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Abstract: A potential source to storage and transport hydrogen safely in a cost-effectively practical

way comprises the utilization of molecules that contains hydrogen in its structure such as ammonia.
Because of high hydrogen content, mature technology (easy liquefaction) and carbon-free molecule,
ammonia has gained attention as ‘hydrogen carrier’ to generate 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 summarizing and comparing recent advances in novel, economic
and active catalysts for this reaction, paying particular attention to materials with low surface area
as silicon carbide (SiC) or perovskites (ABOs structure). The effect of the supports, the active phase
and the addition of promoters have been analyzed in detail in such low porous materials.
Advances of adequate catalytic systems (including support and active metal) benefit the ammonia
perspective as hydrogen carrier for the decarbonization of the energy sector and accelerate the ‘hy-
drogen economy’.

Keywords: Hydrogen production; Ammonia decomposition; Catalysts; Low surface area; Ruthe-
nium; nickel; cobalt; novel support

1. Introduction

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

Green hydrogen (Hz), produced from ecofriendly resources, might resolve the mas-
sively 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
to more than two centuries ago. However, until the energy crisis of the 70s, its growth was
not accentuated. After that, numerous advances were achieved in this field in the 80s [4].

Hydrogen is a renewable, clean, and non-toxic fuel that, when it is combusted, only
releases energy and vapor water into the atmosphere [5]. It does not present spillage prob-
lems, 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, it 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, it is known as ‘hydrogen economy’ the system that tries to satisfy the
society energy needs through hydrogen, instead of using fossil fuels. The hydrogen econ-
omy would provide a lasting response to the triple challenge that the world currently
faces, meeting the energy needs of emerging countries, the depletion of fossil resources,
and the threat of the consequences of Climate Change [8]. Despite the enormous ad-
vantages 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 H: is applied for energy purposes,
whereas the 92% of Hz is used as a chemical feedstock and in the metallurgical and petro-
chemical industries [9].

Currently, 70 Mtz per year are demanded (International Energy Agency) by indus-
trial processes, which the most H2 generation relies on the steam-methane reforming.
However, this technique generates about 7 kg of CO2 per kg of Hz [10] and must be re-
placed by processes using environmentally friendly routes to reach the 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 Hz storage and transport routes, which are charac-
terized by their high costs (high pressure or low temperature) [11]. A potential solution to
this issue comprises the utilization of molecules that contains hydrogen in their structure
("Hz carriers’), which have been explored for storing Hz safely and in an economically fea-
sible way, so it is possible to transport it using current supply networks [12,13].

2. Roles of ammonia in a hydrogen economy

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

Ammonia market involves a mature technology (it is the second most-produced
chemical globally), a relatively low cost of production, storage and distribution using ex-
isting rail, road, marine and pipeline networks [14-18]. This compound can be easily lig-
uefied under 8.6 bar and 20 °C, so that, 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].
Besides, it is a non-flammable, non-dangerous and easily detectable substance. Because of
all this, along with the fact that it allows to produce 121 kg of H2 per m? of NHs, which is
the double than that produced by liquid hydrogen (71 kg of Hz per m? of liquid Hz) and
that it is a carbon-free molecule, ammonia is considered an excellent H: carrier to mitigate
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), thermal decomposition (ammonia decomposition) and/or elec-
tro-chemically (fuel cells), as summarized in Figure 1 [16,19,21-23].
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Figure 1. Roles of ammonia in a hydrogen economy. Adapted with permission [22]. Cop- 89
yright 2021, Elsevier. 90

91

Ammonia is usually produced in large quantities (180 Mt annually) through the cat- 92
alytic reaction of hydrogen and nitrogen at temperatures around 400-600 °C and pressures 93
around 200-400 atmospheres (Haber-Bosch process). These raw materials come from air 94
and hydrogen separating plants. To reduce the carbon footprint of the Haber-Bosch pro- 95
cess a renewable energy source must be employed. However, the origin of hydrogen can 96
be diverse: from the traditional reforming processes to others that are environmentally 97
friendly (free of CQOz), such as electrolysis [24] or biomass gasification [25]. On the other 98
hand, N2 could be produced by electrochemical separation processes with high efficiency 99

[26] or by conventional separation processes from the air. 100
On the other hand, there are various review papers focusing on the production of 101
green ammonia to decarbonize the current fossil-fuel based ammonia industry 102
[18,20,21,27]. Green ammonia production can be carried out through ammonia electrosyn- 103
thesis [20,27,28]. This method consists in an electrochemical process, where nitrogen is fed 104
to the cathode and hydrogen to the anode in proton conducting cells. The reactions taking 105
place are: 106
N, +6H"+6 e 2 NH, (1) 107

108

3H, > 6H +6¢ (2 109

110

Electrosynthesis of ammonia consumes about 20% lower energy than the Haber- 111
Bosch and it is carried out at low temperature and pressure conditions. However, this 112
technology presents a low selectivity and poor maturity. 113
In recent years, the generalized interest in hydrogen production from ammonia has 114
made it a target in research as revealed by the increasing number of publications in this 115
topic (Figure 2, from Scopus). 116
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Figure 2. Trend of published articles on the topic of “hydrogen from ammonia’ in the last 118
10 years (source Scopus: 17 September 2022) 119
120

Hydrogen can be produced from ammonia by various technologies, such as thermal 121
decomposition, microwave, plasma technologies, solar energy and/or ammonia electrol- 122
ysis [17]. Among them, the catalytic thermal decomposition of ammonia is the most usual 123
technology for the hydrogen production, owing to the maturity, it can be carried out with 124
or without catalysts and coupled with other parallel exothermic reactions [14]. 125
The key challenges of NHs as a carrier of Hz are both the decomposition of ammonia 126

and the separation of Hz of the reaction products. These processes must be energy effi- 127
cient, reliable and scalable to enhance the ammonia perspective as hydrogen carrier to- 128
ward the ‘hydrogen economy’ while achieve fulfilling the requirements of a decarbonized 129

economy, in line with the EU energy policy [29,30]. 130
131
3. Catalytic thermal decomposition of NHs 132

Ammonia decomposition by using heterogeneous catalysts is greatly interesting be- 133
cause it allows the release of Hz in a catalytic reactor. The resulting Hz can be used in-situ, 134
either in fuel cells or by direct combustion. Furthermore, this reaction yields H and N2as 135
byproduct without carbon (COx) emissions. The hydrogen purification can be easily car- 136
ried out in Hz-permeable membrane reactors [22]. In this sense, some of the current prob- 137
lems associated with the ‘hydrogen economy’ are avoided, such as its storage and distri- 138
bution, taking advantage of the benefits related to the use of ammonia. 139

Most of the investigations that aim to generate Hz from NHs decomposition are per- 140
formed at elevated temperatures [14,15,31]. However, the application of NHs as a hydro- 141
gen carrier requires in-situ production at suitable reaction conditions (temperatures and 142
pressures) to be used in fuel cells. Therefore, one of the current main challenges is the 143
development of a sufficiently active catalytic system at low temperatures with an afford- 144
able cost. 145

The ammonia decomposition reaction (NH; = % H, + % N, AH’=+46 kJ mol'l) is 146
slightly endothermic, whose kinetics depends on two factors: ammonia concentration in =~ 147
the feed and temperature [14]. Currently, a lot of works have been carried out using dif- 148
ferent active phases and supports to identify the ammonia decomposition mechanism 149
[14,32-34], although the most accepted one includes six steps as suggested by Temkin [14]. 150
It begins with the ammonia adsorption in the active sites of the catalyst. Then, the ad- 151
sorbed NHs molecules undergo consecutive N-H bond breaks, releasing hydrogen atoms 152
that combine to form Hz. The final step involves the desorption and recombination of ni- 153
trogen atoms to produce Nz. This mechanism has been reported to follow these six con- 154
secutive steps: 155

Step 1: NH;(g) S NH;(a) (1) 156
Step 2: NH3(a) +s 5 NH,(a)+H(a) (2) 157
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Step 3: NH,(a) +s S NH(a)+H(a) (3) 158
Step 4: NH(a) +s S N(a)+H(a) (4) 159
Step 5: 2H(a) S H,(g)+2s (5) 160
Step 6: 2N(a)— N,(g)+2s (6) 161

162

where s symbolizes a vacant site of the catalysts surface, (g) denotes for gas and (a) indi- 163
cates for adsorbed molecules. However, two phenomena behave as limiting stages of the 164
reaction regardless of the catalysts: the desorption of nitrogen and the breaking of the N- 165
H bond, and both steps are influenced by the chemical properties of the active metal sur- 166
face (composition and morphology) as well as the support [14,35]. 167

In the high temperature (between 520-690 °C) and high ammonia concentration (50- 168
780 torr) the ammonia reaction is first order concerning ammonia concentration [36]. In 169
the case of working at low temperatures (<400 °C) and high partial pressures of ammonia, 170
it was observed a zero order dependence of the reaction rate on ammonia [14]. Neverthe- 171
less, in the high temperature range, both at low ammonia pressure values and feeding it 172
pure, the inhibition by hydrogen did not appear to be significant [36]. 173

