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Catalyst synthesis 

Cobalt based catalyst, Ba-CoCe, were synthesized by coprecipitation method, with Ba 
incorporated by impregnation. Samples with different Co/Ce molar ratio in the range 50/50 to 95/5, 
and Ba loading in the range 0.25-1% wt. were prepared.  

Cobalt and cerium carbonates were obtained by co-precipitation using Sodium carbonate as the 
precipitant agent. In order to obtain samples with different Co/Ce molar ratios (50/50, 70, 30, 80/20, 
90/10 and 95/5), appropriate amounts of Co(NO3)2.6H2O (1.82 - 3.46g) and Ce(NO3)3.6H2O (2.71 – 
0.27g), a total of 0.0125 mol of Co and Ce, were dissolved in 25 mL of distilled water. The 0.5 M 
solution of nitrates was warmed up to 40 °C. Then, a warm solution of 1.65 g of Na2CO3 (Sigma-
Aldrich) dissolved in 25 ml of distilled water, was slowly added to the Co/Ce solution, and kept under 
vigorous stirring for 1 hour at room temperature. The obtained precipitated of cobalt and cerium 
carbonates was filtered under reduced pressure and washed with cold distilled water several times 
until pH = 7. The resulting purple materials were dried at 100 °C overnight and calcined for 3h at 550 
°C. The resulting black powder of cobalt oxide or Co3O4/CeO2 composite oxides were impregnated 
using an aqueous solution of barium nitrate (Sigma-Aldrich) to achieve a nominal concentration of 
0.25-1% wt., for the best Co/Ce catalysts with molar ratio (80/20). The resulting precursor was then 
dried at 120 °C overnight and then subsequently calcined at 550 °C for 3h. The final step of 
preparation was crushing and sieving the solid materials to get the 0.3 - 0.5 µm fraction. 

A Ru-based reference material was used in the present study. The Ru supported in CaO, MgO or 
CeO2 catalysts, with 3% wt. Ru loading and promoted with K (10 wt%) were prepared according to 
previously reported procedures using the commercial CaO, MgO and CeO2 (Sigma-Aldrich).1-3 Briefly, 
Ruthenium (III) chloride rehydrated (Sigma-Aldrich) was selected as the Ru precursor, and it was 
incorporated on the different supports by incipient wetness impregnation using acetone, in order to 
achieve different Ru loadings (3 wt. %). After drying at 60°C for 3 hours, and a subsequent thermal 
treatment under argon at 500 °C for 3 hours, the potassium promoter was introduced by incipient 
wetness impregnation using KOH in ethanol, to reach the desired K loading (10 wt.%). Finally, a 
second thermal treatment under Ar at 500 °C during 3h was performed. 

Several samples were prepared by cobalt impregnation on commercially available ceria, CeO2 
(Sigma-Aldrich), using an aqueous solution of cobalt nitrate (Sigma-Aldrich) to achieve a nominal 
concentration of 2-30% wt. The resulting precursor was then dried at 120 °C overnight and then 
subsequently calcined at 550 °C for 3h. 

Catalyst characterization 
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Inductively Coupled Plasma−Optical Emission Spectrometry (ICP-OES) was used to analyze the 
composition and metal loadings of the catalysts, on a Thermo-Electron 3580 instrument. The analyses 
were carried out after digestion of the solid samples. Complete digestion of the powders was 
achieved using aqua regia in a ratio of 1 mg of catalyst: 1 mL of aqua regia for 24 h at room 
temperature. 

Nitrogen Adsorption and desorption isotherms were recorded on a Micromeritics ASAP 2040 
system at 77 K. Samples were previously evacuated at 373 K for 16 h. The Brunauer−Emmett−Teller 
(BET) method was used to calculate the specific surface area. The P/P0 range for BET analysis was 
0.067 < P/P0 < 0.249. 

X-ray Diffraction (XRD) patterns were obtained using a Bruker D8 instrument in Bragg−Brentano 
configuration using Cu Kα radiation. The diffractograms were scanned with a step size of 0.02° in the 
2θ range of 10−90°. The crystalline phase was identified by comparison with the Joint Committee on 
Powder Diffraction Standards (JCPDS). Samples prepared to collect the XRD patterns after the 
reduction treatment (Figure 2), under hydrogen (25 mL min-1) at 500°C for 3h using a ramp of 5°C 
min-1, were passivated under 1%O2 atmosphere at room temperature for 2 h before being exposed 
to the air, to prevent fast reoxidations. 

Temperature programmed reduction (H2-TPR) measurements of the samples were conducted in 
a U-shape reactor in Altamira instruments, by heating the samples in 5% H2/Ar (30 mL min−1) at a 
linear heating rate of 10 °C min−1 to 530 °C.  

