/Ru molar ratio was adjusted
together with the reduction conditions (with or without H, pretreatment). The addition of
a promoter, cesium (Cs), improved the catalytic activity because of a reduction in the metal
particle size (~2 nm), with or without Hj pretreatment, and an increase in the amount of
strong basic sites. Therefore, the catalyst with Cs/Ru = 0.43 molar ratio, treated in Ar at
500 °C, resulted in 80% ammonia conversion at 300 °C at 2000 mL-NHj; gcafl h~1. In both
studies, promoters provided easy desorption of N-adatoms from the surface, which was
considered the rate-determining step.

Regarding the use of LayO3 as support for Ru catalysts, Huang et al. [58] reported
that the synthesis method of LayOj3 influenced the production of hydrogen from ammonia.
They observed that the Ru/La;O3-700-i (4.8 wt.%) catalyst, prepared by the impregnation
method, exhibited a 90.7% ammonia conversion for 84 h at 525 °C and 18,000 mL-NH3
gcat’l h~!, whereas an ammonia conversion of 77% was achieved with Ru/ LayO3-700-p
(4.8 wt.%) catalyst prepared by a one-step pyrolysis method. The superior activity of
the material synthesized by the impregnation method was related to the presence of a
high-purity LayO3 phase, as revealed by X-ray diffraction (XRD) characterization, and
the slight variation in the surface area, 20.9 m? g~! (Ru/LayO5-700-i) versus 8.0 m? g~!
(Ru/LayO3-700-p). The addition of potassium hydroxide (KOH) improved the performance
of the catalyst.

Considering the utilization of rare-earth oxides as catalytic supports, it is well known
that rare-earth oxides present a small surface area (10-30 m? g~!), although they are usually
employed as catalytic supports for ammonia decomposition [43,44,59,61]. In fact, Im et al. [59]
compared the performance of different metal oxide supports and their dependence on
the basic properties of Ru catalysts (~2 wt.%). The ammonia conversion at 500 °C and
6000 mL-NH3 gcat_l h~! decreased in order of Ru/ La,O3 > Ru/ PryOy > Ru/Smy0O5 ~
Ru/Gd;03 > Ru/Y;03 > Ru/Yb,Oj3 catalysts. It was related to the decrease (in the same
order) in the total basic sites and the basic strength of the catalysts. The basic properties
influenced the electron state of Ru, enhancing the electron donation from the support to the
active phase and thus enhancing the activity. This was corroborated by NH3 temperature-
programmed surface reaction (NH3-TPSR) and the promotion of the desorption step of N
atoms. Meanwhile, Zhang et al. [62] developed a solid milling method, which consisted
of milling ruthenium oxide (RuO,) and samarium (III) hydroxide (Sm(OH)3) in a mortar
by hand for 10 min, to obtain Ru-SmyO3-m (4 wt.%) with a surface area of 28.5 m? g~!.
However, it was found that other synthesis methods exhibited a much higher activity due
to the greater interaction between Ru and samarium oxide (SmyO3) support.

On the other hand, Le et al. [63] recently used the deposition—precipitation method
to develop a novel LayCe;.xOy composite as support for 1.8 wt.% of Ru loading. The
optimal catalyst presented a 0.33 and 0.67 molar ratio of La and Ce with a surface area of
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31 m? g’l, similar to the rest of the catalysts. However, this material showed a small Ru
size with a strong metal-support interaction and optimized acidity-basicity properties,
which enhanced the rate-determining step. This was corroborated by density functional
theory (DFT) calculations. Hence, this catalyst achieved 80% ammonia conversion at
500 °C and 54,000 mL-NH3 gcat ' h™1.

4.1.3. ABOj Perovskites as Ru Supports

In light of the utilization of composites as catalytic supports, a series of ABO3 per-
ovskite materials, SryxYxTi1—yRuyO3_5 (x =0, 0.08 and 0.16; y = 0, 0.04, 0.07, 0.12, 0.17
and 0.26) were synthesized by a modified Pechini method and tested for ammonia dehy-
drogenation; their surface area varied from 25 to 40 m? g’l [64]. The influence of A or
B site substitution on the catalytic ammonia dehydrogenation activity was determined
by varying the quantity of either A or B site cations. The authors suggested that the si-
multaneous formation of SrRuO; and Ru' generated suitable interactions, although they
did not give any information about this. However, ammonia decomposition was im-
proved and the Srg g4 Y0 16 Tip.92Rug 08O3—5 (8 mol % of Ru) displayed a conversion of 96% at
500 °C and 10,000 mL-NH3z gcat’l h~! for long reaction times. More recently, a La;SrxAlOs3
typical perovskite-oxide, prepared by citrate sol-gel method, was reported to be an efficient
support, with small surface area (~18 m? g~!), for Ru (3 wt.%) catalysts [65]. The prop-
erties of the supports were modulated and adjusted by tailoring the cation substitution
of La®>* by Sr®*, and it was discovered that the activity strongly depended on the nature
of Laj «SrxAlOj3. In particular, characterization results of Ru/Lag gSrg»AlO3 showed the
highest electro-rich state of metallic Ru, which promoted the reaction mechanism.

Additionally, Zhigiang et al. [66] have employed different alkali metal silicates A;SiO3
(A =Li, Na and K) as supports prepared by a sol-gel method. The formation of a silicate
structure resulted in a reduction in the surface area (<10 m? g’l). The K,SiO3 material, with
the lowest surface area (3.2 m? g~ 1), exhibited the highest catalytic activity (60.5% NH;
conversion at 450 °C and 30,000 mL-NHj gcat_l h~1). The maximum performance was
caused by an increase in the strength and number of basic sites and suitable metal-support
interactions, which were related to the highest content of oxygen vacancies. In addition,
these properties led to small Ru particle size.