Therefore, in any case, the N-M bond strengths (i.e. M= active metal surface) is the 174
key in the design of catalysts for ammonia decomposition reaction, and it should be strong 175
for the N-H bond scission (or NHx dehydrogenation steps) to take place but adequately 176
weak to desorb N2 [32]. 177

Ganley et al. [35] correlated the reaction rate of ammonia decomposition for different 178
metals and the relative rate of N-H bond scission and N-N recombination (estimated from 179
Blowers-Masel correlation). These authors suggested that the rate-limiting for ruthenium 180
(Ru), nickel (Ni), cobalt (Co), iron (Fe) and chromium (Cr) catalysts was nitrogen desorp- 181
tion, whereas for rhodium (Rh), iridium (Ir), platinum (Pt), palladium (Pd) and copper 182
(Cu) the limiting step changed showing a large effect of the active metal surface. 183

On the other hand, Boisen et al. [37] studied different metals for both the synthesis 184
and decomposition of ammonia, mainly focused on the rational design of catalysts for the 185
latter one. Figure 3 shows the volcano-type correlation between ammonia decomposition 186
rate and nitrogen binding energy. They found that nitrogen binding energies were lower 187
on Ru and Ni with high NHs:Hz ratio, whereas with low NHs:Hz ratio the nitrogen binding 188
energies were stronger, which indicated that the optimal catalysts for ammonia synthesis 189

did not work for its decomposition. 190
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Figure 3. Calculated turnover frequencies of ammonia synthesis/decomposition at 773 K, 192

1 bar, 3:1 H2/N2, and 0.02, 20 (solid line), and 99% NHs as a function of the reaction energy 193
of dissociative N2 adsorption. The vertical line gives the dissociative nitrogen binding en- 194
ergy of the optimal ammonia decomposition catalyst when the ammonia concentrationis 195
20%. At these conditions the gas phase equilibrium NHs concentration is 0.13% (top). Ex- 196
perimental rates of ammonia decomposition over various catalysts at 773 K, 1bar, 3:1 197
H2/N2, and 20% NHs (bottom). Reprinted with permission from [37]. Copyright 2005, Else- 198
vier. 199
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200

Both studies are considered an essential reference on the design of catalysts based on 201

the rate-determining step for ammonia decomposition. However, there is not a general 202
assumption for the rate-determining step and each catalytic system requires to be exam- 203
ined in detail [14,34]. Despite this, these studies concluded that Ru is the most active metal 204
phase for the ammonia decomposition reaction. 205
On the other hand, Lucentini et al. [14] compared the global warming power on a 100- 206
year basis (kg CO:z kg1) of the elements versus the price of the active metal phase (USD 207
kg1). As shown in Figure 4 Ru must be avoided due to the high environmental impact 208
related to the use of this element. For that reason, an alternative to Ru is the application 209
of cheaper metals in catalytic supports that enhance ammonia decomposition, also using 210

suitable precursors and optimal operating conditions. 211
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Figure 4. Comparison of the price (USD kg') and the global warming power on a 100-year 213
basis (kg CO2 kg1) of the elements. Reprinted with permission from [37]. Copyright 2005, 214
ACS. 215
216

Apart from all the above, the structure of the catalysts and the configuration of the 217
active site have an important effect on anchoring the ammonia molecule, as well as the 218
existence of vacant sites, to release nitrogen and hydrogen atoms. In fact, the metal crys- 219
tallite size is essential for the catalytic activity since it is a structure-sensitive reaction [38— 220
46]. Overall, a small metal crystallite size leads to a high ammonia conversion, and hence, 221
a higher hydrogen production. 222
Ru active sites are made up of crystallite size around 3-5 nm and they are called B5- 223
type sites. This involves one layer of three Ru atoms and two further atoms in the layer 224
directly above [38]. In addition, the shape of the nanoparticles plays a significant role in 225
the generation of theses active sites. Indeed, the optimal catalytic activity was found for 226
crystallite of elongated shape of 7 nm, whereas for crystallite of hemispherical particle 227
shape of 2-5 nm [39]. The B5-type sites presented a suitable N-M bond strength improving 228
the reaction mechanism. 229
In the case of non-noble metals, crystallite sizes between 2-15 nm maximizing the 230
ammonia conversion at low temperatures [45,46]. In particular, nickel size in the range 3 231
to 5 nm decreased the energy barrier achieving an excellent hydrogen production due to 232
the presence of active sites of B5-type [45]. Moreover, first-principles calculations have 233
concluded that the desorption of N took place more easily on Ni(111) [47]. For Co cata- 234
lysts, Bell et al. [46] suggested that the ammonia conversion was enhanced as the cobalt 235
size diminished, obtaining the maximum activity at 10-20 nm [48]. 236
Considering the promoters, the use of alkaline, alkaline-earth, and rare-earth precur- 237

sors are reported to enhance the catalytic activity due to an increase in the surface area, a 238
reduction in the pore volume and an increase of the electron density of the metals by rising 239



Energies 2022, 15, x FOR PEER REVIEW 7 of 31

the basicity of the catalysts. In addition, it is known that the promoters could decrease the 240
metal size and enhance the stability of the catalyst by hindering the metal agglomeration 241
[42,49-51]. 242

In particular, the use of lanthanum (La) as a promoter results in not only morpholog- 243
ical changes of Ni and/or Co actives sites but also electronics effects, facilizing recombi- 244
nant nitrogen desorption and hence increasing the reaction rate. Furthermore, the studies 245
show that the use of small amounts of cerium (Ce) greatly reduces the decomposition 246
temperature of ammonia. Zheng et al. [52] estimated an optimum molar ratio Ce/Ni that 247
allowed to control the crystallite size of Ni, inhibiting their growth. 248

The support has a key role in the design of catalysts since it influences their proper- 249
ties. They are used to enhance the size, shape and dispersion of the active phase, likewise 250
it might affect the electronic structure of the metals [53]. Actually, a high electron conduc- 251
tivity, basicity, thermal stability and the absence of electron-withdrawing species are the 252
best requirements for a suitable catalytic support for this reaction [14,48,53]. These prop- 253
erties benefits the electrons transfer from the support to the metals, accelerating the de- 254
sorption of N [32]. In spite of the supports with a high surface area allow to generate 255
highly dispersed metal with small particle sizes [14], recently, materials with a low surface 256
area, such as silicon carbide (SiC) or perovskite-derived catalysts, have shown an excellent 257
performance in the hydrogen production from ammonia [40,42-44,54]. 258

In light with this, this review summarized and compared recent advances in novel, 259
economic and active catalysts for this reaction, paying particular attention to materials 260
with a low surface area (< 35 m2 g!) such as silicon carbide or perovskites (ABOs structure). 261
The effect of the supports, the active metal and the addition of promoters have been ana- 262

lyzed in detail in these non-porous materials. 263

264
4. Recent insights into low surface area catalysts for catalytic thermal decomposition of 265
NH;s 266

Ruthenium catalysts supported on low surface area materials have been widely stud- 267
ied in the literature. These showed the highest catalytic activity at low temperatures. 268
Among the support properties, basicity and conductivity have an important role to en- 269
hance the ammonia conversion despite the intrinsic low porosity as occurred for rare- 270
earth oxide supports or SiC. 271

On the one hand, non-noble metals have been also tested in the decomposition of 272
ammonia. Among these, nickel and cobalt are the most studied as active phase of low 273
surface area catalysts. The synthesis method or the utilization of precursors, such as per- 274
ovskites, are key to the generation of a small metal size. Moreover, the addition of pro- 275
moters improves the activity at low temperatures. 276

The use of a bimetallic phase or combination of metals are looking into as a promising 277
alternative in the case of a low surface area catalyst. In particular, the CosMosN material 278
presents small porosity and high activity. 279

The different catalysts available in the literature for the NHs decomposition that have 280
been recently published, are classified according to their active phase in Table 1-2. Note 281
that, the catalytic activity was evaluated at atmospheric pressure and based on the gas 282
composition feed. However, other experimental factors (support, promoters, gas hourly 283
space velocity, etc.) clearly have an impact on the ammonia conversion. It is important to 284
note that activity decreases with the increase of the gas hourly space velocity and with the 285

increase of the NHs inlet flow [14]. 286

287
4.1 Ruthenium based catalysts 288
4.1.1 Novel silicon carbide support 289

As above mentioned, Ru catalysts exhibit excellent catalytic activity. In this sense, 290
our research group have recently investigated for the first time the use of Ru supported 291
on SiC as a catalysts for ammonia decomposition reaction [40]. Despite of SiC presented a 292
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low specific surface area (25 m? g), this ceramic material presents interesting properties 293
(i.e., high resistance, chemical inertness, mechanical strength, high thermostability and 294
conductivity). In light with this, a series of Ru/SiC catalysts were synthesized by vacuum 295
impregnation method with different metal loadings (1-5 wt.% of metal). In addition, the 296
influence of the calcination conditions (N2 or air flow, static air or non-calcined) as well as 297
the reduction temperature (400 °C and 600 °C) were optimized. A maximum catalytic ac- 298
tivity (ammonia conversion close to 100% at 350 °C) was obtained at 60000 mL-NHs/Ar 299
gear'! W1 for the catalyst containing 2.5 wt.% Ru, calcined in a N2 atmosphere and reduced 300
at 400 °C. The authors attributed this behavior to the higher proportion of chlorine species 301
(Cl derived from the Ru precursor) removed during the calcination process and the small- 302
est sizes of Ru (5 nm) generated at lower reduction temperatures. Additionally, the mate- 303
rial demonstrated long-term stability after 24 h of reaction. This work corroborated thata 304
low surface area material such as SiC was a suitable support for the nanosized Ru catalysts, 305
allowing to operate at one of the lowest reaction temperature for hydrogen production 306

from ammonia decomposition in this field [55]. 307
308
4.1.2 Rare-earth oxides supports 309