H2-TPD measurements were carried out using fully automated AutoChem 2920 (Micromeritics 
Instrument Co.) in a flow set supplied with high purity gases (total gas flow rate 40 ml min−1) in a 
quartz U-tube reactor. The detailed experimental procedure was previously described.4-7 Briefly, in 
the first step catalysts the samples (0.4 g) were reduced at 500 °C for 6 h in a H2:Ar = 80:20 mixture 
(40 ml min−1). After flushing with Ar (40 ml min−1) for 45 min, and after cooling down to 150 °C, the 
H2 chemisorption was carried out for 15 min under these conditions. Then, temperature was lowered 
to 0 °C using a ramp of 20°C min−1, and H2 sorption continued under these conditions for 10 min. 
Then, the sample was flushed with Ar to remove weakly adsorbed hydrogen for 30 min. Next, the 
catalyst was heated under Ar constant flow (40 ml min−1) using a ramp of 20°C min−1, and the 
concentration of H2 in the outlet gas was monitored using a mass spectrometer coupled to the outlet 
of the chemisorption instrument. The integration of the H2 desorption profile allows the 
determination of the H2 desorbed from the metallic Co surface. The hydrogen uptake value was used 
to calculate the number of active sites assuming H:Co surface= 1:1 stoichiometry of adsorption,8 and 
subsequently, to estimate the dispersion of cobalt and the cobalt surface area, according to the 
assumption about sphericity of cobalt crystallites. The number of active surface sites, cobalt 
dispersion (FE, mean fraction of the total atoms exposed at the surface) and the surface of cobalt 
active phase were calculated from the generalized equations and proposed by Borodzinski and 
Bonarowska.9-10 

Dispersion: FE(%) = 6 (vm/am)/d 
SCo (m−2 g ) = 60000 fCo/( ρ × d) 
NA (mol g−1) = fCo × FE / M 
Where: 
am (Å2):  The surface area occupied by an atom of metal on a polycrystalline surface. 11 Å2 for Co. 
vm (Å3): The volume occupied by an atom of metal in the bulk of metal; 5.43 Å3 for Co. 



d: mean particle size (Å) 
ρ: density of the metal in g cm−3 

fCo: Cobalt loading in the sample, mass fraction wt. 
M: molar mass of the metal, 58.93 g mol−1 for Co. 
D: dispersion (FE, mean fraction of the total atoms exposed at the surface) 
SCo: Specific metal surface area in m−2 g  
NA: number of active surface sites in mol g−1 

Transmission electron microscopy (TEM) of the samples was performed with a Titan Themis-Z 
microscope from Thermo-Fisher Scientific operated at accelerating voltage of 300 kV and beam 
current of 0.5 mA. Dark-field imaging was performed by scanning TEM (STEM) coupled to a high-angle 
annular dark-field (HAADF) detector. Furthermore, a high throughput X-ray energy dispersive 
spectrometer (EDS) was also utilized in conjunction with DF-STEM imaging to acquire STEM-EDS 
spectrum-imaging datasets.  During the acquisition of these data sets, at every image pixel, a 
corresponding EDS spectrum was also acquired to simultaneously generate the elemental maps of 
Co, Ce and Ba atoms. It is also pertinent to note herein that spectrum-imaging data sets were acquired 
in so-called frame mode, in which the electron beam was allowed to dwell at each pixel for only a 
few microseconds in order to keep the total frame time to 6 s or less. Both imaging and spectroscopy 
data sets for each sample were acquired as well as analyzed with a newly developed software package 
called Velox from Thermo-Fisher Scientific. The elemental maps for Co, Ce, Ba atoms were computed 
using the extracted intensities of their respective Kα lines after background subtraction. The 
generated maps were slightly post-filtered by applying a Gaussian filter (σ = 0.5). Samples prepared 
for TEM analysis (Figure 4, 5, S5), after the reduction treatment under hydrogen (25 mL min-1) at 
500°C for 3h using a ramp of 5°C min-1, were passivated under 1%O2 atmosphere at room 
temperature for 2 h before being exposed to the air, to prevent fast reoxidations. 