4.1.4. Metal Oxide Supports

Based on layered double hydroxides (LDHs), Zhao et al. [67] recently employed
calcium (Ca)-alumina (Al) LDHs with low surface area for ammonia decomposition. The
LDHs allowed the synthesis of nanoparticles with designed morphological and structural
characteristics despite their relatively inert oxides. The influence of the synthesis method
on ammonia decomposition was studied. Firstly, an aqueous solution of Ru was employed
(Ru/CaAlOy-w), and secondly, an ethanol solution of Ru was incorporated by impregnation
(Ru/CaAlOx-e). Thus, spherical or elliptical Ru particles were embedded with the CaAlOx
with strong metal-support interactions when water was utilized, while spots of large
diameter were obtained with ethanol. In this sense, the spherical or elliptical Ru particles
and the higher metal-support interaction enhanced the reaction at low temperatures.

Another very interesting metal oxide with a low surface area (~30 m? g~!) employed as
support for Ru is zirconia (ZrO,). This material is an amphoteric support because it acts as a
base or an acid, i.e., it is capable of donating and accepting protons, and hence, it could not
be considered an ideal support for hydrogen generation from ammonia decomposition [34].
However, the characteristics of this material can be easily altered by chemical or physical
routes [68].

In this sense, different barium-doped zirconia (Ba-ZrO,) supports were compared as
support for 3 wt.% of Ru catalysts [68]. It was found that the material synthesized by sol-gel
process (Ru/Ba-ZrO,) in comparison with the support prepared by conventional immersion
(Ru-Ba/ZrO;) demonstrated a higher activity in the NH3 decomposition reaction. The superior
ammonia conversion of Ru/Ba-ZrO, (100% at 450 °C and 3000 mL-NHj gcat_l h~1) versus
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that of Ru-Ba/ZrO, (10% at the same conditions) was a consequence of the formation
of BaZrO3 phase, which improved the electron transfer from the support to Ru, hence
accelerating the rate-determining step of the reaction.

In another work, Hu et al. [69] reported a novel metal-organic framework (MOF)
prepared from a zirconia precursor, leading to a mesoporous crystalline zirconia (MPC-
ZrO,) of low area (2 m? g~ 1). They studied the influence of Ru loading (0.8-6.5 wt.%) as
well as the Cs loading (2.5-10 wt.%). The synthesis of Ru catalysts by incipient wetness
impregnation method allowed obtaining small Ru nanoparticles (~3 nm) confined within
the rigid crystalline MPC- ZrO, with strong metal-support interactions. As expected, the
NH; conversion increased with the Ru loading until a maximum value was obtained for
5 wt.% of Ru, as shown in Table 1. Moreover, 5 wt.% of Cs was selected as the optimal Cs
loading because a further increase decreased the activity, which may be due to the blockage
of the active sites. On the other hand, the basic properties of zirconia were controlled
by doping with La and alkaline-earth metals, using a co-precipitation method while Ru
(0.5 wt.%) was incorporated by wet impregnation [70]. The addition of La and strontium
(Sr) increased weak, medium and strong basic sites, whereas magnesium (Mg) and Ca only
improved weak and medium basic sites.

On the other hand, the most used support in this reaction is alumina oxide (Al,O3);
nonetheless, it generally shows a large surface area [14,34]. To the best of our knowledge,
only one recent manuscript described a Ru catalyst supported on Al,O3 doped with La
(10Ru-La(50)- Al,O3) with a low surface area (23.3 m? g’l) [71]. The authors suggested that
a new phase, LaAlOj3, formed during the synthesis method strongly interacted with Ru
active sites, facilitating ammonia dehydrogenation even at low temperatures. This material
achieved an ammonia conversion of 68.9% at 400 °C and 2300 mL-NHj3 gcat’l h-L

Taking into account the utilization of alkaline-earth metal oxides with low surface area
as supported Ru catalysts, magnesia (MgO) and calcium oxide (CaO) were reported [54].
The work carried out by Sayas et al. [54] optimized Ru/CaO catalysts promoted with
potassium (5-15 wt.%) to perform the ammonia decomposition reaction at high pressure.
Commercial CaO and MgO presented a small surface area (values between 4-30 m? g~ 1),
and Ru (1-7 wt.%) was incorporated by incipient wetness impregnation. In spite of the
specific area, CaO showed a large number of basic sites and stronger basic sites, and it
allowed the generation of an average Ru nanoparticle size of 6 nm. The reaction was also
performed at atmospheric pressure, and the catalysts were optimized. The maximum
activity (61.0% conversion at 400 °C and 9000 mL-NHj3 gcat’l h~!) was achieved with
3 wt.% and 10 wt.% of Ru and K loadings, respectively, which was a consequence of the
suitable Ru nanoparticle size.

4.2. Non-Noble-Metal-Based Catalysts

In order to avoid the utilization of ruthenium as the active phase because of its
high price and environmental impact, as mentioned in Section 2, other non-noble metals
(e.g., Ni, Co, Fe, Cu, molybdenum (Mo)) should be considered for the design of heteroge-
neous catalysts for the ammonia decomposition reaction. Note also that although these
materials did not exhibit an activity as high as that of Ru, they are economically viable and
eco-friendly [14,34,55].
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Table 1. Catalytic activity of ruthenium-based catalysts for H, production from NH; decomposition performance at 1 atm.