On the other hand, other supports based on rare-earth oxides, especially ceria (CeO2) 310
and lanthanum oxide (La:20s), have been also employed as supports for Ru catalysts 311
[14,56-60]. These metal oxides are conventional supports characterized by a low cost, high 312
basicity, and a great capacity to produce strong metal-support interactions that protected 313
against metal sintering, due to the oxygen vacancies of the materials. However, these 314
metal oxides do not show high surface area values (around 10-20 m? g). 315

Hu et al. [56] discovered that Ru (7 wt.%) supported on CeO2 (nanorods) showed a 316
catalytic activity over 8 times higher than Ru supported on carbon nanotubes (CNT) coun- 317
terpart system, the most active catalysts in the state-of-art literature when feeding pure 318
ammonia. The strong metal-support interactions as well as the generation of small parti- 319
cles (~3 nm) on the Ru/CeO: caused an improvement of the ammonia conversion. Addi- 320
tionally, the utilization of sodium (Na) as promoter reduced the metal size and enhanced 321
the electronic state of Ru, increasing the ammonia conversion at low temperatures. Mean- 322
while, Furusawa et al. [57] prepared a chlorine-free Ru/CeO: catalyst (5 wt.%) by incipient 323
wetness impregnation and subsequent washing with 0.01 M of aqueous ammonia. More- 324
over, the influence of promoter/Ru molar ratio was adjusted together with the reduction 325
conditions (with or without Hz pretreatment). The addition of promoter, cesium (Cs), im- 326
proved the catalytic activity because of a reduction of the metal particles size (~2 nm), with ~ 327
or without Hz pretreatment, and an increase of the amount of strong basic sites. Therefore, 328
the catalyst with Cs/Ru = 0.43 molar ratio, treated in Ar at 500 °C, resulted in 80% of am- 329
monia conversion at 300 °C at 2000 mL-NHs get? h'l. In both studies, promoters provided 330
an easy desorption of N-adatoms from the surface, which was considered the rate-deter- 331
mining step. 332

Regarding the use of La:0s as support of Ru catalysts, Huang et al. [58] reported that 333
the synthesis method of La:0s influenced on the hydrogen production from ammonia. 334
They observed that the Ru/La:0s-700-i (4.8 wt.%) catalyst, prepared by impregnation 335
method, exhibited a 90.7% of ammonia conversion for 84 h at 525 °C and 18000 mL-NHs 336
gt hl, whereas a 77% was achieved with Ru/La203-700-p (4.8 wt.%) catalyst prepared by 337
a one-step pyrolysis method. The superior activity of the material synthesized by the im- 338
pregnation method was related to the presence of high pure La:0s phase by X-Ray Dif- 339
fraction (XRD) characterization and the slight variation in the surface area, 20.9 m2? g1 340
(Ru/La20s5-700-i) versus 8.0 m? g (Ru/La203-700-p). The addition of potassium hydroxide 341
(KOH) improved the performance of the catalyst. 342

Considering the utilization of rare-earth oxides as catalytic supports, it is well-known 343
that rare-earth oxides present a small surface area (10-30 m? g') although, they are usually 344
employed as catalytic supports for ammonia decomposition [43,44,59,61]. In fact, Im et al. ~ 345
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[59] compared the performance of different metal oxides supports and their dependence 346
on the basic properties of Ru catalysts (~2 wt.%). The ammonia conversion at 500 °C and 347
6000 mL-NHs gear? h! decreased in order of Ru/ La20s3 > Ru/Pr«Oy > Ru/Sm20s ~ Ru/Gd20s > 348
Ru/Y203>Ru/Yb:0s catalysts. It was related to the decrease (in the same order) of the total = 349
basic sites and the basic strength of the catalysts. The basic properties influenced the elec- 350
tron state of Ru, enhancing the electron donation from the support to the active phase, 351
and thus, the activity. This was corroborated by NHs-temperature programmed surface 352
reaction (NHs-TPSR) and the promotion of the desorption step of N atoms. Meanwhile, 353
Zhang et al. [62] developed a solid milling method, which consisted to mill ruthenium ox- 354
ide (RuOz2) and samarium (III) hydroxide (Sm(OH)s) in a mortar by hand for 10 min, to 355
obtain Ru-Sm20s-m (4 wt.%) with a surface area of 28.5 m? g'. However, it was found that 356
others synthesis methods exhibited a much higher activity due to the greater interaction 357
between Ru and samarium oxide (Sm20s) support. 358

On the other hand, Le et al. [63] have recently developed a novel LaxCe1xOy composite 359
by the deposition-precipitation method as support of 1.8 wt.% of Ru loading. The optimal 360
catalyst presented a 0.33 and 0.67 molar ratio of La and Ce with a surface area of 31 m2g- 361
1, similar to the rest of the catalysts. However, this material showed a small Ru size with 362
a strong metal-support interaction and the optimized acidity-basicity properties, which 363
enhanced the rate-determining step. This was corroborated by density functional theory 364
(DFT) calculations. Hence, this catalyst achieved 80% of ammonia conversion at 500 °C 365

and 54000 mL-NHs gear? hl. 366
367
4.1.3 ABO:s perovskites as Ru supports 368

In light with the utilization of composites as catalytic supports, a series of ABOs per- 369
ovskite materials, SrixYxTiiyRuyOs-s (x = 0, 0.08, and 0.16; y = 0, 0.04, 0.07, 0.12, 0.17, and 370
0.26) were synthesized by a modified Pechini method and tested for ammonia dehydro- 371
genation, whose surface area varied from 25 to 40 m?2 g! [64]. The influence of A or B site 372
substitution on the catalytic ammonia dehydrogenation activity was determined by vary- 373
ing the quantity of either A or B site cation. The authors suggested that the simultaneous 374
formation of SrRuQOs and Ru® generated suitable interactions, although they did not give 375
any information about this. However, ammonia decomposition was improved and the 376
SrostYo16Tio92Ru0080s-5 (8 mol % of Ru) displayed 96% of conversion at 500 °C and 10000 377
mL-NHs geat! h! for long-reaction times. More recently, LaixSrxAlOs typical perovskite- 378
oxide, prepared by citrate sol-gel method, was reported to be an efficient support, with 379
small surface area (~18 m? g), for Ru (3 wt.%) catalysts [65]. The properties of the supports 380
were modulated and adjusted by tailoring the cation substitution of La’* by Sr** and it was 381
discovered that the activity strongly depended on the nature of Lai«SrxAlOs. In particular, 382
characterization results of Ru/LaosSro2AlOs showed the highest electro-rich state of metal- 383
lic Ru, which promoted the reaction mechanism. 384

Additionally, Zhigiang et al. [66] have employed different alkali metal silicates A25i0s 385
(A =Li, Na and K) as supports prepared by a sol-gel method. The formation of silicate 386
structure resulted in a reduction in the surface area (< 10 m2 g-!). The K2SiOs material, with 387
the lowest surface area (3.2 m? g), exhibited the highest catalytic activity (60.5% of NHs 388
conversion at 450 °C and 30000 mL-NHs3 gear! h'). The maximum performance was caused 389
by an increase of the strength and number of basic sites and suitable metal-support inter- 390
actions, which were related with the highest content of oxygen vacancies. In addition, 391

these properties led to small Ru particles size. 392
393
4.1.4 Metal oxides supports 394

Based on layered double hydroxides (LDHs), recently Zhao et al. [67] have employed 395
calcium (Ca)-alumina (Al)-LDHs with low surface area for ammonia decomposition. The 396
LDHs allowed to synthesize nanoparticles with designed morphological and structural 397
characteristics despite of their relatively inert oxides. The influence of the synthesis 398
method on ammonia decomposition was studied. Firstly, an aqueous solution of Ru 399
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(Ru/CaAlOx-w), and secondly, an ethanol solution of Ru was incorporated by impregna- 400
tion (Ru/CaAlOx-e). Thus, spherical or elliptical Ru particles were embedded with the 401
CaAlOx with strong metal-support interactions when water was utilized, while spots of 402
big diameter were obtained with ethanol. In this sense, the spherical or elliptical Ru par- 403
ticles and the higher metal-support interaction enhanced the reaction at low temperatures. 404

Another very interesting metal oxide of a low surface area (~30 m? g'') employed as 405
support of Ru was zirconia (ZrOz2). This material is an amphoteric supports because it acts 406
as base or an acid, i.e,, it is capable of donating and accepting protons, and hence, it could 407
not be considered an ideal support for the hydrogen generation from ammonia decompo- 408
sition [34]. However, the characteristics of this material can be easily altered by chemical 409
or physical routes [68]. 410

