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Abstract  1 

Cobalt catalysts (5 wt.%) using -SiC as a support and modified with different alkaline 2 

(K and Cs), alkaline-earth (Ca and Mg) and rare-earth (La and Ce) metals were prepared, 3 

characterized, and examined in the hydrogen production from ammonia decomposition 4 

at low temperatures. Porous SiC has been proved to be a suitable support for promoted 5 

cobalt catalysts, which are highly active for the target decomposition reaction. Catalysts 6 

modified with small amount (1 wt.%) of K and La remarkably enhanced the catalytic 7 

activity whereas the addition of Cs, Mg, Ca or Ce to cobalt catalyst decreased the 8 

ammonia conversion with respect to the unpromoted catalyst. The total basic sites and 9 

electron-donor properties of the K metal modified the electronic structure of cobalt active 10 

sites increasing the ammonia conversion at low temperatures. However, an excess of K 11 

promoter resulted in a decrease in the hydrogen production due to the blockage of the 12 

active sites. Therefore, the catalyst containing 1 wt.% K and 5 wt.% Co resulted in an 13 

excellent H2 production associated with an ammonia conversion close to 100 % at 450 14 

ºC. Moreover, the selected catalyst provided suitable performance stability after one day 15 

of reaction. 16 
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1. Introduction 1 

The future of energy sector needs of the substitution of conventional technologies for 2 

power generation with the use of carbon-free energy sources. The exploitation of clean, 3 

sustainable and renewable energy sources is essential for a transition towards the 4 

elimination of greenhouse gas emission of energy generation processes [1]. Hydrogen 5 

(H2) generation from renewable sources seems to be a potential alternative, using fuel 6 

cells and internal combustion engines by releasing only water such as by-products [2–4]. 7 

However, H2 has low volumetric energy density, which increases storage and transport 8 

cost [5]. Therefore, successful hydrogen storage procedures are essential to distribute 9 

large quantities of renewable energy.  10 

In this sense, safe and economical H2 storage and transport could be carried out by using 11 

hydrogen-rich molecules (‘hydrogen carries’) which present well-established 12 

technologies of production and distribution [6]. These could be decomposed in situ into 13 

hydrogen through suitable conversion processes [7]. Ammonia is considered a promising 14 

hydrogen carrier due to its excellent properties [1,3–6] and, it can storage energy in long-15 

term compared to battery systems (short-term storage) [8]. Moreover, its decomposition 16 

only produced hydrogen and nitrogen. In other words, NH3 is an exceptional carbon-free 17 

hydrogen vector [9]. 18 

To release H2 contained in NH3 for power generation it is necessary to reduce the 19 

ammonia in the outlet stream. High purity H2 (99.97%) is essential to be used in PEMFC 20 

(proton exchange membrane fuel cells) and other technology such as AFC (alkaline fuel 21 

cells) allows an inlet stream with a 9 % of ammonia concentrations [10,11]. Hence, a 22 

robust, efficient, and economic active catalyst at low temperature, and a separation unit 23 

to separate H2 from N2 and unconverted NH3 is required. Thus, the thermodynamic 24 

equilibrium could be achieved increasing the hydrogen purity and, decreasing the energy 25 

cost of the process [10,12].  26 
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Auspicious results of H2 generation from NH3 at low temperatures are achieved with 1 

ruthenium catalysts [13–15]. Moreover, other factors clearly influence the catalytic 2 

activity such as the support and the use of proper electron-donor promoters [16–18]. 3 

Regarding the catalytic support, those with the best properties for this reaction must have 4 

high electron conductivity, basicity, and thermal stability, as well as the absence of 5 

electron-withdrawing species [19]. Porous silicon carbide (-SiC) possesses suitable 6 

physicochemical properties to be used as catalytic support: a high resistance, high thermal 7 

conductivity and, chemical inertness. Indeed, a homogeneous temperature distribution 8 

within the catalyst bed could be achieved by its high thermal conductivity, suitable for 9 

ammonia decomposition reaction. To the date, interesting results have been reached in 10 

multiple catalytic reactions using silicon carbide as catalytic support [13,20–22]. In this 11 

sense, our previous results demonstrated the exceptional activity on ammonia 12 

decomposition reaction over ruthenium supported on SiC catalyst, achieving an ammonia 13 

conversion close to 100% at 350 ºC [13]. Nevertheless, ruthenium is a limited and 14 

expensive metal, which makes it difficult to use on an industrial scale. Non-noble metals, 15 

mainly nickel (Ni) and cobalt (Co), are considered economic active phase for catalysts 16 

due to their high catalytic activity in NH3 decomposition, availability, and low cost. 17 

Although Co-based catalysts leads higher ammonia conversion than Ni-based ones 18 

[23,24], it is necessary to improve their catalytic activity and stability [25]. 19 

Recently, different promoters have been studied to improve the ammonia decomposition 20 

reaction through the increase of the electron density in the metal by increasing of the basic 21 

sites of the catalysts [23,26,27]. Additionally, it is known that the addition of promoters 22 

to non-noble metals catalysts could modify the metal particle size increasing the metal 23 

dispersion, maintaining the stability of the catalyst over long reaction times by the 24 

inhibition of the agglomeration of metal particles [23,26]. 25 
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In the present work, Co supported on novel -SiC has been studied for the first time as 1 

catalyst for H2 generation by NH3 decomposition reaction. The influence of different 2 

promoters (alkaline, alkaline-earth and rare-earth metals) and the promoter loading on the 3 

catalytic performance was analysed in detail. 4 

 5 

2. Experimental 6 

2.1 Catalyst preparation 7 

Alkaline (K and Cs), alkaline-earth (Mg and Ca) and rare-earth (La and Ce)-modified 8 

cobalt-supported -SiC catalysts were prepared by the vacuum co-impregnation method 9 

using an aqueous solution of cobalt nitrate Co(NO3)2·6H2O (Panreac) as precursor, to 10 

give a final catalyst with 5 wt.% cobalt and, the corresponding amount of nitrate salts to 11 

obtain 1 wt.% of metal promoter (K, Cs, Mg, Ca, La and Ce), and 0.5 wt.% and 1.5 wt.% 12 

of K promoter. -SiC (25 m2·g-1 and 14.1 cm3·g-1, Sicat Catalysts) structured as pellets 13 