GHSV

NH;

H; Formation Rate

: [ 2 o—1 o, o
Catalyst Ru Loading (wt.%) Sger (m* g—1) (mL-gea~1-h-1) NH; Inlet Flow (%) T Q) Conversion (%) (mmol Hy geat 1 min-1) Ref.
2.5Ru/SiC-600-N, flow 25 259 60,000 5 350 80.2 2.53
2.5Ru/SiC-600-air flow 2.5 26.9 60,000 5 350 72.3 2.37
2.5Ru/SiC-600-static air 25 25.6 60,000 5 350 67.5 2.06
2.5Ru/SiC-600-non-calcined 25 29.3 60,000 5 350 69.8 217
1Ru/SiC-400-N; flow 1.0 28.8 60,000 5 350 59.6 2.00 [40]
2.5Ru/SiC-400-N, flow 25 26.3 60,000 5 350 98.7 3.30
5Ru/SiC-400-N, flow 5.0 25.5 60,000 5 350 86.6 2.90
1Ru/SiC-600-N; flow 1.0 28.8 60,000 5 350 415 1.31
5Ru/SiC-600-N; flow 5.0 255 60,000 5 350 89.9 291
Ru/CeO,.NR 7.0 15.0 6000 29 350 23.0 1.54 56]
Ru-Na/CeO,.NR 7.0 10.0 6000 29 350 25.0 1.67
Ru/CeO, 5.0 14.6 2000 100 350 60.0 26.80 57]
Ru-Cs/CeO;, 5.0 13.1 2000 100 350 98.0 44.00
Ru/Lay;O3-700-i 48 20.9 18,000 100 400 40.0 8.04
Ru/La;O3-700-p 4.8 8.0 18,000 100 400 35.0 5.02 [58]
Ru/Lay03-700-i-K 48 - 18,000 100 400 50.0 10.04
Ru/Y,03 2.0 29.2 6000 100 500 82.6 5.53
Ru/LayO3 2.1 22.2 6000 100 500 95.6 6.40
Ru/PrcOy 2.0 15.3 6000 100 500 93.0 6.23 59]
Ru/Sm;0O3 2.1 9.4 6000 100 500 85.6 5.73
Ru/Gd,03 2.0 11.6 6000 100 500 85.2 571
Ru/Yb,0O3 1.9 25.6 6000 100 500 28.6 1.92
4Ru/Sm;0O3-m 3.5 28.5 30,000 100 450 15.7 4.90 [62]
Ru/Lag33Ceq 67 1.8 31.0 6000 100 400 93.0 6.23
Ru/Lag5Ceos 1.8 28.0 6000 100 400 86.0 5.76 [63]
Ru/La 1.8 30.0 6000 100 400 41.0 2.75
Sro_ngoAggTiOAggRuOAle:;,5 6.1 mol % 33.5 10,000 100 350 2.3 0.25
Sro‘gzYolggTi0'74RuU'2603, 5 12.4 mol % 24.5 10,000 100 350 18.4 2.05 [64]
Sr1 YOTlggl RUUAOQ 03, 5 4.22 mol % 31.1 10,000 100 350 3.2 0.36
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Table 1. Cont.

GHSV NH H; Formation Rate
0 o, 2 5—1 0, o 3 2
Catalyst Ru Loading (wt.%) Sger (m” g~ (mL g~ 1-h~1) NH; Inlet Flow (%) TCO Conversion (%) (mmol Hj gt~ min—1) Ref.
Ru/LaAlO;3 3 18.1 30,000 100 500 50.0 75.00
Ru/Lag¢Srp1AlO; 3 18.4 30,000 100 500 60.0 90.00 [65]
Ru/Lag St AlO; 3 18.8 30,000 100 500 71.6 107.40 >
Ru/Lag7Sry3A105 3 18.5 30,000 100 500 55.7 83.55
Ru/LiySiO3 34 8.5 30,000 100 450 30.0 10.4
Ru/NajSiO3 3.5 9.6 30,000 100 450 52.0 17.8 [66]
Ru/K;SiO3 3.2 3.6 30,000 100 450 60.5 20.3
Ru/CaAlOx-e 3.5 11.3 6000 100 400 8.5 0.57 [67]
Ru/CaAlOx-w 3.5 11.8 6000 100 400 38.0 2.54
Ru/ZrO, 3.0 38.6 3000 100 500 20.0 1.34
Ru/Ba-ZrO, 3.0 25.4 3000 100 500 100.0 3.35 [68]
Ru-Ba/ZrO, 3.0 6.3 3000 100 500 10.0 0.67
0.8Ru/MPC-ZrO, 0.8 8.0 6000 29 350 0.0 0.00
2Ru/MPC-ZrO, 2.0 20.0 6000 29 350 1.1 0.07
3.5Ru/MPC-ZrO, 3.5 18.0 6000 29 350 3.9 0.26 [69]
5Ru/MPC-ZrO, 5.0 12.0 6000 29 350 6.5 1.59 ?
6.5Ru/MPC-ZrO, 6.5 10.0 6000 29 350 2.1 0.14
5Ru2.5Cs/MPC-ZrO, 5.0 11.0 6000 29 350 4.1 0.27
5Ru5Cs/MPC-ZrO, 5.0 7.5 6000 29 350 19.4 447 [69]
5Ru10Cs/MPC-ZrO, 5.0 3.0 6000 29 350 5.8 0.39
Ru/ZrO, 0.5 28.0 4600 100 400 60.4 5.13 [70]
Ru/ZrO, 2.0 49 6000 100 500 0 0 [59]
Ru/La(50)-AL,05 or LaAlO; 0.7 233 2300 10 400 685 1.76 [71]
5Rul0K/MgO 4.8 32.0 9000 100 400 39.4 3.96
1Rul10K/CaO 0.9 6.0 9000 100 400 8.5 0.85
2Rul0K/CaO 1.8 7.0 9000 100 400 40.0 4.02
3Rul0K/CaO 2.8 5.0 9000 100 400 61.0 6.13
5Rul0K/CaO 4.7 4.0 9000 100 400 53.7 5.39 [54]
7Rul0K/CaO 6.6 8.0 9000 100 400 35.0 3.52
3Ru/CaO 2.9 10.0 9000 100 400 5.0 0.50
3Ru5K/CaO 2.8 5.0 9000 100 400 20.0 2.01
3Rul5K/CaO 2.7 5.0 9000 100 400 60.0 6.03
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4.2.1. Novel Silicon Carbide Support