In this sense, different barium doped-zirconia (Ba-ZrO2) supports were compared as 411
support of 3 wt.% of Ru catalysts [68]. It was found that the material synthesized by sol- 412
gel process (Ru/Ba-ZrO2) in comparison with the support prepared by conventional im- 413
mersion (Ru-Ba/ZrO:z) demonstrated a higher activity in the NHs decomposition reaction. 414
The superior ammonia conversion of Ru/Ba-ZrO:z (100% at 450 °C and 3000 mL-NHs gear? 415
h-1) versus that of Ru-Ba/ZrO2 (10% at the same conditions) was a consequence of the for- 416
mation of BaZrOs phase, which improved the electron-transfer from the support to Ru, 417
and hence, accelerating the rate-determining step of the reaction. 418

In other work, Hu et al. [69] reported a novel metal-organic framework (MOF) pre- 419
pared from a zirconia precursor, leading to a mesoporous crystalline zirconia (MPC- ZrOz) ~ 420
of low area (2 m? g1). They studied the influence of Ru loading (0.8-6.5 wt.%) as well as 421
the Cs loading (2.5-10 wt.%). The synthesis of Ru catalysts by incipient wetness impreg- 422
nation method allowed to obtain small Ru nanoparticles (~3 nm) confined within the rigid =~ 423
crystalline MPC- ZrO: with strong metal-support interactions. As expected, the NHs con- 424
version increased with the Ru loading until a maximum value was obtained for 5 wt.% of =~ 425
Ru, as shown in Table 1. Moreover, 5 wt.% of Cs was selected as the optimal Cs loading, 426
because a further increase decreased the activity, may be due to the blockage of the active 427
sites. On the other hand, the basic properties of zirconia were controlled by doping with 428
La and alkaline earth metals, using a coprecipitation method while Ru (0.5 wt.%) was in- 429
corporated by wet impregnation [70]. The addition of La and strontium (Sr) increased 430
weak, medium, and strong basic sites, whereas magnesium (Mg) and Ca only improved 431
weak and medium basic sites. 432

On the other hand, the most used support in this reaction was alumina oxide (Al20s), 433
nonetheless, it generally showed a large surface area [14,34]. To the best of our knowledge, 434
only one recent manuscript described a Ru catalyst supported on Al2Os doped with La 435
(10Ru-La(50)- Al20s) with a low surface area (23.3 m2 g') [71]. The authors suggested that 436
a newly phase LaAlOs formed during the synthesis method strongly interacted with Ru 437
active sites, facilitating ammonia dehydrogenation even at low temperatures. This mate- 438
rial achieved an ammonia conversion of 68.9% at 400 °C and 2300 mL-NHs gear! h-. 439

Taking into account the utilization of alkaline earth metal oxides with low surface 440
area as supported Ru catalysts, the magnesia (MgO) and calcium oxide (CaO) were re- 441
ported [72]. The work carried out by Sayas et al. [72] optimized Ru/CaO catalysts promoted = 442
with potassium (5-15 wt.%) to perform ammonia decomposition reaction at high pressure. 443
Commercial CaO and MgO presented small surface area (values between 4-30 m2 g') and 444
Ru (1-7 wt.%) was incorporated by incipient wetness impregnation. In spite of the specific 445
area, CaO showed a large number and stronger basic sites, and it allowed to generate an 446
average Ru nanoparticle size of 6 nm. The reaction was also performed at atmospheric 447
pressure and the catalysts were optimized. The maximum activity (61.0% of conversion at 448
400 °C and 9000 mL-NHs geat? h') was achieved with 3 wt.% and 10 wt.% of Ru and K 449
loadings, respectively, which was a consequence of the suitable Ru nanoparticle size. 450
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Table 1. Catalytic activity of Ruthenium based catalysts for H2 production from NHs decomposition performance at 1 atm.
Ru loading GHSV NHz inlet NH3_ H: formation rate
Catalysts Sser (M2 g1) T (°O) conversion . Ref.
(wt.%) (mL-gcar’-h1) flow (%) %) (mmol Hz gear! min-)
2.5Ru/SiC-600-N:z flow 25 25.9 60000 5 350 80.2 2.53
2.5Ru/SiC-600- air flow 25 26.9 60000 5 350 72.3 2.37
2.5Ru/SiC-600-static air 25 25.6 60000 5 350 67.5 2.06
2.5Ru/SiC-600-non-calcined 2.5 29.3 60000 5 350 69.8 217
1Ru/SiC-400-Nz2 flow 1.0 28.8 60000 5 350 59.6 2.00 [40]
2.5Ru/SiC-400-N:z flow 25 26.3 60000 5 350 98.7 3.30
5Ru/SiC-400-N: flow 5.0 25.5 60000 5 350 86.6 2.90
1Ru/SiC-600-Nz2 flow 1.0 28.8 60000 5 350 41.5 1.31
5Ru/SiC-600-N: flow 5.0 25.5 60000 5 350 89.9 291
Ru/CeO2NR 7.0 15.0 6000 29 350 23.0 1.54
Ru-Na/CeO2-NR 7.0 10.0 6000 29 350 25.0 1.67 5]
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/La205-700-i 4.8 20.9 18000 100 400 40.0 8.04
Ru/La203-700-p 4.8 8.0 18000 100 400 35.0 5.02 [58]
Ru/La203-700-i-K 4.8 - 18000 100 400 50.0 10.04
Ru/Y20s 2.0 29.2 6000 100 500 82.6 5.53
Ru/La20s 21 222 6000 100 500 95.6 6.40
Ru/Pr«Oy 2.0 15.3 6000 100 500 93.0 6.23 [59]
Ru/Sm20s 21 9.4 6000 100 500 85.6 5.73
Ru/Gd20s 2.0 11.6 6000 100 500 85.2 5.71
Ru/Yb20s 1.9 25.6 6000 100 500 28.6 1.92
4Ru/Sm20s-m 3.5 28.5 30000 100 450 15.7 4.90 [62]

451

452
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Table 1. Continued.
Ru loading GHSV NHs inlet NHS_ H: formation rate
Catalysts Sser (M2 g1) T (°O) conversion . Ref.
(wt.%) (mL-gear1-h1) flow (%) %) (mmol H2 gcat? min-?)
Ru/Lao33Ceo.67 1.8 31.0 6000 100 400 93.0 6.23
Ru/LaosCeos 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.92Y0.0sTio.ssRu0.1203-» 6,1 mol % 33.5 10000 100 350 2.3 0.25
Sr0.92Y0.08Ti0.74R110.2603-5 12,4 mol % 24.5 10000 100 350 18.4 2.05 [64]
Sr1Y0Ti0.91Ru0.0903-0 4,22 mol % 31.1 10000 100 350 32 0.36
Ru/LaAlOs 3 18.1 30000 100 500 50.0 75.00
Ru/LaosSro1AlOs 3 18.4 30000 100 500 60.0 90.00 (65]
Ru/LaosSro2AlOs 3 18.8 30000 100 500 71.6 107.40
Ru/LaosSrosAlOs 3 18.5 30000 100 500 55.7 83.55
Ru/Li2SiOs 3.4 8.5 30000 100 450 30.0 10.4
Ru/Na2SiOs 3.5 9.6 30000 100 450 52.0 17.8 [66]
Ru/K2SiOs 3.2 3.6 30000 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: 3.0 254 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-ZrO2 0.8 8.0 6000 29 350 0.0 0.00
2Ru/MPC-ZrO2 2.0 20.0 6000 29 350 1.1 0.07
3.5Ru/MPC-ZrO> 35 18.0 6000 29 350 3.9 0.26 (69]
5Ru/MPC-ZrO2 5.0 12.0 6000 29 350 6.5 1.59
6.5Ru/MPC-ZrO2 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

453
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Table 1. Continued.

Ru loading GHSV NHs inlet NHs_ H: formation rate
Catalysts Sser (M2 g1) T (°O) conversion . Ref.
(wt.%) (mL-gear1-h1) flow (%) %) (mmol H2 gcat? min-?)