(3 mm length and 1 mm diameter) was used as the catalyst support. First, 1.5 g of support 14 

was pre-treated under vacuum at 80 ºC for 2 h, using a rotatory evaporator. Later, an 15 

aqueous solution of the cobalt and the promoter precursors was incorporated drop by drop 16 

over the pellets. After each impregnation, the catalysts were dried under vacuum at 80 ºC 17 

to remove the solution (repeated three times). Finally, the catalysts were dried at 100 ºC 18 

overnight and subsequently calcined at 500 ºC for 1 h (10 ºC·min-1) under N2 flow (50 19 

mL·min-1). Samples were denoted as yM-Co/SiC (M=K, Cs, Mg, Ca, La and Ce), where 20 

y represented nominal promoter loading (wt.%). 21 

 22 

2.2 Catalysts characterization 23 

Co metal content was determined by Inductively Coupled Plasma Atomic Emission 24 

Spectroscopy (ICP-AES) on a Varian Liberty RL Sequential equipment. Samples were 25 
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dissolved in 3 mL of hydrofluoric acid, 2 mL of hydrochloric and 2 mL of hydrogen 1 

peroxide followed by microwave digestion (250 ºC). Textural properties (surface area, 2 

SBET, and pore volume, Vp) of samples were calculated from N2 adsorption-desorption 3 

isotherm at -196 ºC using a QUADRASORB 3SI sorptometer apparatus. The multi-point 4 

BET method was used to determine the SBET and the total pore volume was calculated at 5 

relative pressure of P/P0 = 0.99. Prior to analysis, samples were outgassed at 180 ºC in 6 

gross vacuum (6.6·10-9 bar) for 4 h. X-ray Powder Diffraction (XRD) experiment were 7 

conducted with a Philips X’Pert MPD instrument using co-filtered Cu-K radiation 8 

(=1.54056 Å). Samples were scanned at a rate of 0.02º ·step-1 from 2=10-80º with a 9 

scan time 2 s·step-1. Scherrer equation was used to determine the metallic Co size 10 

assuming the particle were spherical [28]. High Resolution Transmission Electron 11 

Microscopy (HRTEM) analysis were carried out in a TalosTM F200X (FEI) equipment 12 

working at 200 kV. The particle sizes distribution was estimated by HRTEM images, 13 

evaluated as the surface-area weighted diameter and was calculated according to 14 

procedure explained elsewhere [13]. More than 200 particles were measured for each 15 

material showing a Gaussian particle distribution. Elemental mapping was also carried 16 

out with an energy dispersive X-ray spectrometer (EDX, X-Max Oxford) provided with 17 

4 X-ray detectors and a X-FEG beam.  18 

Sample reducibility was studied by H2 temperature-programmed reduction (H2-TPR). 19 

Analysis was carried out in a commercial Micromeritics AutoChem 2950 HP equipment 20 

with a TCD detector. Each catalyst (0.12 g) was outgassed by heating at 20 ºC·min-1 in 21 

Ar flow up (50 mL·min-1) to 250 ºC. After cooling to room temperature and stabilized 22 

under a 5 v/v% H2/Ar mixed gas (60 mL·min-1). Then, the sample was heating at 900 ºC 23 

(10 ºC·min-1). In order to get information related to the basic sites of the catalysts, CO2 24 

temperature programmed desorption (CO2-TPD) was carried out in the same equipment 25 
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as used in TPR analysis. First, 0.1g of calcined sample was reduced by a 5 v/v% H2/Ar 1 

gas flow (60 mL·min-1) at a heating rate of 10 ºC·min-1 to 550 ºC. After cooling to 50 ºC 2 

in an Ar flow (20 mL·min-1), the sample was exposed to a CO2 flow (40 mL·min-1) at 50 3 

ºC for 30 min, and then replaced by Ar (20 mL·min-1) for 1h. Finally, the sample was 4 

heated at 10 ºC·min-1 to 900 ºC. 5 

X-Ray photoelectron spectroscopy (XPS) measurements were performed using an 6 

ultrahigh vacuum (UHV) multipurpose surface analysis system Specs, equipped with a 7 

Phoibos 150-MCD energy detector, with Al K X-ray source (1486.6 eV) in ‘stop and 8 

go’ mode. Deconvolution of experimental curves was done with Gaussian and Lorentzian 9 

line fitting, minimizing the χ2 values. 10 

 11 

2.3 Catalytic activity measurements 12 

Catalytic ammonia decomposition tests were carried out in a fixed-bed quartz reactor, 13 

with a fritted quartz plate located in the middle (10 mm i.d. and 50 mm of length), at 14 

atmospheric pressure at a gas hourly space velocity (GHSV) of 60000 mL·gcat
-1·h-1, 15 

operating at a 250 to 450 ºC temperature range. The reactor was placed in a furnace 16 

(Hornos Electricos A.T.) equipped with a temperature-programmed system and the 17 

temperature of the catalysts bed was measured with a K-type thermocouple 18 

(Thermocoax). Calibrated mass flow meters (Brooks 5850 E) were used to control the 19 

gas flows and reaction gases were Air Liquide certified standards (H2, 99.999%, N2, 20 

99.999%, Ar, 99.999% and NH3, 5.000% of purity). All the pipes were heated at 70 ºC to 21 

prevent any ammonia condensation and, in turn, corrosion. 22 

The amount of catalyst used in the experiments was 0.1 g in pellets form. Prior to reaction, 23 

the catalysts were reduced with a 50 v/v% H2/Ar flow (100 mL·min-1) at 400 ºC (for 24 

alkaline and rare-earth promoted catalysts) and 550 ºC (for alkaline-earth promoted 25 

catalysts) for 1 h (heating rate 10 ºC·min-1). After cooling to 250 ºC with a flow of Ar 26 
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(100 mL·min-1), a 5 v/v% NH3 stream (100 mL·min-1) was fed into the reactor. Reaction 1 

products were analysed on-line by using a gas chromatograph (Agilent 7820A) composed 2 

of two parallel columns (CP Molsieve 5 Å and CP-PoraBond Q) connected to a thermal 3 

conductivity detector (TCD) using argon as the carrier gas. Therefore, the hydrogen 4 

formation rate (mmol H2·min-1·gcat
-1) was calculated from the H2 content in the outgas 5 

stream, while NH3 (𝑋NH3
) conversion was calculated as follows: XNH3

(%) = (FNH3in
−6 

FNH3out
/FNH3in

)·100, where FNH3in
 and FNH3out

 referred to the inlet and outlet NH3 molar 7 

flows (mmol gas·min-1), respectively. Note that, the ammonia conversion was also 8 

calculated considering the molar expansion of the reaction [29,30]. The ammonia 9 

conversion was very similar showing a relative error lower than 0.8 %. 10 

Furthermore, apparent activation energy of the synthesized catalysts was calculated from 11 

the Arrhenius plot at low conversion values (<20%), assuming that the reaction was 12 

carried out into differential conditions. Moreover, for the experimental condition studied 13 

here, the reaction is not limited by equilibrium [29,30]. 14 

In addition, the turnover frequency (TOF, h-1) was calculated according to the equation 15 