Based on the excellent properties delivered by novel SiC as support for Ru catalysts,
Pinzon et al. [42] also synthesized, for the first time, Co (5 wt.%) supported on SiC. Ad-
ditionally, different promoters (alkaline, alkaline-earth and rare-earth metals) have been
studied and optimized. The addition of certain promoters could reduce the reaction temper-
ature in Co/SiC catalysts. It was found that the addition of 1 wt.% of K and La improved
the ammonia conversion, whereas the addition of other promoters did not enhance (Cs and
Ce) or even decreased (Mg and Ca) the activity with respect to the unpromoted catalyst.
For instance, Cs did not increase the basic sites, and Ce could be inhibited by hydrogen.
Regarding Mg and Ca, the metal dispersion was lower. The basicity and electron-donor
properties of Co catalysts were improved by an optimized K amount of 1 wt.%, which
enhanced the activity with respect to La. Nonetheless, an increase in the K loading led to
the blockage of the active sites. Thus, Co-1K/SiC was found to be an excellent and stable
catalyst providing a conversion close to 100% at 450 °C and 60,000 mL-NH3-Ar gt ' h™!
for one day of reaction.

4.2.2. Rare-Earth Oxide Supports

Other less novel supports with low surface area are based on metal oxides, mainly
rare-earth oxides (LayOs, CeO,, Y03, SmyO3 and Gd,0O3). These have been widely
employed as supports for cobalt and nickel catalysts [72-76]. In fact, for the first time,
Okura et al. [74] prepared a screening of Ni (10 wt.%) catalysts supported on rare-earth
oxides by the conventional impregnation method for the ammonia decomposition reaction.
These materials showed a small surface area (<10 m? g’l) with an adequate activity in this
reaction as a consequence of the low effect of hydrogen inhibition. In particular, Ni/Y,O3
exhibited the best catalytic activity owing to the lowest amount of strongly adsorbed hydrogen.
In another work, the influence of alkaline-earth metals (Mg, Ca, Sr and Ba) over Ni/Y;03
catalyst on the reaction was also studied by the same group [72]. It was found that Sr and
Ba enhanced the activity of Ni catalysts since alkaline-earth metals interacted strongly with
Ni. This interaction improved the basic properties favoring the desorption of nitrogen atoms
(rate-determining step) and accelerating the reaction mechanism at low temperatures.

Other authors investigated the influence of synthesis conditions on Ni [73] and Co [75]
supported on La;O3 as well as the influence of the MgO as a promoter. First, the calcination
temperature of lanthanum oxide affected the catalytic activity of Ni as follows: 10Ni/La;O3-
450 > 10Ni/Lap03.550 > 10Ni/LapO3-650 ~ 10Ni/LayO3-750 ~ 10Ni/LayO3-850, which
was associated with the relatively higher specific surface area and the higher numbers
of basic sites and oxygen species in the surface [73]. In this work, the incorporation of
Mg, added by surfactant-templated method, increased the basicity of the catalysts, which
improved the Ni electron density, enhancing the reaction and yielding a conversion of
82% at 550 °C with a nickel loading of 40 wt.%. Podila et al. [75] investigated the effect
of the calcination atmosphere in Co (5 wt.%) supported on MgO-LayO3 prepared by co-
precipitation from metal nitrate solutions under high supersaturation. The material calcined
in a Np atmosphere (56CMLa-N5) had higher surface metal concentration and the strongest
metal-support interaction, achieving a good catalytic performance. On the other hand, the
morphology of ceria also influenced the activity of cobalt catalysts and the surface area, which
ranged between 20 and 50 m? g~ depending on the form of the crystallites [76]. Hence, CeO,
nanocubes showed the lowest area (20 m? g~!) but had the best redox properties, thereby
exhibiting a suitable activity (67% ammonia conversion at 550 °C).

4.2.3. ABOj3 Perovskites as Supports and Catalytic Precursors

It is well known that rare-earth oxides promote the catalytic effect of nickel and
cobalt [14,34,49,74,77]. Nonetheless, they exhibit a very small surface area, hindering
the production of small Ni/Co sizes, which in turn decreases the activity. Therefore, the
benefits of perovskites as catalyst precursors and/or supports were investigated to develop
materials with better characteristics than the main metal oxides.
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The utilization of perovskite-type oxides (LaBO3) as catalytic precursors of Ni cata-
lysts for ammonia decomposition was firstly carried out by Muroyama et al. [78]. These
perovskite-type oxides seem to be highly promising precursors in this reaction because
the final catalysts (perovskite-derived catalysts) were obtained after the reduction of per-
ovskites under hydrogen flow [43]. That work provided new insight into the design of
diverse, economic and efficient catalysts to achieve a high activity at low temperature
and enhanced the perspective of ammonia as a hydrogen carrier toward the “hydrogen
economy”, despite the small surface area (<30 m? g~ 1) of these perovskite-derived catalysts.

Recently, Pinzon et al. [43] found that in the self-combustion synthesis method, both
the fuel-metal nitrates molar ratio and the calcination temperature played an important role
in the properties of the resulting perovskites. In this sense, a citric acid-metal nitrate molar
ratio equal to 1 allowed the generation of a LaNiO3 perovskite without impurities and with
suitable physicochemical properties (higher specific surface area, ~11 m? g~!, and basicity,
17.8 umol CO, g~ !, without impurities, La;NiO,). Moreover, the calcination temperature
affected the size of the final nickel/cobalt catalysts. A calcination temperature of 650 °C led
to small and well-dispersed Ni’. For Co perovskites, calcination temperature below 900 °C
did not influence on the size of Co” after reduction. Therefore, Ni and Co perovskite-derived
catalysts yielded an excellent ammonia conversion, 98.9% and 97%, respectively, at 450 °C
and 75,000 mL-NH3-Ar geat ~ h~! with a suitable stability for one day.