5Ru5Cs/MPC-ZrO: 5.0 7.5 6000 29 350 19.4 4.47 (69]
5Rul0Cs/MPC-ZrO2 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 4.9 6000 100 500 0 0 [59]

Ru/La(50)-Al0s or LaAlOs 0.7 23.3 2300 10 400 68.5 1.76 [71]
5Rul0K/MgO 4.8 32.0 9000 100 400 39.4 3.96
1Ru10K/CaO 0.9 6.0 9000 100 400 8.5 0.85
2Ru10K/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

5Ru10K/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
3Ru15K/CaO 2.7 5.0 9000 100 400 60.0 6.03

454
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4.2 Non-noble metals based catalysts 456

In order to avoid the utilization of ruthenium as the active phase because of its high 457
price and environmental impact, as mentioned in Section 2, other non-noble metals e.g., 458
(Ni, Co, Fe, Cu, molybdenum (Mo), etc.) should be considered for the design of heteroge- 459
neous catalysts for ammonia decomposition reaction. Note also that, although these ma- 460
terials did not exhibit an activity as high as that of Ru, they are economically viable and 461

ecofriendly [14,34,55]. 462
463
4.2.1 Novel silicon carbide support 464

Based on the excellent properties delivered by novel SiC as support for Ru catalysts, 465
Pinzon et al. [42] also synthesized, for the first time, Co (5 wt.%) supported on SiC. Addi- 466
tionally, different promoters (alkaline, alkaline earth and rare-earth metals) have been 467
studied and optimized. The addition of certain promoters could reduce the reaction tem- 468
perature in Co/SiC catalysts. It was found that the addition of 1 wt.% of K and La im- 469
proved the ammonia conversion whereas the addition of other promoters did not enhance 470
(Cs and Ce) or even decreased (Mg and Ca) the activity with respect to the unpromoted 471
catalyst. For instance, Cs did not increase the basic sites and Ce could be inhibited by 472
hydrogen. Regarding Mg and Ca, the metal dispersion was lower. The basicity and elec- 473
tron-donor properties of Co catalysts were improved by an optimized K amount of 1 wt.%, 474
which enhanced the activity with respect to La. Nonetheless an increase of the K loading 475
led to the blockage of the active sites. Thus, Co-1K/SiC resulted to be an excellent and 476
stable catalyst providing a conversion close to 100 % at 450 °C and 60000 mL-NHs-Ar gt 477

Th for one day of reaction. 478
479
4.2.2 Rare-earth oxides supports 480

Other less novel supports of low surface area are based on metal oxides, mainly rare- 481
earth oxides (La20s3, CeO2, Y203, Sm203 and Gd20s). These have been widely employed as 482
supports of cobalt and nickel catalysts [73-77]. In fact, for the first time Okura et al. [75] 483
prepared a screening of Ni (10 wt.%) catalysts supported on rare-earth oxides by conven- 484
tional impregnation method and probed on the ammonia decomposition reaction. These 485
materials showed a small surface area (< 10 m? g') with an adequate activity on this reac- 486
tion as a consequence of the low effect of hydrogen inhibition. In particular, Ni/Y20s ex- 487
hibited the best catalytic activity owing to the lowest amount of strongly adsorbed hydro- 488
gen. In other work, the influence of alkaline earth metals (Mg, Ca, Sr and Ba) over Ni/Y203 489
catalyst on the reaction was also studied by the same group [73]. It was found that Srand 490
Ba enhanced the activity of Ni catalysts since alkaline earth metals interacted strongly 491
with Ni. This interaction improved the basic properties favoring the desorption of nitro- 492
gen atoms (rate-determining step) and accelerating the reaction mechanism at low tem- 493
peratures. 494

Other authors investigated the influence of synthesis conditions on Ni [74] and Co 495
[76] supported on La20s as well as the influence of the MgO as promoter. First, the calci- 496
nation temperature of lanthanum oxide affected the catalytic activity of Ni as follows: 497
10Ni/La20s-450 > 10Ni/La205.550 > 10Ni/La205-650 ~ 10Ni/La20s- 750 ~ 10Ni/La0s-850, 498
which was associated with the relative higher specific surface area, higher total basic sites 499
and oxygen species in the surface [74]. In this work, the incorporation of Mg, added by 500
surfactant-templated method, increased the basicity of the catalysts, which improved the 501
Ni electron density enhancing the reaction and yielding 82% of conversion at 550 °C with ~ 502
a nickel loading of 40 wt.%. Podila et al. [76] investigated the effect of the calcination at- 503
mosphere in Co (5 wt.%) supported on MgO-La20s prepared by co-precipitation from 504
metal nitrates solutions under high super saturation. The material calcined in N2 atmos- 505
phere (5CMLa-N2) had higher surface metal concentration and the strongest metal-sup- 506
port interaction, achieving a good catalytic performance. On the other hand, the morphol- 507
ogy of ceria also influenced on the activity of cobalt catalysts and the surface area, which 508
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ranged between 20-50 m? g-! depending of the form of the crystallites [77]. Hence, CeO2- 509
nanocubes showed the lowest area (20 m? g') but with the best redox properties, thereby 510

a suitable activity (67% of ammonia conversion at 550 °C). 511
512
4.2.3 ABO:s perovskites as supports and catalytic precursors 513

It is well-known that the rare-earth oxides promote the catalytic effect of nickel and 514
cobalt [14,34,49,75,78]. Nonetheless, they exhibited very small surface area hindering the 515
production of small Ni/Co sizes, which in turn, decrease the activity. Therefore, the bene- 516
fits of perovskites as catalyst precursors and/or supports were investigated to develop 517
materials with better characteristics than the main metal oxides. 518

The utilization of perovskite-type oxides (LaBOs) as catalytic precursors of Ni cata- 519
lysts for ammonia decomposition was firstly carried out by Muroyama et al. [79]. These 520
perovskite-type oxides seem like a highly promising precursors in this reaction because 521
the final catalysts (perovskite-derived catalysts) were obtained after the reduction of per- 522
ovskites under hydrogen flow [43]. That work provided a new insight in the design of 523
diverse, economic, and efficient catalysts to achieve a high activity at low temperature and 524
enhanced the ammonia perspective as a hydrogen carrier toward the ‘hydrogen economy’, 525
despite of the small surface area (< 30 m? g') of these perovskite-derived catalysts. 526

Recently, Pinzon et al. [43] found that the synthesis method (self-combustion), both 527
the fuel to metal nitrates molar ratio and the calcination temperature, was found to play 528
an important role in the properties of the resulting perovskites. In this sense, a citric acid 529
to metal nitrates molar ratio equal to one allowed to generate a LaNiOs perovskite without 530
impurities and suitable physicochemical properties (higher specific surface area, ~11 m? 531
g, and basicity, 17.8 pmol CO2 g7, without impurities, La2NiOs). Moreover, the calcina- 532
tion temperature affected the size of the final nickel/cobalt catalysts. A calcination tem- 533
perature of 650 °C led to small and well-dispersed Ni°. For Co perovskites, calcination 534
temperature below 900 °C did not influence on the size of Co® after reduction. Therefore, 535
Ni and Co perovskite-derived catalysts yielded an excellent ammonia conversion, 98.9% 536
and 97%, respectively, at 450 °C and 75000 mL-NHs-Ar get! h'! with a suitable stability for 537
one day. 538

Aiming to improve the activity of Ni catalysts derived from perovskite, the addition 539
of different dopant agents could increase the basicity among other properties. Thus, the 540
partial substitution of La cation by Ce [44,80] or by Mg [44] was studied. For that, LaxA1- 541
xNiOs, where A = Ce or Mg and x =0, 0.1, 0.9 and 1 (molar basis), was synthesized and 542
examined in the hydrogen production from ammonia. It was observed that the addition 543
of the Ce and Mg improved the basicity and the further decrease of the metal size after 544
reduction, which enhanced the catalytic performance. Mainly, a dopant amount of 0.9 545
molar basis of Ce and Mg led to catalysts with a nickel size of 4.6 nm and 4.1 nm, respec- 546
tively, whereas 21.2 umol CO:z gt and 64.6 pumol CO2 g, respectively, of total basic sites 547
were obtained. These nickel catalysts yielded a conversion of 96 % (Lac1CeosNiOs) and 98 % 548
(Lao1MgosNiOs) at low temperatures (400 °C) for 40 h of reaction, exhibiting a good stabil- 549
ity without deactivation. Mg-doped nickel perovskite was selected as the best dopant of 550
the nickel perovskite, mainly due to the virtuous synergic effect between Ni-Mg-La, which 551
showed a higher basicity and a higher capacity to desorb N2 [44]. 552

The application of perovskite-type oxides as supports of nickel and cobalt catalyst 553
have been proposed by different authors [81,82]. In both studies, the influence of the var- 554
iation with different alkaline, alkaline earth, and rare-earth of the ABOs formulation was 555
investigated on th ammonia decomposition, contempt these materials displayed small 556
surface area (< 20 m? g') owing to the high calcination temperature (1100 °C) required for 557
their synthesis [82]. 558

On the one hand, XCeOs (X =Mg, Ca, Sr, Ba) perovskite-type oxides were synthesized 559
by combustion method while cobalt (5 wt.%) was incorporated by wet impregnation [81]. 560
It was found that the activity increased as the electronegativity of the X elements de- 561
creased, being the BaCeOs support the one that presented the highest catalytic activity 562
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because of the highest conductivity, moderate metal-support interaction, and moderate 563
basicity. 564

On the other hand, Okura et al. [82] prepared several formulations of perovskites us- 565
ing the solid-state reaction or the citric acid complex methods. ANbOs (A =Na and K) and 566
AETiOs (AE = Ca, Sr, and Ba) were prepared by the first method, while REAIOs (RE=La, 567
Sm, and Gd), AEMnO:s, and AEZrOs by the latter one. The nickel (40 wt.%) was incorpo- 568
rated by wet impregnation. The supports containing Nb and Mn exhibited a lower con- 569
version at 550 °C, whereas REAIOs, AETiOs and AEZrOs supports increased the activity, 570
mainly due to the electronic state of nickel species. Additionally, the AEZrOs supports 571
exhibited a higher amount of basic sites owing to the smaller electronegativity of Zr. Re- 572
garding the electronegativity of the AE elements, Ba and Sr (lower electronegativity in 573
comparison with Ca) increased the number of basic sites, and hence, were responsible of 574
the higher catalytic activity of Ni/BaZrOs and Ni/SrZrOs. They displayed 93% (Ni/SrZrQOs) 575

and 95% (Ni/BaZrOs) of conversion at 550 °C. 576
577
4.2.4 Metal oxides supports 578