NAP-XPS measurements were carried out with an EnviroESCA spectrometer (SPECS GmbH) 
equipped with a monochromatic AlKα x-ray source (hν = 1486.6 eV) operating at 42 W and X-Ray 
emission 3.00 mA. Spectra were collected at fixed analyzer pass energy 20 eV. Photoelectron peak 
C1s (284.8 eV for adventitious carbon and u’’’ Ce4+ 916.7 eV) was used for a binding energy correction. 
For NAP-XPS studies typically ~15 mg of the samples were used to form a pellet inside the hole of the 
sample holder and evacuated for a 2-3 hours until pressure 9‧10-7 mbar was reached in the loading 
chamber. For modelling the reaction conditions ~7 mbar of gases (Ar, H2) were individually fed into 
analysis section of the spectrometer with flow ratio 1:1 with an overall flow 12 ml min−1. Temperature 
was tracked with Type K thermocouples fixed on the sample holder and maintained at 500±1⁰C for 
two hours. Deconvolution of peaks according to previously reported protocols.11-13 Co3O4 as a 3 peak 
model where FWHM, Area, and peak positions are strictly constrained to the main peak. And Co metal 
as one asymmetric peak with a peak shape LA (1.2,5,5) and three satellites which are fully constrained 
to the main peak, following reported procedure.12 

Catalytic activity 

Ammonia decomposition catalytic tests were carried out in a PID Microactivity Reference system, 
using a continuous fixed bed stainless steel reactor coated with alumina to avoid any activity of the 
reactor. Prior to the activity measurement, the catalysts (200 mg pelletized between 300 µm and 500 
µm and diluted with 1g of SiC) were reduced/activated in situ with hydrogen (25 mL min-1) at 500°C 
for 3h, using a ramp of 5°C min-1.  The catalytic performance was evaluated at different temperatures 



in the range 250-550 °C. For the experiments at atmospheric pressure, ammonia in the gas phase (30-
100 mL min-1, WHSV=9000-30000 mL gcat

-1 h-1) was flown, using a mass flow controller, over the 
catalytic bed. Reaction products (nitrogen, hydrogen and ammonia) were analyzed under isothermal 
conditions with an online gas chromatograph (3000A Micro-GC gas analyzer, Agilent) using helium (1 
ml min-1) as internal standard for quantitative analysis. The Micro-GC is equipped with two columns: 
a PLOTU precolumn/Molsieve column using argon as the carrier gas for nitrogen and hydrogen; and 
a PLOTU column with helium as a carrier gas for ammonia. Both columns are equipped with thermal 
conductivity detectors. 

  



 

Figure S1. Experimental setup used for the study of ammonia decomposition reaction. 

 
Kinetic studies 

The kinetic analysis was performed for the samples with and without Barium, 0.5%Ba-Co/Ce (80/20) 
and Co/Ce (80/20), respectively. Figure 9 shows the activation energies, the reaction orders with respect 
to ammonia and hydrogen and the relationship between conversion and space velocity in the range 
WHSV=9000-30000 mL gcat

- 1 h-1, changing the ammonia flowrate in the range 30-100 mL min-1. The 
reaction rates were calculated from the ammonia conversion values considering a differential reactor. 
Different partial pressures of both reactant and products were used in order to obtain the reaction orders 
for NH3, H2 and N2, the results are plotted in Figure 9. The reaction conditions used are a total flow rate 
of 30 ml min−1 of mixed gas (NH3, N2, H2, Ar), at atmospheric pressure and 350°C. The reaction order with 
respect to NH3 was obtained by changing the flow rate in the range 5-30 ml min−1 and Ar balance. For the 
H2 order, the NH3 flow rate was 7.5 ml min−1 kept constant, and the flow rate of H2 in the range 5-22.5 ml 
min−1 with Ar balance. For the N2 order, the NH3 flow rate was 22.5 ml min−1 (kept constant), and the flow 
rate of N2 in the range 1-7.5 ml min−1 with Ar balance. Reaction order for nitrogen was found to be zero 
for both catalysts explored (not shown). 

The reaction rates were calculated from the ammonia conversion values assuming a differential 
reactor. The activation energies were calculated from the slope of the ln(rate) vs. 1/T plots. 
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Figure S2. XRD patterns of Ba-CoCe catalysts. Suffix -c denotes after calcination at 550 °C for 3h, -r denotes after 
reduction under hydrogen at 500 °C for 3h and -u denotes used under ammonia decomposition reaction conditions 
Patm and 250-550°C. 

 
Figure S3. XRD patterns of CoCe catalysts after the catalytic activity measurements under ammonia decomposition 
reaction conditions ( P=1 atm; T=250-550°C; NH3 flow rate 30 Nml min-1; Wcat = 200 mg; WHSV: 9000 mL g-1 h-1) 
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Figure S4. H2 -TPD curves for catalysts with different CoCe molar ratios and promoted with Ba. 
 