Aiming to improve the activity of Ni catalysts derived from perovskite, the addition
of different dopant agents could increase the basicity, among other properties. Thus,
the partial substitution of La cation by Ce [44,79] or by Mg [44] was studied. For that,
LayA;1xNiO3 where A = Ce or Mg and x =0, 0.1, 0.9 and 1 (molar basis), was synthesized
and examined in the production of hydrogen from ammonia. It was observed that the
addition of the Ce and Mg improved the basicity and the further decrease in the metal
size after reduction, which enhanced the catalytic performance. Mainly, a dopant amount
of 0.9 molar basis of Ce and Mg led to catalysts with a nickel size of 4.6 nm and 4.1 nm,
respectively, whereas 21.2 pmol CO, g~ ! and 64.6 umol CO, g~ !, respectively, of total basic
sites were obtained. These nickel catalysts yielded a conversion of 96% (Lag 1Ce9NiOs3)
and 98% (Lag 1 Mg 9NiOs) at low temperatures (400 °C) for 40 h of reaction, exhibiting a
good stability without deactivation. Mg was selected as the best dopant of nickel perovskite,
mainly due to the virtuous synergic effect between Ni, Mg and La, which showed a higher
basicity and a higher capacity to desorb N, [44].

The application of perovskite-type oxides as supports for nickel and cobalt catalysts
has been proposed by different authors [80,81]. In both studies, the influence of the variation
of different alkaline, alkaline-earth and rare-earth metals of the ABO5 formulation on the
ammonia decomposition was investigated, and these materials displayed a small surface
area (<20 m? g~!) owing to the high calcination temperature (1100 °C) required for their
synthesis [81].

On the one hand, XCeOs (X = Mg, Ca, Sr, Ba) perovskite-type oxides were synthesized
by the combustion method while cobalt (5 wt.%) was incorporated by wet impregnation [80].
It was found that the activity increased as the electronegativity of the X elements decreased,
and the BaCeOs support was the one that presented the highest catalytic activity because
of the highest conductivity, moderate metal-support interaction and moderate basicity.

On the other hand, Okura et al. [81] prepared several formulations of perovskites
using the solid-state reaction or the citric acid complex methods. ANbO; (A = Na and
K) and AETiO; (AE = Ca, Sr and Ba) were prepared by the first method, while REAIO3
(RE = La, Sm and Gd), AEMnOj3; and AEZrO3 were prepared by the latter. The nickel
(40 wt.%) was incorporated by wet impregnation. The supports containing Nb and Mn
exhibited a lower conversion at 550 °C, whereas REAIO3, AETiO3 and AEZrO; supports
increased the activity, mainly due to the electronic state of nickel species. Additionally,
the AEZrOj; supports exhibited a higher amount of basic sites owing to the smaller elec-
tronegativity of Zr. Regarding the electronegativity of the AE elements, Ba and Sr (lower
electronegativity in comparison with Ca) increased the number of basic sites and hence
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were responsible for the higher catalytic activity of Ni/BaZrO3; and Ni/SrZrO;. They
displayed conversions of 93% (Ni/SrZrO3) and 95% (Ni/BaZrO3) at 550 °C.

4.2.4. Metal Oxide Supports

Other precursors, based on hydrotalcite materials (derived from layered double hy-
droxides), allowed the synthesis of catalysts with controlled accessibility to the structure,
after high-temperature reduction [82]. Nickel hydrotalcites based on Ca?* and AI3* cations
(NixCaAl;-LDHs-ST, x = 0.1, 0.3, 0.5, 1 and 2) were prepared by mixing the correspond-
ing nitrates with a Ca?*/ AI** atomic ratio equal to 2, using a precipitating agent (2 M of
NaOH, pH = 12). Then, the precipitant was transferred into a Teflon vessel (100 °C for
36 h) and the product was centrifugated, washed and dried overnight. It was found that the
gradual incorporation of Ni altered the structure of the CayAl;-LDHs to hydrobobomkulite
and finally to takovite. This transformation led to an increase in the amount of B5-type
sites, which improved the NH3 decomposition (55% ammonia conversion at 550 °C and
10,000 mL-NHj gcafl h’l). Despite the low area of the catalysts (30.1 m? g’l), hydro-
talcites seem to be a good precursor for the design of heterogeneous catalysts presenting
better catalytic properties than those obtained by the conventional impregnation method
(Nij /CapAl;-LDHs-IM).

In light of the structure of the supports, fluorite-type oxides with a face-centered cubic
crystal structure (for example, ceria—zirconia alloys, CZY) showed good redox properties,
high thermal stability and good capacity to disperse the metals, despite the small area
(values < 30 m? g~ 1) [83]. Ni, Co and Ni-Co (10 wt.%) catalysts were prepared by incipient
wetness impregnation over CZY and tested on ammonia decomposition. Noticeably, the
bimetallic catalysts with 9 wt.% of Co and 1 wt.% of Ni (NijCog/CZY) resulted in the
highest activity at 60,000 mL-NHj3 gcat*1 h~! with almost 100% conversion at 600 °C for
72 h, owing to the formation of a Ni-Co alloy with suitable metal dispersion (20.3%). The
authors claimed that the synthesis of these metal oxides (CZY) was an eco-friendly and
affordable process.

Based on an economic, abundant and low-surface-area material, fresh mica nanosheets
(Ko.75A1,Si4010(OH);) have been employed as support for nickel catalysts (20-30 wt.%
prepared by wet impregnation) in the reaction [84]. The catalytic activity was improved
by the two-dimensional structure of mica since the mass transfer was favored. Another
natural nanostructural material, attapulgite (ATP), has been used as support for Ni catalysts
(50 wt.% prepared by homogeneous precipitation method) [85]. This synthesis developed
materials with a low surface area (<10 m? g~!) that showed good performance in the
ammonia decomposition, exhibiting a conversion of 65% at 600 °C. The strong metal—
support interaction was responsible for the adequate activity.