Other precursors, based on hydrotalcite materials (derived from layered double hy- 579
droxides), allowed to synthesize catalysts with controlled accessibility to the structure, 580
after high temperature reduction [83]. Nickel hydrotalcites based on Ca? and Al* cations 581
(NixCa2ALi-LDHs-ST, x = 0.1, 0.3, 0.5, 1 and 2) were prepared mixing the corresponding 582
nitrates with a Ca?/Al* atomic ratio equal to 2, using a precipitating agent (2 M of NaOH, 583
pH = 12). Then, the precipitated was transferred into a Teflon vessel (100 °C for 36 h) and 584
the product was centrifugated, washed and dried overnight. It was found that the gradual = 585
incorporation of Ni altered the structure of the Ca2Ali-LDHs to hydrobobomkulite, and 586
finally, changed into takovite. This transformation led to an increase of the amount of B5- 587
type sites which improved the NHs decomposition (55% of ammonia conversion at 550 °C 588
and 10000 mL-NHs geat! h?). Despite of the low area of the catalysts (30.1 m? g), hy- 589
drotalcites seem to be a good precursor for the design of heterogeneous catalysts present- 590
ing better catalytic properties than those obtained by the conventional impregnation 591
method (Nii/CazAli-LDHs-IM). 592

In light with the structure of the supports, fluorite-type oxides with a face-centered- 593
cubic crystal structure (for example, ceria-zirconia alloys, CZY) showed good redox prop- 594
erties, high thermal stability and good capacity to disperse the metals, despite of the small 595
area (values < 30 m? g) [84]. Ni, Co and Ni-Co (10 wt.%) catalysts were prepared by in- 5%
cipient wetness impregnation over CZY and tested on ammonia decomposition. Noticea- 597
bly, the bimetallic catalysts with 9 wt.% of Co and 1 wt.% of Ni (Ni1Cos/CZY) resulted in 598
the highest activity at 60000 mL-NHs gear! h'! with almost 100% of conversion at 600 °C for 599
72 h, owing to the formation of a Ni-Co alloy with suitable metals dispersion (20.3%). The 600
authors claimed that the synthesis of these metal oxides (CZY) were an eco-friendly and 601
affordable processes. 602

Based on an economic, abundant and low surface area material, fresh mica 603
nanosheets (Ko7sAl2SisO10(OH)2) have been employed as support of nickel catalysts (20-30 604
wt.% prepared by wet impregnation) in the reaction [85]. The catalytic activity was im- 605
proved by the two-dimensional structure of mica since the mass transfer was favored. 606
Other natural nano-structural material, attapulgite (ATP), has been used as support of Ni 607
catalysts (50 wt.% prepared by homogeneous precipitation method) [86]. This synthesis 608
developed materials with a low surface area (< 10 m? g') although it showed good perfor- 609
mance in the ammonia decomposition, exhibiting a 65% of conversion at 600 °C. The 610
strong metal-support interaction was the responsible of the adequate activity. 611

Im et al. [50] prepared by solid-state reaction different aluminate-based compounds 612
(AM-AI-O, AM = Mg, Ca, Sr and Ba) modified with alkaline earth metals. These were 613
investigated as supports of nickel (20 wt.%) catalysts. Similarly of the above mentioned, 614
the basic properties of the materials changed with the different metals, being the Ni/Sr- 615



Energies 2022, 15, x FOR PEER REVIEW 17 of 31

Al-O and Ni/Ba-Al-O catalysts the most basic materials, providing a higher performance 616

in the hydrogen production from ammonia. 617
618
4.2.5 Metal imides supports 619

Recently, the utilization of metal imides (Mgs:N2, CaNH and BaNH) have received 620
attention as support of Co catalysts in the ammonia decomposition reaction. The catalysts 621
were prepared following the procedure described in [87], showing a low surface area. The 622
Co-CaNH material showed the highest specific surface area among the three materialsbut 623
a lower activity than that of Co-BaNH. The highest activity of Co-BaNH was related toan 624

intermediate phase (Co-N-Ba) which enhanced the energy-efficient reaction pathway. 625
626
4.2.6 Others low surface area supports 627

On the other hand, pure oxides such as CosOs (100Co) [88] or NiO [89,90] have been 628
studied as catalysts in spite of their low area (< 30 m? g'). However, the catalytic activity 629
was low (< 20% of ammonia conversion at 550 °C) at lower temperatures, as can be ob- 630
served in Table 2, caused by the morphological defects of these materials and their poor 631
stability. 632

Other monometallic catalysts with small surface area were based on Fe and Mo sup- 633
ported on commercial carbon nanofibers (CF). The materials were prepared by the im- 634
pregnation method of different metal loadings (4-14 wt.%) providing an area below 40 m? 635
g [91]. Mo catalysts displayed lower conversion than Fe catalysts over a conventional 636
heated reaction system. However, the activities of both catalysts improved at lower tem- 637
peratures in the microwave reaction system, because of the formation of carbide species 638

(Fe2C and Mo2C), which are found to enhance the transfer of energy to the active phase. 639
640
4.3 Bimetallic catalysts metal catalysts 641

Finally, the utilization of non-noble bimetallic catalysts with low surface area has 642
been also investigated (Table 2). It has been established that the apparent activation energy 643
(Ea) of the bimetallic catalysts was lower than that of the monometallic catalysts, enhancing 644
the ammonia conversion [14]. 645
In this sense, mono and bimetallic perovskites (LaCo1«NixOs3, x =0, 0.2, 0.4, 0.6, 0.8 646
and 1 molar basis) were synthesized and tested as catalyst precursors for the ammonia 647
decomposition [44]. However, bimetallic perovskites originated particles size of Co%/Ni® 648
(in the range 7.8-5.7 nm) higher than the pure LaNiOs (4.2 nm) which did not improve the 649
activity. Both impurities and a lower amount of active sites were detected on bimetallic 650
perovskites, which also decreased the ammonia conversion. The higher catalytic activity 651
of nickel perovskite-derived catalysts versus cobalt perovskite-derived catalysts has been 652
corroborated by Podila et al. [80]. 653

Asillustrated in Section 3, the alloy between Co-Mo is near to the volcano curve, with 654
a suitable N binding energy to easily desorb nitrogen species, being the active phase 655
CosMosN [17,92]. Duan et al. [92] studied the effect of the calcination atmosphere on metal 656
amine metallate (Co(en)sMoQOs) precursors to obtain an active catalyst based on Co-Mo. 657
They selected argon (Ar) and air (Air) as the calcination atmosphere, which curiously af- 658
fected the physicochemical properties. Indeed, the textural properties as well as the crystal =~ 659
phase were modified. The CoMo-Ar calcined catalyst showed magnetic properties and a 660
higher surface area (38.5 m? g1) than CoMo-Air (5.7 m? g1). However, in the reduction 661
step the surface area changed, showing 21 m? g and 23.7 m2 g' CoMo-Ar and CoMo-Air, 662
respectively, due to the transformation of the crystal phase. This latter also took place 663
during the reaction, since used CoMo-Ar-R displayed Co® and MoN, whereas used CoMo- 664
Air-R showed MoO2, CosMosN and Co-Mo oxynitride. The presence of CosMosN led toa 665
higher activity (74.3% of ammonia at 650 °C and 36000 mL-NHs ger! h'') and stability. 666
These authors affirmed that the prenitridation treatments (higher temperature prenitrida- 667
tion) allowed to generate CosMosN as the active phase, without other metal oxides, and a 668
higher surface area (although this area was not the key issue to increase the activity). 669
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In order to improve the activity of CosMosN materials, the influence of the addition 670

of Cs has to this material on ammonia decomposition was studied in detail [93]. The syn- 671
thesis method was carried out by a decomposition of hexamethylenetetramine (HMTA), 672
Co, Ce and Mo salts under nitrogen a 700 °C. It was corroborated that Cs dispersed highly 673
over CosMosN improving its electronic state. This upgrading provided hydrogen and ni- 674
trogen desorption, and thus, the reaction mechanism was accelerated. 675
In other work, CosMosN, NisMosN and FesMosN were successfully prepared by tem- 676
perature-programmed reaction of the corresponding oxide precursors with ammonia [94]. 677
In spite of the small surface area (< 10 m2 g'') and big crystallite size (> 10 nm) generated, 678
these materials showed a suitable performance on the ammonia decomposition reaction. 679
Three catalysts exhibited an ammonia conversion > 50 % at 550 °C, being the CosMosN 680
catalyst that presented the lowest apparent activation energy (Ea = 70.0 k] mol?). As men- 681
tioned above, CosMosN had an adequate N binding energy, justifying this behavior. 682
683
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Table 2. Catalytic activity of non-noble catalysts for H2 production from NHs decomposition performance at 1 atm.