 
Figure S5. Representative images for CoCe (90/10) after activation under hydrogen 500 °C for 3h, High-Angle Annular 
Dark-Field Scanning Transmission Electron Microscopy (HAADF– STEM) and Energy-Dispersive X-ray Spectroscopy 
(EDX). Elemental mapping images for Co(pink), Ce (green). 
 

0 100 200 300 400 500

H 2
 ch

em
iso

rp
tio

n 
(a

 .u
)

T (° C)

Co(without Ce)
CoCe(50/50)
CoCe(70/30)
CoCe(80/20)
CoCe(95/5)
0.5Ba-CoCe(80/20)

20 nm
Co-pink
Ce-green



 

Figure S6. Catalytic performance of Ru catalysts in different supports, CeO2, CaO, MgO, with 3 %wt. Ru loading and 
promoted with K (10 % wt.), in ammonia decomposition reaction. Conversion profiles versus reaction temperature. 
Reaction conditions: P=1 atm; T=250-550°C; NH3 flow rate 30 Nml min-1; Wcat = 200 mg; WHSV: 9000 mL g-1 h-1. 

 

Figure S7. Ammonia conversion reaction rates expressed per gram of Cobalt, of CoCe catalysts with 30 % wt. Co 
loading, in order to compare the coprecipitation versus impregnation method. Reaction conditions: P=1 atm; T=250-
550°C; NH3 flow rate 30 Nml min-1; Wcat = 200 mg; WHSV: 9000 mL g-1 h-1. 
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Figure S8. Ammonia conversion reaction rates expressed per gram of Cobalt, of CoCe catalysts prepared by different 
methods, impregnation coprecipitation, and with several Co loadings. A) Effect of Co loading in samples via 
impregnation; B) Effect of Co/Ce molar ratio in samples by coprecipitation. Reaction conditions: P=1 atm; T=250-
550°C; NH3 flow rate 30 Nml min-1; Wcat = 200 mg; WHSV: 9000 mL g-1 h-1. 

 

 

 

Figure S9. Catalytic performance of Co-catalysts coprecipitated with Al or Ca instead of Ce, in ammonia 
decomposition reaction. Conversion profiles versus reaction temperature. Reaction conditions: P=1 atm; T=250-
550°C; NH3 flow rate 30 Nml min-1; Wcat = 200 mg; WHSV: 9000 mL g-1 h-1. 
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Figure S10. Catalytic performance of CoCe catalysts impregnated with 1% K, Na or Li, in ammonia decomposition 
reaction. Conversion profiles versus reaction temperature. Reaction conditions: P=1 atm; T=250-550°C; NH3 flow 
rate 30 Nml min-1; Wcat = 200 mg; WHSV: 9000 mL g-1 h-1. 

Table S1. Catalytic performance of reported Co-based catalysts for ammonia decomposition reaction. Ammonia 
conversion and reaction rates are compared. 

Catalyst GHSV 
(h- 1) 

XNH3 (%) rNH3 
(mol NH3 g- 1 h-1) 

Reference 
(year) 

at 450 °C at 500 °C at 450 °C at 500 °C 

0.5% Ba-CoCe (80/20) 9000 80 99.9 0.294 0.368 This work 

0.5% Ba-CoCe (80/20) 22500 39 61 0.363 0.561 This work 

Co in 1D titanate nanotubes 6000 7 20 0.017 0.049 14(2019) 

Cobalt NPa carbon matrix (ZIF 67) 6000 22 55 0.054 0.142 15(2018) 

Cobalt NP in carbon matrix 15000 22 55 0.135 0.337 16(2017) 

Cs-Co3Mo3N 6000 50 93 0.123 0.228 17(2017) 

nanocrystalline Co (Al, Ca, K) 19544 41.7 84 0.316 0.552 18(2016) 

Co/MgO-La2O3 6000 30 60 0.074 0.147 19(2016) 

Co incorporated in silicalite  15000 - 5 - 0.305 20-21(2016) 

Co/(MgAl-MgCe-MgLa) 6000 28 50 0.069 0.123 22(2015) 

Co NP in alumina matrix 18000 38 72 0.280 0.530 23(2015) 

Co/MWCNTsb 6000 - 72 - 0.177 24(2013) 

Core shell Co@SiO2 30000 5 17 0.061 0.208 25(2010) 

Co-containing CNTs 5000 - 8 - 0.016 26(2007) 
aNP: Nanoparticles; bMCWCNTs: multiwall carbon nanotubes 
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Figure S11. Arrhenius plots in the temperature range 250-400 °C for CoCe catalysts with different CoCe molar ratios. 
Reaction conditions: Patm, NH3 flow rate 30 ml/min and WHSV: 9000 mL g-1 h-1 
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