Im et al. [50] prepared different aluminate-based compounds (AM-Al-O, AM = Mg,
Ca, Sr and Ba) modified with alkaline-earth metals by solid-state reaction. These were
investigated as supports for nickel (20 wt.%) catalysts. Similarly to what was mentioned
above, the basic properties of the materials changed with the different metals; the Ni/Sr-Al-
O and Ni/Ba-Al-O catalysts were the most basic materials, providing a higher performance
in the production of hydrogen from ammonia.

4.2.5. Metal Imide Supports

Recently, the utilization of metal imides (MgzN,, CaNH and BaNH) as support for
Co catalysts in the ammonia decomposition reaction has received attention. The catalysts
were prepared following the procedure described in [86], showing a low surface area. The
Co-CaNH material showed the highest specific surface area among the three materials but
a lower activity than that of Co-BaNH. The highest activity of Co-BaNH was related to an
intermediate phase (Co-N-Ba) which enhanced the energy-efficient reaction pathway.
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4.2.6. Other Low-Surface-Area Supports

On the other hand, pure oxides such as Co304 (100Co) [87] and NiO [88,89] have been
studied as catalysts in spite of their low area (<30 m? g~!). However, the catalytic activity
was low (<20% ammonia conversion at 550 °C) at lower temperatures, as can be observed
in Table 2, caused by the morphological defects of these materials and their poor stability.

Other monometallic catalysts with small surface areas were based on Fe and Mo
supported on commercial carbon nanofibers (CFs). The materials were prepared by the
impregnation method of different metal loadings (4-14 wt.%) providing an area below
40 m? g~1 [90]. Mo catalysts displayed lower conversion than Fe catalysts over a conven-
tional heated reaction system. However, the activities of both catalysts improved at lower
temperatures in the microwave reaction system because of the formation of carbide species
(Fe,C and Mo,C), which are found to enhance the transfer of energy to the active phase.

4.3. Bimetallic Catalysts and Metal Catalysts

Finally, the utilization of non-noble bimetallic catalysts with low surface area has been
also investigated (Table 2). It has been established that the apparent activation energy (Ea)
of the bimetallic catalysts was lower than that of the monometallic catalysts, enhancing the
ammonia conversion [14].

In this sense, mono- and bimetallic perovskites (LaCo;.«NixO3, x = 0, 0.2, 0.4, 0.6,
0.8 and 1 molar basis) were synthesized and tested as catalyst precursors for ammonia
decomposition [44]. However, bimetallic perovskites originated a higher particle size of
Co%/Ni® (in the range of 7.8-5.7 nm) than the pure LaNiOj3 (4.2 nm), which did not improve
the activity. Both impurities and a lower amount of active sites were detected on bimetallic
perovskites, which also decreased the ammonia conversion. The higher catalytic activity
of nickel perovskite-derived catalysts versus cobalt perovskite-derived catalysts has been
corroborated by Podila et al. [79].

As illustrated in Section 3, the alloy between Co and Mo is near the volcano curve,
with a suitable N binding energy to easily desorb nitrogen species, the active phase being
Co3MosN [17,91]. Duan et al. [91] studied the effect of the calcination atmosphere on metal
amine metallate (Co(en)3;MoQy) precursors to obtain an active catalyst based on Co-Mo.
They selected argon (Ar) and air (Air) as the calcination atmosphere, which curiously
affected the physicochemical properties. Indeed, the textural properties as well as the
crystal phase were modified. The CoMo-Ar calcined catalyst showed magnetic properties
and a higher surface area (38.5 m? g_l) than CoMo-Air (5.7 m? g_l). However, in the
reduction step, the surface area changed, with CoMo-Ar and CoMo-Air showing 21 m? g~!
and 23.7 m? g1, respectively, due to the transformation of the crystal phase. This change
in surface area also took place during the reaction, since used CoMo-Ar-R displayed Co?
and MoN, whereas used CoMo-Air-R showed MoO,, CosMosN and Co-Mo oxynitride.
The presence of CozMosN led to a higher activity (74.3% of ammonia at 650 °C and
36,000 mL-NHj3 gcat’l h~1) and stability. These authors affirmed that the prenitridation
treatments (higher temperature prenitridation) allowed the generation of CosMosN as the
active phase, without other metal oxides, and a higher surface area (although this area was
not the key issue for increasing the activity).

In order to improve the activity of CosMo3N materials, the influence of the addition
of Cs to this material on ammonia decomposition was studied in detail [92]. The synthesis
method involved the decomposition of hexamethylenetetramine (HMTA), Co, Ce and Mo
salts under nitrogen at 700 °C. It was corroborated that Cs dispersed highly over CosMo3N,
improving its electronic state. This upgrading provided hydrogen and nitrogen desorption,
and thus, the reaction mechanism was accelerated.
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Table 2. Catalytic activity of non-noble catalysts for H2 production from NH; decomposition performance at 1 atm.