[31]: TOF(h
-1) = (rH2

(mmolH2·g
Co
-1 ·h

-1)·ACo(gCo
·mol

-1))/(D/100), where rH2
 is the 16 

formation rate of hydrogen, ACo is the atomic mass of Co (58.93 gCo·mol-1), and D (%) is 17 

the cobalt dispersion. 18 

Note that the data provided in this research corresponds to the average of three 19 

consecutive measurements once the reaction stabilised at the desired temperature. 20 

Ammonia conversion with the blank reactor and -SiC support was negligible under the 21 

operating conditions. 22 

At the last stage, the stability of selected catalysts for ammonia decomposition was tested 23 

at 400 ºC over 24 hours.  24 

 25 
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3. Results 1 

3.1. Influence of different metal promoters 2 

An exhaustive evaluation of six different metal promoters (K, Cs, Mg, Ca, La and Ce) 3 

with a load of 1 wt.% in 5 wt.% Co supported on -SiC for ammonia decomposition 4 

reaction has been carried out.  5 

All catalysts were successfully synthesized by the vacuum co-impregnation method [32]. 6 

Cobalt content (error of ±1%) and textural properties of the support, unpromoted 7 

(Co/SiC) and promoted catalysts are shown in Table 1. N2 adsorption-desorption 8 

isotherms are shown in Figure S1 of the Supporting Information. 9 

 10 

Table 1. Cobalt content and textural properties catalysts. 11 

Sample Co content (%) SBET (m2·g-1) Vp (cm3·g-1) 

SiC - 25 0.14 

Co/SiC 5.2 24 0.10 

1K-Co/SiC 4.1 19 0.14 

1Cs-Co/SiC 4.7 17 0.16 

1Ca-Co/SiC 4.1 29 0.16 

1Mg-Co/SiC 4.2 30 0.13 

1La-Co/SiC 4.1 24 0.14 

1Ce-Co/SiC 4.5 24 0.11 

 12 

The catalysts exhibited type II isotherms, according to the IUPAC classification, which 13 

is characteristic of non-porous or macroporous materials [33]. Moreover, the H3-type 14 

hysteresis loop observed at high relative pressure is attributed with capillary condensation 15 

[22]. All samples showed isotherms similar to of the support, which indicated that the -16 

SiC surface did not change after metal impregnation [22]. In fact, the SBET of promoted 17 

catalysts was similar to that of the unpromoted one [34]. The slight variation observed 18 

between catalysts was due to the experimental measurements error (±5%) [22]. Moreover, 19 

it is important to note that upon the co-impregnation with promoters metals the surface 20 



 10 

area might decreased compared to that of the support, suggesting a partial blockage of the 1 

-SiC pores [35,36]. In conclusion, it can be said that, regardless of the type of promoter, 2 

its incorporation into the catalyst does not significantly affect the textural properties. 3 

The crystalline structure of the promoted catalysts before reduction was studied by XRD 4 

and showed in Figure 1. The XRD results for the support and Co/SiC catalyst before 5 

reduction are shown in Figure S2. 6 

 7 

  8 
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  1 
Figure 1. XRD patterns for A: alkaline, B: alkaline-earth and C: rare-earth promoted 2 

catalysts before reduction. 3 

 4 

The catalyst without promoters showed the main reflections related to -SiC support 5 

(JCPDS: 02-1050), peaks at 2 (hkl) = 31.2º (2 2 0), 36.8º (3 1 1), 44.8º (4 0 0) and 65.2º 6 

(4 4 0) corresponding to cubic Co3O4 (JCPDS: 42-1467), and peaks at 2 (hkl) = 42.3º (2 7 

0 0) and 61.5º (2 2 0) ascribed to cubic CoO (JCPDS: 48-1719) [35]. All promoted 8 

catalysts showed the -SiC structure. Obviously amorphous SiO2 should be present, but 9 

the -cristobalite phase could be seen after addition of promoters and subsequent 10 

calcination at high temperature [21]. This means that the 1 wt.% loading of promoters did 11 

not poison the SiC support and inhibit its oxidation to -cristobalite. The diffraction 12 

pattern for the alkaline (K and Cs) promoted catalysts before reduction is shown in Figure 13 

1A. These catalysts also showed peaks at 2 (hkl) = 44.6º (4 0 0) related to cubic Co3O4 14 

(JCPDS: 42-1467) [37]. Figure 1B and 1C showed the XRD patterns of the alkaline-15 

earth (Mg and Ca) and rare-earth (La and Ce) promoted cobalt-based catalysts, 16 

respectively. Peaks at 2 (hkl) = 42.5º (2 0 0) and 61.7 º (2 2 0) associated with cubic 17 

cobalt oxide (CoO) (JCPDS: 48-1719) were observed. The XRD data suggested, that 18 

cobalt species on alkaline-earth and rare-earth promoted catalysts were moderately 19 
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reduced to CoO by interaction with the promoters and silicon carbide support after 1 

calcination under nitrogen atmosphere [38]. No peaks associated to alkaline, alkaline-2 

earth and rare-earth oxides were detected, indicating that their particle sizes were very 3 

small being highly dispersed on the support or that, the amount of metal precursors was 4 

very low to by detected by XRD [37,39]. In addition, if the amount of the metal oxides 5 

were higher, they would interact with the silica, presented in SiC surface, leading to metal 6 

silicates [40]. Based on the literature [37,41], metal promoters increased the particle size 7 

of cobalt oxide species favouring their reduction. To check it, the crystal size of CoO and 8 

Co3O4 particles was calculated using Scherrer equation at 2= 42.5º and 44.2º for CoO 9 

and Co3O4, respectively (Table 2). It was observed that, in general, the particles size of 10 

the different cobalt oxide species increased with the addition of promoters. The largest 11 

particle size was observed on rare-earth promoted catalyst (1La-Co/SiC and 1Ce-Co/SiC) 12 

with an average particle size of 21.7 nm and 21.6 nm, respectively. Taking into account 13 

that the average pore size of -SiC support was 10 nm (Table 1), it can be stated that the 14 

CoO and Co3O4 would be located on the external surface of the support [35]. Thus, the 15 

cobalt reduction over promoted catalysts might be carry out at lower temperatures than 16 

the unpromoted catalyst [37].  17 

Table 2. Particle size, dispersion, total basic sites and H2 consumption of unpromoted 18 

and promoted catalysts. 19 

Sample 

XRD-Particle diameter 

(nm) TEM-Particle 

diameter (nm) 

Co 

dispersionb 

(%) 

Total basic 

sites 

(mmolCO2·

gcat
-1)c 

H2 

consumption 

(mmolH2 gcat
-1) 

CoOa 

(=42.5º) 

Co3O4
a 

(=44.2º) 