Metal loading GHSV NH; inlet NH; H: formation rate
Catalysts Sser (m? g) T (°C) ) ) Ref.
(wt.%) (mL-gear>h?)  flow (%) conversion (%)  (mmol Hz gear! min-)
5Co/SiC 5.0 24.0 60000 5 350 27.20 0.90
1Ca-5Co/SiC 5.0 29.0 60000 5 350 22.80 0.76
1Mg-5Co/SiC 5.0 30.0 60000 5 350 29.60 0.99
1La-5Co/SiC 5.0 24.0 60000 5 350 27.40 0.92
1K-5Co/SiC 5.0 19.0 60000 5 350 33.10 1.12 [42]
1Cs-5Co/SiC 5.0 17.0 60000 5 350 25.10 0.84
1Ce-5Co/SiC 5.0 24.0 60000 5 350 20.30 0.68
0.5K-5Co/SiC 5.0 16.0 60000 5 350 31.90 1.07
1.5K-5Co/SiC 5.0 15.0 60000 5 350 28.50 0.95
Ni-Ca/Y20s 40.0 32.0 6000 100 500 44.00 2.95 [73]
10Ni/La20s-450 10.0 25.0 30000 100 550 59.0 19.75
10Ni/La205-550 10.0 23.0 30000 100 550 79.0 26.45
10Ni/La205-650 10.0 14.0 30000 100 550 60.0 20.09
10Ni/La205-750 10.0 11.0 30000 100 550 60.0 20.09 [74]
10Ni/La205-850 10.0 10.0 30000 100 550 50.0 16.74
LaNiOs - 1.0 30000 100 550 60.0 20.09
40Ni/5MgLa 40.0 11.0 30000 100 550 82.0 27.46
Ni/Y20s 10.0 7.0 6000 100 450 18.00 1.21
Ni/La20s 10.0 5.0 6000 100 450 12.00 0.80
Ni/CeO2 10.0 4.0 6000 100 450 5.00 0.33 [75]
Ni/Sm20s 10.0 9.0 6000 100 450 15.00 1.00
Ni/Gd20s 10.0 4.0 6000 100 450 17.00 1.14
5CMLa-N2 5.0 33.0 6000 100 450 30.0 2.01 [76]

684
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Table 2. Continued. 686
Metal loading GHSV NHs inlet NHs H: formation rate
Catalysts Sger (m2 g?) T (°C) . . Ref.
(wt.%) (mL-gear-h?)  flow (%) conversion (%)  (mmol Hz ger! min™)

Co/CeOrz-nanocubes 5.0 20.0 6000 100 550 67.0 4.49 [77]
1 LaNiOs 650 - 11.7 75000 5 350 55.90 2.34
0.5 LaNiOs 650 - 8.7 75000 5 350 36.70 1.54
0.75 LaNiOs 650 - 9.0 75000 5 350 48.30 2.02
1.25 LaNiOs 650 - 9.9 75000 5 350 33.60 1.41
1 LaNiOs 700 - 9.7 75000 5 350 51.40 2.15

1 LaNiOs 750 - 7.8 75000 5 350 41.60 1.74 [43]
1 LaNiOs 900 - 3.2 75000 5 350 30.20 1.26
1 LaCoOs 650 - 10.3 75000 5 350 44.70 1.87
2 LaCoOs 700 - 13.4 75000 5 350 41.80 1.75
3 LaCoOs 750 - 13.2 75000 5 350 38.20 1.60
4 LaCo0Os 900 - 3.5 75000 5 350 34.00 1.42
LaNisoC02003 - 12.0 75000 5 350 30.00 1.26
LaNis0oCo4003 - 12.0 75000 5 350 31.70 1.33
LaNisCos0Os - 9.0 75000 5 350 41.10 1.72
LaNi20Cos0s - 9.0 75000 5 350 37.10 1.55
LasCe10NiOs - 11.0 75000 5 350 33.20 1.39

La10Ceo0NiOs - 29.0 75000 5 350 59.10 2.47 (4]
CeNiO:s - 15.0 75000 5 350 46.80 1.96
LasoMg10NiOs - 14.0 75000 5 350 37.70 1.58
La1oMgooNiOs - 25.0 75000 5 350 72.30 3.03
MgNiOs - 22.0 75000 5 350 43.00 1.80
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Table 2. Continued.
Metal loading GHSV NHs inlet NHs H: formation rate
Catalysts Sger (m2 g?) T (°C) . . Ref.
(wt.%) (mL-gear-h?)  flow (%) conversion (%)  (mmol Hz ger! min™)

La-Co - 16.0 6000 100 350 4.00 0.27

La-Ni - 20.0 6000 100 350 10.00 0.67 [80]
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

5Co-SrCeO 5.0 12.5 6000 100 550 411 4.67 [51]
5Co-BaCeO 5.0 15.7 6000 100 500 45.3 5.40
Ni/Nb20s 40.0 7.4 6000 100 550 34.0 2.34
Ni/NaNbOs 40.0 4.1 6000 100 550 40.0 2.68
Ni/KNbO:s 40.0 8.4 6000 100 550 36.0 241
Ni/LaAlOs 40.0 9.9 6000 100 550 65.0 4.35
Ni/SmAIOs 40.0 8.1 6000 100 550 83.0 5.56
Ni/GdAlIOs 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/CaMnOs 40.0 6.6 6000 100 550 55.0 3.68

Ni/StMnOs 40.0 7.9 6000 100 550 50.0 3.35 (82]
Ni/BaMnO:s 40.0 7.2 6000 100 550 47.0 3.15
Ni/TiO2 40.0 12 6000 100 550 33.0 2.21
Ni/CaTiO2 40.0 6.5 6000 100 550 37.0 2.48
Ni/SrTiO2 40.0 5.5 6000 100 550 80.0 5.36
Ni/BaTiO2 40.0 4.9 6000 100 550 75.0 5.02
Ni/ZrO: 40.0 15.0 6000 100 550 27.0 1.81
Ni/CaZrOs 40.0 6.0 6000 100 550 50.0 3.35
Ni/SrZrOs 40.0 6.1 6000 100 550 93.0 6.03
Ni/BaZrOs 40.0 7.5 6000 100 550 95.0 6.36
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Table 2. Continued. 691
Metal loading GHSV NHs inlet NHs H: formation rate
Catalysts Sger (m2 g?) T (°C) . . Ref.
(wt.%) (mL-gear-h?)  flow (%) conversion (%)  (mmol Hz ger! min™)
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 11.5 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/Ca2Ali-LDHs-ST 23.6 30.1 10000 100 550 55.0 3.68 (83]
Ni/Ca2Al-LDHs-IM 23.6 13.5 10000 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 [84]
NiiCos/CZY 10.0 23.6 6000 100 350 10.5 0.70
20Ni/MS 20.0 20.0 30000 100 650 95.1 31.84 (85]
30Ni/MS 22.0 30.0 30000 100 650 94.8 31.74
Ni-50/ATP 5.8 38.6 30000 100 650 89.9 9.03 [86]
Co-MgsNz2 5.4 12.0 36000 100 500 15.0 6.03
Co-CaNH 5.2 34.5 36000 100 500 38.0 15.27 [87]
Co-BaNH 4.8 11.8 36000 100 500 50.0 20.09
100Co - 25.0 18000 100 550 18.0 3.62 [88]
NiO - 25.0 18000 100 550 3.0 0.60 [89]
NiO - 18.7 12000 100 500 1.0 0.00 [90]
Fe@CF(5) 4.4 19.0 36000 100 550 5.0 2.01
Fe@CF(10) 8.0 19.6 36000 100 550 7.0 2.81
Fe@CF(15) 13.5 21.1 36000 100 550 12.0 4.82 [91]
Mo@CEF(10) 7.0 19.7 36000 100 550 3.0 1.21
Mo@CEF(15) 12.5 227 36000 100 550 4.0 1.61
CoMo-Ar-R - 21.0 36000 100 650 71.2 28.61 2]

CoMo-Air-R - 23.7 36000 100 650 73.4 29.49
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Table 2. Continued. 692
Metal loading GHSV NHs inlet NHs H: formation rate
Catalysts Sger (m2 g?) T (°C) . . Ref.
(wt.%) (mL-gear-h?)  flow (%) conversion (%)  (mmol Hz ger! min™)
Cs-CosMosN - 8.2 6000 100 450 48.0 3.21 [93]
CosMosN - 6.1 6000 100 450 30.0 2.01
NisMosN - 22 6000 100 450 18.0 1.21 [94]
FesMosN - 8.8 6000 100 450 16.0 1.07
693
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Therefore, a high surface area is usually thought to be a positive factor to disperse 695
metals, resulting in larger number of active sites, and assisting mass transfer of the reac- 696
tion [14,31,34,55,77,95]. In contrast, it is found that the utilization of precursors, mainly 697
perovskites or hydrotalcites, could help to control the metal size to be small, providing 698
high dispersion. In addition, the oxygen vacancies improve the electronic state of the 699
metal active phase as well as the metal-support interaction, preferred by lower electro- 700
negative elements. Another factor that might reduce the reaction temperature is the ap- 701
plication of carbide species, such as the novel SiC or Fe2C or Mo:2C. All of them allow the 702
development of suitable catalysts with small surface area but suitable catalytic properties 703

for the hydrogen generation from ammonia. 704
705
5. Conclusions and Future Prospects 706