Metal Loadin GHSV NH H, Formation Rate
Catalyst oy 2 Seer (g ) 0 Sy NHsInletFlow (0 TCO 80 el B g lmin 1) ReF
5Co/SiC 5.0 24.0 60,000 5 350 27.20 0.90
1Ca-5C0/SiC 5.0 29.0 60,000 5 350 22.80 0.76
1Mg-5Co/SiC 5.0 30.0 60,000 5 350 29.60 0.99
1La-5C0/SiC 5.0 24.0 60,000 5 350 27.40 0.92
1K-5Co/SiC 5.0 19.0 60,000 5 350 33.10 112 [42]
1Cs-5Co/SiC 5.0 17.0 60,000 5 350 25.10 0.84
1Ce-5Co/SiC 5.0 24.0 60,000 5 350 20.30 0.68
0.5K-5C0/SiC 5.0 16.0 60,000 5 350 31.90 1.07
1.5K-5Co/SiC 5.0 15.0 60,000 5 350 28.50 0.95
Ni-Ca/Y,05 40.0 32,0 6000 100 500 44.00 2.95 [72]
10Ni/LayO3-450 10.0 25.0 30,000 100 550 59.0 19.75
10Ni/La;O3-550 10.0 23.0 30,000 100 550 79.0 26.45
10Ni/La;O3-650 10.0 14.0 30,000 100 550 60.0 20.09
10Ni/LayO3-750 10.0 11.0 30,000 100 550 60.0 20.09 [73]
10Ni/La;O3-850 10.0 10.0 30,000 100 550 50.0 16.74
LaNiO; - 10 30,000 100 550 60.0 20.09
40Ni/5MgLa 40.0 11.0 30,000 100 550 82.0 27.46
Ni/Y,05 10.0 7.0 6000 100 450 18.00 121
Ni/LayO; 10.0 5.0 6000 100 450 12.00 0.80
Ni/CeO, 10.0 40 6000 100 450 5.00 0.33 [74]
Ni/Sm;0; 10.0 9.0 6000 100 450 15.00 1.00
Ni/Gd,0; 10.0 40 6000 100 450 17.00 1.14
5CMLa-N, 5.0 33.0 6000 100 450 30.0 2,01 [75]

Co/CeOy-nanocubes 5.0 20.0 6000 100 550 67.0 4.49 [76]
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Table 2. Cont.
1 Loadin HSV H H, Formation R

Catalyst Met?Wt'(:/:)d & Sger (m?2 g~ 1) (ngcat?l-h*l) NH; Inlet Flow (%) T (°C) Convel\ll'sif)n (%) (mmi)l :Iz ga:u(il m?f*l) Ref.
1 LaNiO3 650 - 11.7 75,000 5 350 55.90 2.34
0.5 LaNiO3 650 - 8.7 75,000 5 350 36.70 1.54
0.75 LaNiO3 650 - 9.0 75,000 5 350 48.30 2.02
1.25 LaNiO3 650 - 9.9 75,000 5 350 33.60 1.41
1 LaNiO3 700 - 9.7 75,000 5 350 51.40 2.15

1 LaNiO3 750 - 7.8 75,000 5 350 41.60 1.74 [43]
1 LaNiO3 900 - 3.2 75,000 5 350 30.20 1.26
1 LaCoO3 650 - 10.3 75,000 5 350 44.70 1.87
2 LaCoO3 700 - 134 75,000 5 350 41.80 1.75
3 LaCoO3 750 - 13.2 75,000 5 350 38.20 1.60
4 LaCoO3 900 - 3.5 75,000 5 350 34.00 1.42
LaNigyCoy¢O3 - 12.0 75,000 5 350 30.00 1.26
LaNigrCo4903 - 12.0 75,000 5 350 31.70 1.33
LaNigyCogpO3 - 9.0 75,000 5 350 41.10 1.72
LaNipCogyO3 - 9.0 75,000 5 350 37.10 1.55

LaggCe19NiO3 - 11.0 75,000 5 350 33.20 1.39 [44]
Laj9CeggNiO3 - 29.0 75,000 5 350 59.10 2.47
CeNiO3 - 15.0 75,000 5 350 46.80 1.96
LagyMg3oNiO3 - 14.0 75,000 5 350 37.70 1.58
LajpMggoNiO3 - 25.0 75,000 5 350 72.30 3.03
MgNiO3 - 22.0 75,000 5 350 43.00 1.80
La-Co - 16.0 6000 100 350 4.00 0.27

La-Ni - 20.0 6000 100 350 10.00 0.67 [79]
La-Ce-Co - 22.0 6000 100 350 4.00 0.27
5Co-MgCeO 5.0 16.2 6000 100 550 35.0 3.86

5Co-CaCeO 5.0 11.0 6000 100 550 55.2 4.53 [80]
5Co-5rCeO 5.0 12.5 6000 100 550 41.1 4.67
5Co-BaCeO 5.0 15.7 6000 100 500 45.3 5.40




Energies 2022, 15, 8143 19 of 25

Table 2. Cont.

Metal Loading GHSV NH;j; H, Formation Rate

Catalyst (Wt.%) Sper (M2 g 1) (L geat - 1-h-1) NHj Inlet Flow (%) T (°C) Conversion (%) (mmol Hy geat ! min-1) Ref.
Ni/Nb,Os 40.0 7.4 6000 100 550 34.0 2.34
Ni/NaNbOs3 40.0 4.1 6000 100 550 40.0 2.68
Ni/KNbO3 40.0 8.4 6000 100 550 36.0 241
Ni/LaAlO; 40.0 99 6000 100 550 65.0 4.35
Ni/SmAIO; 40.0 8.1 6000 100 550 83.0 5.56
Ni/GdAlO; 40.0 4.6 6000 100 550 83.0 5.56
Ni/MnO, 40.0 2.4 6000 100 550 44.0 2.95
Ni/CaMnOj3 40.0 6.6 6000 100 550 55.0 3.68
Ni/SrMnOj3 40.0 7.9 6000 100 550 50.0 3.35 [81]
Ni/BaMnQOj; 40.0 7.2 6000 100 550 47.0 3.15
Ni/TiO, 40.0 12 6000 100 550 33.0 2.21
Ni/CaTiO, 40.0 6.5 6000 100 550 37.0 2.48
Ni/SrTiO, 40.0 55 6000 100 550 80.0 5.36
Ni/BaTiO, 40.0 49 6000 100 550 75.0 5.02
Ni/ZrO, 40.0 15.0 6000 100 550 27.0 1.81
Ni/CaZrO; 40.0 6.0 6000 100 550 50.0 3.35
Ni/SrZrO3 40.0 6.1 6000 100 550 93.0 6.03
Ni/BaZrO;3 40.0 75 6000 100 550 95.0 6.36
Ni/Mg-Al-O 20.0 4.7 6000 100 450 6.7 0.45
Ni/Ca-Al-O 20.0 16.7 6000 100 450 115 0.77 [50]
Ni/Sr-Al-O 20.0 244 6000 100 450 16.5 1.10
Ni/Ba-Al-O 20.0 15.0 6000 100 450 24.8 1.66
Ni/CayAl;-LDHs-ST 23.6 30.1 10,000 100 550 55.0 3.68 [82]
Ni/CayAl;-LDHs-IM 23.6 13.5 10,000 100 550 25.0 1.67
Co/CZY 10.0 30.0 6000 100 350 6.5 0.44
Ni/CZY 10.0 28.0 6000 100 350 6.0 0.40 [83]
Ni;Cog/CZY 10.0 23.6 6000 100 350 10.5 0.70
20Ni/MS 20.0 20.0 30,000 100 650 95.1 31.84 [84]
30Ni/MS 22.0 30.0 30,000 100 650 94.8 31.74