Co/SiC 12.7 12.8 10.3 9.3 0.015 
1.5 

1K-Co/SiC - 19.8 10.2 9.4 0.059 
1.2 

1Cs-Co/SiC - 12.1 10.4 9.2 0.043 
1.7 

1Ca-Co/SiC 19.9 - 13.7 7.0 0.022 
1.9 

1Mg-Co/SiC 14.5 - 8.8 10.1 0.020 
1.4 

1La-Co/SiC 21.7 - 10.9 8.8 0.038 1.9 

1Ce-Co/SiC 21.6 - 11.3 8.5 0.039 1.9 

aCalculated by Scherrer equation. 20 
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bCalculated by [37]. 1 
cCalculated from the reduced catalysts at 400 ºC.  2 
 3 

In order to analyse the effect of the promoters on the cobalt reducibility, H2-TPR 4 

experiments were carried out of the promoted catalysts (Figure 2). Note that H2-TPR 5 

profiles of the support and the non-promoted catalyst are also plotted in Figure S3 for 6 

comparison purposes. Firstly, there were not any peaks associated with the SiC support, 7 

indicating that all hydrogen consumption peaks in the profiles were related to changes in 8 

cobalt species. In agreement with previous works [37,38,41,42], the unpromoted catalyst 9 

gave rise two H2 consumption peaks at 307 ºC and 349 ºC associated to the reduction of 10 

Co3O4 to CoO and CoO to Co0. As observed, the alkaline promoted catalysts presented 11 

similar TPR profiles (Figure 2A). 1K-Co/SiC catalyst exhibited two main reduction 12 

peaks at 257 ºC and 345 ºC and 1Cs-Co/SiC catalyst showed two peaks at around 269 13 

and 334 ºC, related to the cobalt oxide species reduction to metallic cobalt. It can be 14 

observed that the first peak ascribed to the Co3O4 to CoO reduction was shifted to lower 15 

reduction temperatures (about 50 ºC in 1K-Co/SiC and, 40 ºC in 1Cs-Co/SiC) compared 16 

to the unpromoted catalyst, which has been related to the higher particle size of Co3O4 17 

observed on XRD analysis (Figure 1) [37]. In the case of alkaline-earth promoted 18 

catalysts, a different TPR trend was observed (Figure 2B). Ca promoted catalyst showed 19 

peaks at 291 and 358 ºC and, Mg promoted catalyst at 268 ºC, 432 ºC and 666 ºC. Low 20 

temperatures peaks were ascribed to the reduction of cobalt species to Co0. The high 21 

temperature peak (666 ºC) has been attributed to the reduction of CoO species with a 22 

strong interaction with the -SiC support, which is promoted by magnesium [23,24,43]. 23 

All reduction peaks were associated with cobalt species reduction, since TG and DTG 24 

analysis of alkaline-earth nitrate salts previously carried out in our research group [37] 25 

exhibited that their decomposition take place at temperatures lower than 500 ºC. Finally, 26 

the rare-earth promoted catalysts also exhibited two main reduction peaks at 296 ºC and 27 
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383 ºC for La promoted catalyst and peaks at 283 ºC and 373 ºC for Ce promoted catalyst, 1 

ascribed to the metal oxides reduction [43]. In this sense, the addition of different 2 

promoters may cause soft changes in the reduction behaviour of the cobalt-based 3 

catalysts. However, the H2 consumption (Table 2) during TPR analysis showed that Co 4 

was reduced independently of promoter ions, since all catalysts exhibited similar H2 5 

consumption. Moreover, the reduction degree of unpromoted and promoted catalysts was 6 

estimated from the ratio of the real H2 consumption to the theoretical amount of H2 7 

required for the complete reduction of Co3O4, and it was around 65%. 8 

 Bearing in mind the TPR results, the conditions for in situ reduction at 400 ºC for alkaline 9 

and rare-earth promoted catalysts and 550 ºC for alkaline-earth in 50 v/v% H2-Ar flow 10 

ensured the most of Cobalt reduction and the formation of Co0, which is considered the 11 

active phase for hydrogen generation from ammonia. 12 

  13 
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 1 

 2 
Figure 2. H2-TPR curves for A: alkaline, B: alkaline-earth and C: rare-earth promoted 3 

catalysts. 4 

 5 

It is generally accepted that the active site for ammonia decomposition reaction is metallic 6 

cobalt [18]. Therefore, in order to corroborate the presence of metallic Co0 over the 7 

promoted catalysts after the reduction treatment, XRD measurements were carried out. 8 

Figure 3 showed the XRD patterns of reduced catalysts. The reduced unpromoted 9 

catalyst presented the main peaks related to the support (-SiC), as well as a peak at 2= 10 

44.3 º attributed to the formed cubic metallic cobalt phase (JCPDS: 15-0806) [44]. The 11 

promoted cobalt-based catalysts showed the same crystal phases as the unpromoted one 12 

and the cubic metallic cobalt phase, indicating that the reduction treatments were 13 

adequate to reduce cobalt species and obtain the Co active sites. Alkaline-earth promoted 14 
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catalysts, which were reduced at 550 º C, showed cubic metallic cobalt phase, which 1 

indicated that the reduction temperature was enough to reduce cobalt species and even 2 

those with strong metal-support interaction, in agreement with H2-TPR results. Moreover, 3 

the intensity of the peak associated with metallic cobalt was similar, which suggested that 4 

the metallic cobalt particle sizes were not greatly affected by promoters. This tendency 5 

has also been observed by other authors [45].  6 

 7 

 8 

 9 
 10 
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 1 
Figure 3. XRD patterns for A: alkaline, B: alkaline-earth and C: rare-earth promoted 2 

catalysts after reduction. 3 

 4 

Once the catalysts were characterized by XRD, TEM images of reduced catalysts were 5 

performed in order to obtain information about the distribution and size of the cobalt 6 

particles. For comparative purposes, a TEM image, the particle sizes distribution and 7 

EDX elemental mapping of the unpromoted catalyst are shown in Figure S4. The 8 

unpromoted catalyst showed well-dispersed nanosized cobalt particles of hemispherical 9 

shape with an average size of 10.3 nm. Figure 4A, 4B and 4C shows the TEM images 10 

and particle size distribution of the different promoted catalysts. As the unpromoted 11 

catalyst, all promoted ones exhibited a Gaussian particle size distribution with an average 12 

relative error of around ± 0.3 nm. The mean particle size evaluated by TEM and the cobalt 13 

dispersion are shown in Table 2. As expected, promoted catalysts showed similar 14 

metallic cobalt particle sizes than that of the unpromoted catalyst, indicating not an 15 

influence of promoter ions on metal particle sizes and dispersion [45], in good agreement 16 

with XRD results of the reduced catalysts. Elemental mapping (Figure S5) confirmed the 17 

presence of cobalt, silica, carbon, alkaline (K or Cs), alkaline-earth (Mg or Ca) and rare-18 

earth (La or Ce) over the different reduced promoted catalysts, while no impurities were 19 

found. Note that, both promoters and cobalt particles were well-dispersed over the support 20 

despite its low specific surface area and pore volume (25 m2·g-1 and 0.14 cm3·g-1, 21 