Thermal decomposition of ammonia is an efficient technology to generate COx-free 707
hydrogen and it is established as an important factor on the development of ammonia as 708
a ‘hydrogen carrier’. The design of an active catalyst to reduce the reaction temperatureis 709
one the central pillars of this technology. However, the catalytic activity is not only influ- 710
enced by the metal active phase, but also, by the support, the addition of promoters as 711
well as by the synthesis method. Despite of the high surface area supports improve the 712
metal dispersion; this review provides a current perception on materials with small sur- 713
face area. These materials show attractive results on hydrogen production from ammonia. 714
The modification of the chemical and morphological properties of the active phase with 715
basic and conductive supports led to a suitable performance, despite of their low porosity. 716

On the other hand, the utilization of precursors seems to be an original strategy to 717
develop catalysts with small particle size, yielding an excellent ammonia conversion at 718
low temperature. Additionally, chemical elements with smaller electronegativity are pre- 719
ferred to enhance the activity and increase reaction kinetics favoring the rate-determining 720
step. 721

The use of non-noble metal catalysts, low-cost and eco-friendly supports could de- 722
crease the operation cost and reduce the reaction temperature, as well as increase the sus- 723
tainability of the process. In addition, the utilization of other non-noble metals, different 724
to nickel, cobalt, molybdenum, and iron, must be further investigated. The synthesis 725
method should be optimized to reduce the time and cost, taking into account the im- 726
portance of the sustainability of the process. In situ characterization techniques could help 727
to verify the difference in the catalytic surface, whereas operando methods will assist to 728
know the behavior of the catalysts during of ammonia decomposition reaction. 729

The utilization of carbide materials such as SiC or MoC should be explored and stud- 730
ied as catalytic supports for ammonia decomposition reaction. Additionally, ABOs formu- 731
lations might enhance the ammonia conversion at low reaction temperature. The different 732
combinations of mono and bimetallic perovskite-type oxides could promote the develop- 733
ment of ammonia decomposition catalysts. 734
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	3. Catalytic thermal decomposition of NH3
	Ammonia decomposition by using heterogeneous catalysts is greatly interesting because it allows the release of H2 in a catalytic reactor. The resulting H2 can be used in-situ, either in fuel cells or by direct combustion. Furthermore, this reaction yi...
	Most of the investigations that aim to generate H2 from NH3 decomposition are performed at elevated temperatures [14,15,31]. However, the application of NH3 as a hydrogen carrier requires in-situ production at suitable reaction conditions (temperature...
	The ammonia decomposition reaction (N,H-3. ⇋ ,3-2. ,H-2. + ,1-2. ,N-2.  ∆,H-0.= +46 kJ mo,l--1.) is slightly endothermic, whose kinetics depends on two factors: ammonia concentration in the feed and temperature [14]. Currently, a lot of works have bee...
	Step 1: N,H-3.,g. ⇆ N,H-3.,a.     (1)   Step 2: N,H-3.,a. + s ⇆ N,H-2.,a.+H,a.   (2)    Step 3: N,H-2.,a. + s ⇆ NH,a.+H,a.    (3)   Step 4: NH,a. + s ⇆ N,a.+H,a.    (4)   Step 5: 2H,a. ⇆ ,H-2.,g.+2s     (5)   Step 6: 2N,a.⟶ ,N-2.,g.+2s      (6)
	where s symbolizes a vacant site of the catalysts surface, (g) denotes for gas and (a) indicates for adsorbed molecules. However, two phenomena behave as limiting stages of the reaction regardless of the catalysts: the desorption of nitrogen and the b...
	In the high temperature (between 520-690  C) and high ammonia concentration (50-780 torr) the ammonia reaction is first order concerning ammonia concentration [36]. In the case of working at low temperatures (<400  C) and high partial pressures of amm...
	Therefore, in any case, the N-M bond strengths (i.e. M= active metal surface) is the key in the design of catalysts for ammonia decomposition reaction, and it should be strong for the N-H bond scission (or NHx dehydrogenation steps) to take place but ...
	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 from Blowers-Masel correlation). These authors suggested that the rate-limiting f...
	On the other hand, Boisen et al. [37] studied different metals for both the synthesis and decomposition of ammonia, mainly focused on the rational design of catalysts for the latter one. Figure 3 shows the volcano-type correlation between ammonia deco...
	Figure 3. Calculated turnover frequencies of ammonia synthesis/decomposition at 773 K, 1 bar, 3:1 H2/N2, and 0.02, 20 (solid line), and 99% NH3 as a function of the reaction energy of dissociative N2 adsorption. The vertical line gives the dissociativ...
	Both studies are considered an essential reference on the design of catalysts based on the rate-determining step for ammonia decomposition. However, there is not a general assumption for the rate-determining step and each catalytic system requires to ...
	On the other hand, Lucentini et al. [14] compared the global warming power on a 100-year basis (kg CO2 kg-1) of the elements versus the price of the active metal phase (USD kg-1). As shown in Figure 4 Ru must be avoided due to the high environmental i...
	Figure 4. Comparison of the price (USD kg-1) and the global warming power on a 100-year basis (kg CO2 kg-1) of the elements. Reprinted with permission from [37]. Copyright 2005, 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, th...
	Ru active sites are made up of crystallite size around 3-5 nm and they 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 sign...
	In the case of non-noble metals, crystallite sizes between 2-15 nm maximizing the ammonia conversion at low temperatures [45,46]. In particular, nickel size in the range 3 to 5 nm decreased the energy barrier achieving an excellent hydrogen production...
	Considering the promoters, the use of alkaline, alkaline-earth, and rare-earth precursors are reported to enhance the catalytic activity due to an increase in the surface area, a reduction in the pore volume and an increase of the electron density of ...
	In particular, the use of lanthanum (La) as a promoter results in not only morphological changes of Ni and/or Co actives sites but also electronics effects, facilizing recombinant nitrogen desorption and hence increasing the reaction rate. Furthermore...
	The support has a key role in the design of catalysts since it influences their properties. They are used to enhance the size, shape and dispersion of the active phase, likewise it might affect the electronic structure of the metals [53]. Actually, a ...
	In light with this, this review summarized and compared recent advances in novel, economic and active catalysts for this reaction, paying particular attention to materials with a low surface area (< 35 m2 g-1) such as silicon carbide or perovskites (A...
	4. Recent insights into low surface area catalysts for catalytic thermal decomposition of NH3
	Ruthenium catalysts supported on low surface area materials have been widely studied in the literature. These showed the highest catalytic activity at low temperatures. Among the support properties, basicity and conductivity have an important role to ...
	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 phase of low surface area catalysts. The synthesis method or the utilization of precursors, such as ...
	The use of a bimetallic phase or combination of metals are looking into as a promising alternative in the case of a low surface area catalyst. In particular, the Co3Mo3N material presents small porosity and high activity.
	The different catalysts available in the literature for the NH3 decomposition that have been recently published, are classified according to their active phase in Table 1-2. Note that, the catalytic activity was evaluated at atmospheric pressure and b...
	4.1 Ruthenium based catalysts
	4.1.1 Novel silicon carbide support
	As above mentioned, Ru catalysts exhibit excellent catalytic activity. In this sense, our research group have recently investigated for the first time the use of Ru supported on SiC as a catalysts for ammonia decomposition reaction [40]. Despite of Si...
	4.1.2 Rare-earth oxides supports
	On the other hand, other supports based on rare-earth oxides, especially ceria (CeO2) and lanthanum oxide (La2O3), have been also employed as supports for Ru catalysts [14,56–60]. These metal oxides are conventional supports characterized by a low co...
	Hu et al. [56] discovered that Ru (7 wt.%) supported on CeO2 (nanorods) showed a catalytic activity over 8 times higher than Ru supported on carbon nanotubes (CNT) counterpart system, the most active catalysts in the state-of-art literature when feedi...
	Regarding the use of La2O3 as support of Ru catalysts, Huang et al. [58] reported that the synthesis method of La2O3 influenced on the hydrogen production from ammonia. They observed that the Ru/La2O3-700-i (4.8 wt.%) catalyst, prepared by impregnatio...
	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 m2 g-1) although, they are usually employed as catalytic supports for ammonia decomposition [43,44,59,6...
	On the other hand, Le et al. [63] have recently developed a novel LaxCe1-xOy composite by the deposition-precipitation method as support of 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 ...
	4.1.3 ABO3 perovskites as Ru supports
	In light with the utilization of composites as catalytic supports, a series of ABO3 perovskite materials, Sr1−xYxTi1−yRuyO3−δ (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...
	Additionally, Zhiqiang et al. [66] have employed different alkali metal silicates A2SiO3 (A = Li, Na and K) as supports prepared by a sol-gel method. The formation of silicate structure resulted in a reduction in the surface area (< 10 m2 g-1). The K2...
	4.1.4 Metal oxides supports
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