Ni-50/ATP 5.8 38.6 30,000 100 650 89.9 9.03 [85]
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Table 2. Cont.
Metal Loading 2.1 GHSV o o NH; H, Formation Rate
Catalyst (Wt.%) Sger (m~ g~ 1) (mL-gear1-h~1) NHj Inlet Flow (%) T (O Conversion (%) (mmol Hy geat ! min-1) Ref.
Co-MgsN, 54 12.0 36,000 100 500 15.0 6.03
Co-CaNH 52 345 36,000 100 500 38.0 15.27 [86]
Co-BaNH 4.8 11.8 36,000 100 500 50.0 20.09
100Co - 25.0 18,000 100 550 18.0 3.62 [87]
NiO - 25.0 18,000 100 550 3.0 0.60 [88]
NiO - 18.7 12,000 100 500 1.0 0.00 [89]
Fe@CF(5) 44 19.0 36,000 100 550 5.0 2.01
Fe@CF(10) 8.0 19.6 36,000 100 550 7.0 2.81
Fe@CF(15) 13.5 21.1 36,000 100 550 12.0 4.82 [90]
Mo@CF(10) 7.0 19.7 36,000 100 550 3.0 1.21
Mo@CF(15) 12.5 22.7 36,000 100 550 4.0 1.61
CoMo-Ar-R - 21.0 36,000 100 650 71.2 28.61 [91]
CoMo-Air-R - 23.7 36,000 100 650 734 29.49
Cs-CozMosN - 8.2 6000 100 450 48.0 3.21 [92]
CozMosN - 6.1 6000 100 450 30.0 2.01
NizMoszN - 2.2 6000 100 450 18.0 1.21 [93]
FesMosN - 8.8 6000 100 450 16.0 1.07
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In other work, CosMo3sN, NisMo3zN and FesMosN were successfully prepared by
temperature-programmed reaction of the corresponding oxide precursors with ammo-
nia [93]. In spite of the small surface area (<10 m? g_l) and large crystallite size
(>10 nm) generated, these materials showed a suitable performance in the ammonia
decomposition reaction. Three catalysts exhibited an ammonia conversion of >50% at
550 °C, and CozMosN was the catalyst that presented the lowest apparent activation energy
(Ea = 70.0 k] mol~!). As mentioned above, Co3Mo3N had an adequate N binding energy,
justifying this behavior.

Therefore, a high surface area is usually thought to be a positive factor for dispersing
metals, resulting in a larger number of active sites and assisting the mass transfer of the
reaction [14,31,34,55,76,94]. In contrast, it is found that the utilization of precursors, mainly
perovskites or hydrotalcites, could help to control the metal size to be small, providing
high dispersion. In addition, the oxygen vacancies improve the electronic state of the metal
active phase as well as the metal-support interaction, preferred by lower electronegative
elements. Another factor that might reduce the reaction temperature is the application of
carbide species, such as the novel SiC, Fe,C and Mo, C. All of them allow the development of
suitable catalysts with small surface areas but suitable catalytic properties for the generation
of hydrogen from ammonia.

5. Conclusions and Future Prospects

Thermal decomposition of ammonia is an efficient technology for generating COx-free
hydrogen, and it is established as an important factor in the development of ammonia as a
“hydrogen carrier”. The design of an active catalyst to reduce the reaction temperature is
one the central pillars of this technology. However, the catalytic activity is influenced not
only by the metal active phase, but also by the support, the addition of promoters and the
synthesis method. Although the high-surface-area supports improve the metal dispersion,
this review provides a current perception of materials with small surface area. These
materials show attractive results in hydrogen production from ammonia. The modification
of the chemical and morphological properties of the active phase with basic and conductive
supports led to a suitable performance, despite their low porosity.

On the other hand, the utilization of precursors seems to be an original strategy to
develop catalysts with small particle sizes, yielding an excellent ammonia conversion at low
temperatures. Additionally, chemical elements with smaller electronegativity are preferred
to enhance the activity and increase reaction kinetics favoring the rate-determining step.

The use of non-noble-metal catalysts and low-cost and eco-friendly supports could
decrease the operation cost and reduce the reaction temperature, as well as increase the
sustainability of the process. In addition, the utilization of other non-noble metals, different
from nickel, cobalt, molybdenum and iron, must be further investigated. The synthesis
method should be optimized to reduce the time and cost, taking into account the importance
of the sustainability of the process. In situ characterization techniques could help to
verify the difference in the catalytic surface, whereas operando methods will assist in
understanding the behavior of the catalysts during the ammonia decomposition reaction.

The utilization of carbide materials such as SiC or MoC as catalytic supports for the
ammonia decomposition reaction should be explored and studied. Additionally, ABO3
formulations might enhance the ammonia conversion at low reaction temperatures. The
different combinations of mono- and bimetallic perovskite-type oxides could promote the
development of ammonia decomposition catalysts.
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