 18 

respectively) except for the 1Ca-Co/SiC catalyst, where calcium was agglomerated and 1 

not well dispersed, as can be seen by EDX maps of 1Ca-Co/SiC. Regardless of the 2 

promoter used, the particle size distribution and dispersion obtained after reduction were 3 

similar for all catalytic systems. Based on the obtained characterisation results and 4 

previous ones [13] it can be confirmed that -SiC support is suitable for the preparation 5 

of electron-donor promoted Co catalysts.  6 

 7 

 8 
Figure 4A. TEM images and particle sizes distribution of reduced alkaline promoted 9 

catalysts. 10 

 11 
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  2 
Figure 4B. TEM images and particle sizes distribution of reduced alkaline-earth 3 

promoted catalysts. 4 

 5 
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 2 
Figure 4C. TEM images and particle sizes distribution of reduced rare-earth promoted 3 

catalysts. 4 

 5 

It is well known that the addition of promoter can modify the basic properties of the 6 

catalysts. In this sense, CO2-TPD experiments were carried out over reduced unpromoted 7 

and promoted catalysts. Figure 5 exhibits the CO2-TPD curves of the support, reduced 8 

unpromoted and promoted catalysts. Both the temperature and peak integration was used 9 

to determine the strength and quantity of the basic sites on the catalyst surface [43,46]. It 10 

is known that, -SiC support did not influence on the basic properties [47,48] with a 11 

relative amount of CO2 desorbed at high temperature 0.017 mmolCO2·gcat
-1. The addition 12 

of cobalt in low amount into the support did not seem to modify its basic properties, and 13 

a small desorption peak was only observed at high temperatures, which corresponded to 14 

100 nm

1La-Co/SiC

1Ce-Co/SiC

200 nm
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0.015 mmolCO2·gcat
-1 total basic sites. It was in agreement to that reported elsewhere 1 

showing that the addition of low amount of non-noble metals such as nickel or cobalt on 2 

-SiC support did not slightly changed the relative basicity (~0.01 mmolCO2·gcat
-1) 3 

[35,48,49]. On the other hand, the addition of the proposed promoter ions increased the 4 

basic properties (see the total amount of desorbed CO2 in Table 2) of the catalysts which 5 

has been widely studied for other reactions [37,46]. First, the alkaline promoted samples 6 

displayed different desorption peaks at low and high temperatures. The soft peak at 90 ºC 7 

was related to weakly adsorbed CO2 on the surface whereas the higher temperature 8 

(T>500 ºC) desorption region was associated with strongly adsorbed CO2 on the surface. 9 

In the case of alkaline-earth promoted catalysts, three desorption regions at temperatures 10 

i) 100-200 ºC, ii) 200-500 ºC and iii) >500 ºC were clearly observed. These regions may 11 

be explained by CO2 interaction with weak, moderate and strong basic sites [37,43]. 12 

Finally, the incorporation of rare-earth metals to the cobalt-based catalyst also showed 13 

three desorption regions in the same temperature ranges [43]. All promoted catalysts 14 

showed higher total amount of desorbed CO2 than the unpromoted catalyst, which could 15 

increase the catalytic activity for ammonia decomposition reaction. Among them, 16 

catalysts with a lower amount of basic sites were the alkaline-earth promoted ones (1Mg-17 

Co/SiC and 1Ca-Co/SiC). However, the alkaline metals, in particular 1K-Co/SiC, 18 

exhibited the highest amount of basic sites (0.059 mmolCO2·gcat
-1), which was expected 19 

to further promote the catalytic reaction. 20 
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 1 

 2 

 3 
Figure 5. CO2-TPD profiles of A: alkaline, B: alkaline-earth and C: rare-earth promoted 4 

catalysts after reduction. 5 

 6 

In order to determine the influence of the physicochemical properties on the intrinsic 7 

activity of the promoted catalysts, the TOF value (at 350 ºC), the hydrogen formation rate 8 



 23 

(at 350 ºC) and, the apparent activation energy (Ea, calculated from the Arrhenius plot) 1 

of each catalyst were calculated and showed on Table 3.  2 

 3 

Table 3. Ammonia conversion, hydrogen formation rate, TOF values and apparent 4 

activation energy of the catalysts at 350 ºC. 5 

Sample 
NH3 conversion 

(%) 

TOF 

(s-1) 

H2 formation rate  

(mmolH2·gCo
-1·min-1) 

Ea 

(kJ·mol-1) 

Co/SiC 27.2 ± 0.2 0.19 ± 0.1 18.6 ± 0.1 104.2 ± 0.3 

1K-Co/SiC 33.1 ± 0.3 0.23 ± 0.1 24.9 ± 0.2 97.5 ± 0.4 

1Cs-Co/SiC 25.2 ± 0.4 0.17 ± 0.1 19.5 ± 0.2 107.2 ± 0.0 

1Ca-Co/SiC 4.8 ± 0.2 0.01 ± 0.0 5.3 ± 0.1 117.3 ± 1.7 

1Mg-Co/SiC 24.9 ± 0.2 0.15 ± 0.0 18.1 ± 0.0 104.8 ± 0.4 

1La-Co/SiC 27.4 ± 0.1 0.20 ± 0.0 20.1 ± 0.1  101.4 ± 0.3 

1Ce-Co/SiC 20.4 ± 0.3 0.16 ± 0.1 14.6 ± 0.2 113.9 ± 2.1 

 6 

It can be seen that not all the promoted catalysts enhanced the intrinsic activity of the 7 

unpromoted catalyst (7.1 h-1). Alkaline promoted catalysts showed TOF values of 9.3 8 

(1K-Co/SiC) and 7.1 h-1 (1Cs-Co/SiC) which is in agreement with other results showing 9 

that the addition of K to the cobalt catalyst increased the ammonia conversion [50,51], 10 

but Cs led to a decrease in the catalytic activity as occurs when this promoter is added to 11 

cobalt supported on carbon materials [42]. The differences in the intrinsic activity cannot 12 

be attributed to different metal particle sizes, according to the obtained TEM results 13 

(Table 2), but to the higher increase number of basic sites with the addition of K metal. 14 

Alkaline-earth promoted catalysts clearly showed a detrimental effect on ammonia 15 

decomposition reaction. Note that, these two materials not only showed different cobalt 16 

particle sizes (13.7 nm for 1Ca-Co/SiC and 8.8 nm for 1Mg-Co/SiC), which in turn 17 

modified the catalytic activity, but also provided the lowest amount of basic sites among 18 

all promoted catalysts. By the way, in the available literature Ca and Mg have been 19 

reported to be suitable promoters for non-noble catalysts in hydrogen production from 20 
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ammonia [52]. However, the addition of these metals into ruthenium catalyst led to lower 1 

ammonia conversion that the unpromoted catalyst. Likewise, in this work both alkaline-2 

earth metals resulted in cobalt catalysts with lower intrinsic activity that the unpromoted 3 

catalyst, specially 1Ca-Co/SiC catalyst, which can be explained by the worst calcium 4 

dispersion and the highest cobalt particle size. In the case of 1Mg-Co/SiC catalyst, 5 

magnesium might modify the active sites and show lower capacity to desorb nitrogen 6 

easily (which is considered the rate determining step in the ammonia decomposition 7 

reaction), thus, resulting in a lower activity than that of the unpromoted one [52]. Finally, 8 

regarding rare-earth promoted catalysts, 1La-Co/SiC reached a higher TOF value (8.0 h-9 

1), whereas the 1Ce-Co/SiC showed a slightly lower catalytic performance than that of 10 

the unpromoted catalyst. The higher lanthanum promoted effect in comparison with 11 

cerium over cobalt-based catalysts has been extensively described by some authors 12 

[23,43,53,54], being related to its high electron-donor effect and its ability to inhibit the 13 

metal agglomeration. Moreover, cobalt and nickel catalysts doped with lanthanum 14 

supported on magnesium oxide have been reported to enhance both the adsorption and 15 

decomposition of ammonia and the nitrogen desorption step [23]. However, the lower 16 

TOF values of 1Ce-Co/SiC catalyst might be related to the higher inhibition effect of 17 

hydrogen on Ce in comparison with La in non-noble catalysts, which was observed by 18 

Okura et al. [54]. 19 

Summarizing, some authors have recently suggested that an increase in the TOF values 20 

of promoted catalysts could be related to an alteration in the electronic structure of the 21 

metal active sites by the addition of promoter metals [51,55]. In agreement with this, both 22 

the highest basicity of the 1K-Co/SiC catalyst and changes in the electronic structure of 23 

cobalt active sites improved the catalytic activity.  24 

The same trend observed for the TOF was found for hydrogen production rate and the 25 

apparent activation energy (Ea) values, achieving the 1K-Co/SiC catalyst the highest 26 
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hydrogen formation rate at lower temperature. It was related to the lowest Ea and the 1 

suitable properties above mentioned, whereas the 1Ca-Co/SiC catalyst showed the lowest 2 

hydrogen formation rate, which was associated the lowest basic sites available, and the 3 

highest cobalt particle size observed by TEM. The apparent activation energy determined 4 

for the unpromoted and promoted cobalt catalysts was in the range of Ea previously 5 

reported for cobalt-based catalysts [23,24,42,56,57]. 6 

As above mentioned, the ammonia decomposition reaction should be optimized to 7 

achieve high ammonia conversion (high hydrogen production) at low temperatures, in 8 

order to reduce the energy requirements and enhance the ammonia perspective as 9 

hydrogen carrier toward the ‘hydrogen economy’. The ammonia conversion evolution 10 

versus reaction temperature of the unpromoted and promoted catalysts is plotted in 11 

Figure 6. As observed, the ammonia conversion of cobalt-based catalysts was clearly 12 

altered by the addition of alkaline, alkaline-earth and rare-earth promoter metals. In this 13 

sense, the addition of alkaline metals (Figure 6A) improved the ammonia conversion at 14 

lower temperatures, showing the 1K-Co/SiC catalysts the highest ammonia conversion 15 

i.e. 33.1 % and hydrogen formation rate (24.9 mmolH2·gCo
-1·min-1) at 350 ºC, which 16 

could be related to the highest basicity of this material and the electronic structure 17 

alteration of the active sites induced by potassium. In agreement, the apparent activation 18 

energy (Table 3) of this catalyst was the lowest among all the promoted catalysts as it 19 

was also obtained by other authors using Ru as metal active phase [58]. Alkaline-earth 20 

promoted catalysts (Figure 6B) did not improve the ammonia conversion in a larger 21 

extension at low temperature compared with the unpromoted catalyst, which might be 22 

due to the undesirable properties of these catalysts, above mentioned. Similar results have 23 

been obtained by different authors in which the addition of alkaline-earth metals as 24 

promoters decreased the catalytic activity vs. the unpromoted catalysts [36]. Regarding 25 

rare-earth promoted catalysts, 1La-Co/SiC reached a similar (27.3 % for) ammonia 26 
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conversion than the unpromoted catalyst at 350 ºC while a decrease of its value to 20.4% 1 

was obtained when 1Ce-Co/SiC was used, which can be due to the physicochemical 2 

characteristics previously discussed. 3 

 4 

 5 

 6 
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Figure 6. NH3 conversion of A: alkaline, B: alkaline-earth and C: rare-earth promoted 4 

catalysts. Dash line represents the equilibrium conversion at atmospheric pressure [59]. 5 

Usually, the promoting effect of promoter metals on the catalytic activity of Co, Ni and 6 

Ru catalysts is clarified by their capacity to donate electrons to the metal surface, which 7 

is established on the results of X-ray photoelectron spectroscopy (XPS) [60–62]. In this 8 

sense, XPS analysis of the unpromoted, potassium and lanthanum promoted catalysts 9 

were carried out and showed in Figure 7. Note that, the cobalt spectra presented the Co 10 

2p3/2 and Co2p1/2 peaks appearing because of a spin-orbital splitting (15.2 eV) and the 11 

two satellites structure of these peaks [63]. For the unpromoted catalyst maximum peak 12 

of 2p region of Co species appeared at 782.93 eV characteristic of cobalt supported on 13 

SiC [63]. However, after the addition of promoters (K and La), this peak shifted toward 14 

lower binding energy (BE), at 782.57 eV and 782.63 eV for 1K-Co/SiC and 1La-Co/SiC 15 

catalysts, respectively. Many authors suggested that the displacement of metal peaks to 16 

lower BE values side by the addition of promoters was a consequence of a change in the 17 

electronic state of the metal [60,61]. This phenomenon occurred by the transfer of 18 

electrons from the promoter metals to the cobalt. Moreover, a higher displacement toward 19 
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smaller BE values indicated higher electron-donation effect [62]. For that reason, XPS 1 

analysis suggested that potassium promoted catalysts showed higher electron-donation 2 

than that of lanthanum for cobalt supported on SiC, enhancing the ammonia 3 

decomposition reaction. 4 

 5 

 6 

 7 

Figure 7. Co 2p core level spectra of reduced unpromoted, 1K-Co/SiC and 1La-Co/SiC 8 

catalysts. 9 

Anyway, alkaline (K) and rare-earth (La) promoted cobalt catalysts showed excellent 10 

intrinsic activity for hydrogen production by ammonia decomposition reaction due to 11 

their adequate physicochemical properties. However, the ammonia conversion of 1La-12 

Co/SiC was similar than that unpromoted catalysts and the electron-donor properties was 13 

lower than potassium promoted catalyst. The size of the metal particles did not 14 

significantly influence on the catalytic activity of the promoted catalysts whereas, the 15 

total basic sites, the electron-donor properties and the electronic structure changes of 16 

cobalt active site induced by K are key to increase it at low temperatures. Taking into 17 
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account the obtained results, the K promoted catalyst was selected to carry out the 1 

following study. 2 

 3 

3.2. Influence of potassium metal (K) loading 4 

In order to better understand the influence of the potassium loading on the catalytic 5 

hydrogen production performance, three different loadings (0.5, 1 and 1.5 wt.%) were co-6 

impregnated with 5 wt.% cobalt over -SiC support.  7 

All potassium promoted catalysts exhibited a cobalt content around 5 wt.%, which 8 

indicated that the vacuum co-impregnation method is an efficient procedure to synthesize 9 

promoted cobalt-based catalyst over porous silicon carbide. Surface area (SBET) and pore 10 

volume (Vp) of promoted catalysts calcined at 500 ºC are shown in Table S1. It could be 11 

observed that the potassium loading had not a remarkable influence on the textural 12 

properties; all materials showed lower surface area than that of the support maybe due to 13 

the partial blockage of the pores of the support after cobalt and potassium impregnation 14 

[36,44]. In addition, the N2 adsorption-desorption isotherms are shown in Figure S6. 15 

Isotherms did not change with the potassium loading showing type II isotherms with H3-16 

type hysteresis loop (according to the IUPAC classification). Hence, it can be stated that 17 

the textural properties of yK-Co/SiC catalysts calcined at 500 ºC are not significantly 18 

affected by the amount of potassium.  19 

X-ray diffractograms of the calcined yK-Co/SiC catalysts (Figure S7) displayed the 20 

above-mentioned characteristic peaks of silicon carbide, and reflections at 2 = 42.7º and 21 

2 = 44.6º related to the (2 0 0) and (4 0 0) planes of the cubic CoO and Co3O4, 22 

respectively. Note that, regardless of the potassium loading, no differences in the intensity 23 

of the peaks associated with the cobalt species were observed, neither were potassium 24 
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oxide peaks detected, suggesting that these species were either well-dispersed on the 1 

support or in such low amounts that could not be distinguished [64]. 2 

On the other hand, temperature-programme reduction (H2-TPR) was used to investigate 3 

the effect of potassium loading on the reduction behaviour of the catalysts. As shown in 4 

Figure S8, the reduction process of the catalyst occurred in two stages, associated with 5 

the Co3+ to Co2+ and Co2+ to Co0 reduction steps. The first reduction step was slightly 6 

modified by the potassium loading. It can be observed that the reduction temperature 7 

associated with Co3O4 to CoO reduction was shifted to lower temperatures as the 8 

potassium content increased [61]. This could be due to the interaction between the 9 

potassium species and cobalt oxide, which enhanced the first reduction step. The second 10 

reduction step, which was associated with the CoO to metallic cobalt reduction step, took 11 

place at temperatures around 350 ºC for three catalysts. In agreement with Asano et al. 12 

[61], the increase of potassium loading widen this peak which is related to cobalt species 13 

strongly interacting with the support [46]. To gain insight into the impact of the potassium 14 

loading on the cobalt reducibility, the H2 consumption was estimated form the TPR results 15 

(Table S1). The H2 consumption decreased with the increase of potassium, which suggest 16 

that the cobalt species strongly interacting with the support were hardly reduced. 17 

Therefore, the reduction degree diminished as the amount of K increased [46]. In this 18 

sense, potassium species seemed to play an important role in the cobalt reduction.  19 

From the TPR results the reduction temperature for the ammonia decomposition tests was 20 

set at 400 ºC (using a 50 v/v% H2-Ar flow) for all yK-Co/SiC catalysts, which assures 21 

that most of cobalt is maintained in its metallic form prior to reaction. 22 

Considering this, the crystalline structure of the promoted catalysts after reduction at 400 23 

ºC in hydrogen flow was studied by XRD (Figure 8). The reduced yK-Co/SiC catalysts 24 

showed the main peaks associated with the support (silicon carbide), as well as a peak at 25 

2=44.3º related to the (1 1 1) plane of the cubic metallic cobalt (JCPDS: 15-0806). The 26 



 31 

formation of Co0 revealed that the selected reduction conditions before the ammonia 1 

decomposition reaction were suitable to get the metal active phase, and even to reduce 2 

the cobalt species in strong interaction with the support. No peak related to potassium 3 

species was appreciated indicating that they were highly well-dispersed over the catalysts. 4 

The cobalt particle size was determined by the Scherrer equation at peak 2=44.3 º (1 1 5 

1) and shown in Table S1. It should be mentioned that the Scherrer equation method 6 

presents some limitations for quantitative purposes, but it is helpful for comparative ones 7 

[28]. As observed, although slightly modified [42], Co0 particle size seemed to increase 8 

with the K loadings. 9 

 10 

Figure 8. XRD patterns for the reduced yK-Co/SiC catalysts. 11 

 12 

As demonstrated before, the basic properties seemed to have an important effect on 13 

catalytic activity of promoted cobalt catalysts. For that reason, the influence of potassium 14 

loading on the basicity of the catalysts was investigated. In this sense, temperature-15 

programme desorption of CO2 of the reduced catalysts are shown in Figure 9 and the 16 

total basic sites are shown in Table S1. The potassium promoted catalysts exhibited two 17 
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desorption regions at i) 50-200 ºC and ii) > 500 ºC. Typically, peaks at lower temperatures 1 

(<200 ºC) are associated to weakly adsorbed CO2 on the surface, whereas peaks at high 2 

temperatures (>500 ºC) are linked to strong basic sites. Note that the total amount of 3 

desorbed CO2 was 0.053, 0.059 and 0.072 mmol CO2·gcat
-1 for 0.5, 1 and 1.5 wt.% cobalt 4 

catalysts, respectively, i.e., the basicity increased with the potassium content. As 5 

expected, the potassium loading modified the strength and total basic sites of the cobalt 6 

catalysts [46].  7 

 8 

Figure 9. CO2-TPD desorption profiles for the reduced yK-Co/SiC catalysts. 9 

 10 

Once the yK-Co/SiC catalysts have been characterized, the effect of potassium loading 11 

on the catalytic performance was also studied. Figure 10 shows the ammonia conversion 12 

evolution with the reaction temperature. As observed, the addition of potassium resulted 13 

in a higher ammonia conversion regardless of the potassium loading. As above 14 

mentioned, the electronic structure alteration produced by potassium increased the 15 

catalytic activity [36,51]. Note that, the ammonia conversion was very similar for 0.5 and 16 

1 wt.% of potassium loadings for the whole temperature range. However, the catalytic 17 
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activity slightly decreased when the potassium loading was increased up to 1.5 wt.% due 1 

to an excess of potassium on the catalyst surface that can block the active sites and lower 2 

reduction degree of cobalt [36,65]. Similar results were obtained using Ru as the active 3 

phase [36]. Therefore, the optimum K loading was 1 wt.% which resulted in an ammonia 4 

conversion of 33.1 % at 350 ºC and the highest hydrogen formation rate (24.9 5 

mmolH2·gCo
-1·min-1), at such temperature. 6 

 7 

Figure 10. NH3 conversion of yK-Co/SiC catalysts. Dash line represents the 8 

equilibrium conversion at atmospheric pressure [59]. 9 

 10 

Table 4 shows the hydrogen production rate and the apparent activation energy values 11 

determined from the Arrhenius plot of each potassium promoted catalysts. The obtained 12 

Ea, which was in the range of those previously obtained for cobalt catalysts [42,66], varied 13 

from 104.2 kJ·mol-1 (unpromoted catalyst) to 97.5 kJ·mol-1 (0.5K-Co/SiC and 1K-Co/SiC 14 

catalysts). This decrease in the apparent Ea is in good agreement with the good properties 15 

of the above-mentioned potassium promoted catalysts, which showed lower metal 16 

particle sizes and suitable basicity. The higher value of the apparent activation energy 17 
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was obtained with 1.5K-Co/SiC, which could be due to blockage of active sites which 1 

occurs above certain amount of promoter [36]. 2 

Also, the catalytic activity for the ammonia decomposition reaction of different catalysts 3 

studied in this work was compared with those obtained using different cobalt-base 4 

catalysts in other studies. The comparative was valued for similar high GHSV values and 5 

gas composition feed since it is well known that the ammonia conversion decreases as 6 

GHSV increases [17,24,51]. Noticeably, the yK-Co/SiC catalysts showed the highest 7 

catalytic activity at a lower temperature and similar reaction conditions due to their 8 

optimal characteristics: i.e., a high basicity, suitable electron-donor properties, and 9 

electronic structural changes of cobalt active sites on silicon carbide support due to the 10 

potassium promoter effect. Note that, a high hydrogen formation rate was observed for 11 

cobalt catalysts under pure ammonia feed stream but at high reaction temperatures (>500 12 

ºC), which might increase the energy requirements for the ammonia decomposition 13 

application as hydrogen carrier toward the ‘hydrogen economy’. 14 

 15 

Table 4. Comparison of catalytic activity of yK-Co/SiC catalysts in the ammonia 16 

decomposition reaction at 450 ºC and at atmospheric pressure. 17 

Catalysts 
GHSV 

(mL·gcat
-1·h-1) 

NH3 

conversion 

(%) 

H2 formation rate 

(mmolH2· 

gCo
-1·min-1) 

Ea 

(kJ· 

mol-1) 

Ref. 

Co/SiC 

60000  

(5v/v%NH3-Ar) 

91.9 61.6 104.2 

This 

work 

0.5K-Co/SiC 98.1 65.7 97.2 

1K-Co/SiC 97.3 69.3 97.5 

1.5K-Co/SiC 95.9 64.2 102.0 

7.7Co/Al2O3-imp 
6000  

(2.6v/v%NH3-He) 
11 0.5 99.1 [57] 

14CoNaTi-NT 
6000  

(30v/v%NH3-He) 
4 59.5 89 [66] 

7Co-AX-21 5200  

(Pure NH3) 

25 20.7 89 
[42] 

7CoCs-AX-21 3 2.5 - 

20Co/La-MgO 
22000  

(Pure NH3) 
90a 117a 167 [23] 

90Co/Al 
72000  

(Pure NH3) 
89b 79.5b 123 [24] 
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aCalculated at 500 ºC. 1 
bCalculated at 600 ºC. 2 

Finally, in order to check the stability behaviour of the optimally promoted catalyst (1K-3 

Co/SiC), a durability test was carried out at 400 ºC, over 24 h, with a high GHSV of 4 

60000 mL·gcat
-1·h-1 and a 5 v/v% ammonia feed stream (Figure S9). For comparison 5 

purposes, the unpromoted catalyst was also tested. Note that, a slight decrease of 0.68 6 

%·h-1 in the catalytic activity was observed for the unpromoted catalyst. This decrease in 7 

the catalytic activity over cobalt catalyst has been also observed by some authors [25]. 8 

Usually, the deactivation of the catalysts has been related to particle agglomeration or to 9 

the presence of nitrates species difficult to remove. However, the catalytic activity 10 

remained almost constant with an ammonia conversion close to 82 % at 400 ºC for 1K-11 

Co/SiC catalyst due to the promoter effect of K metal, which could act as stabilizer of 12 

cobalt particles, which in turn, might enhance the stability of the catalyst [36,51]. 13 

The above results show that 1K-Co/SiC is a promising catalyst for the generation of COx-14 

free hydrogen from ammonia decomposition. 15 

 16 

4. Conclusion 17 

Alkaline (K, Cs), alkaline-earth (Mg, Ca) and rare-earth (La, Ce) metals have been 18 

studied as promoters in Co/-SiC (5 wt.%) catalysts for hydrogen production from 19 

ammonia decomposition reaction at low temperature. It has been seen that not all 20 

promoter metals improved the catalytic activity. Cs, despite its good properties, was not 21 

useful for this process due to the unfavourable effect over cobalt active sites. Mg and Ca 22 

promoted cobalt catalysts showed lower capacity for nitrogen desorption and higher 23 

cobalt particle size, respectively, which decreased the ammonia conversion. Ce promoted 24 

cobalt catalysts also presented decent properties but was inhibited by hydrogen.  25 
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Catalysts modified with K and La enhanced catalytic activity by means of the increase of 1 

the basicity and the modification of the electronic structure of cobalt active sites due to 2 

their suitable electron-donor properties. In addition, an increase in K loading above 1 3 

wt.% was found to decrease the ammonia conversion by the partial blockage of the active 4 

sites by an excess of promoter metal. Therefore, 83 % of ammonia conversion is reached 5 

at low temperature (400 ºC) over 1K-Co/SiC over 24 h of reaction time, proving the 6 

excellent stability of the proposed catalyst. 7 

 8 
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