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Synthesis of ammonia from nitrogen and hydrogen is one of the largest manmade chemical processes, with
annual production reaching 170 million tons. The Haber—Bosch process is the main industrial method for
producing ammonia, which proceeds at high temperatures (400-600 °C) and pressures (20-40 MPa)
using an iron-based catalyst. It is thus highly desirable to develop new catalysts with sufficient activity and
stability under mild conditions. In this work, we report cobalt catalysts supported on magnesium-—
lanthanum mixed oxide with different Co loading amounts synthesised via a simple wet impregnation
method. We have found a clear relationship between the ammonia synthesis rate and the Co loading
amount. Specifically, the NHz synthesis rate increased on increasing cobalt loading and reached
a maximum at 40 wt% Co deposition. A further increase in Co loading did not change the activity
significantly. Interestingly, the surface-specific activity (TOF) remained almost unchanged regardless of the
Co loading amount in the catalysts. It revealed that the resultant ammonia synthesis rate over the studied
catalysts did not depend on the size and structure of Co nanoparticles but strongly on the Co loading
amount. Finally, it is believed that the use of this type of catalyst will be a starting point toward energy-

rsc.li/rsc-advances efficient ammonia production.

1. Introduction

With the rapid population growth and continuous environ-
mental deterioration, human beings are facing increasing
demand for efficient solutions for energy conversion and
storage applications. As a clean and sustainable energy carrier,
hydrogen is considered the most promising method to address
the energy crisis in the upcoming decades.'™ However, the
problem of hydrogen storage and transportation is the main
obstacle to the widespread application of hydrogen as a feeding
fuel since hydrogen has a very low volumetric density (0.0899 kg
m ) under ambient conditions.** Thus, the development of
safe and effective hydrogen storage materials is a step towards
a hydrogen-based energy economy.*>>* Recently, ammonia has
been considered a promising energy vector that can store the
high energy density of hydrogen. This is because ammonia is
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liquid at room temperature and has high gravimetric (17.6 wt%)
and volumetric (121 kg m™®) hydrogen densities.* In
industrial-scale production, ammonia is formed in the Haber-
Bosch process at high pressures (20-40 MPa) and high
temperatures (400-600 °C) from nitrogen extracted from the air
and hydrogen obtained from steam reforming of methane.
Feeding the process with fossil fuel consumes a lot of energy
globally produced, i.e., ~2% of the world's energy supply. It also
releases ~2.5% of worldwide fossil fuel-based CO, emissions
(670 million tonnes of CO, emissions per year with a production
scale of ~174 million tonnes per year).?”® In light of these facts,
replacing the conventional fossil-fuelled Haber-Bosch process
with renewable source-powered ammonia production is of
increasing interest, especially in view of more restrictive envi-
ronmental requirements regarding emissions reduction.
Nevertheless, the ever-growing population (predicted 9.7 billion
people in 2050) and the ever-increasing demand for fertilisers
make it impossible to turn away from the traditional industrial
ammonia synthesis process. The development of a catalytic
system enabling the efficient synthesis of ammonia is thus of
great importance and has attracted much interest.>”>-*

The ammonia synthesis reaction is generally mediated by
transition metals (such as Fe, Ru, Os, Mo, Re, Co, Rh) owing to
their advantageous combination of occupied and unoccupied d-
orbitals that can backdonate/accept electrons to/from the N,
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molecule.” Currently, the industrial process is carried out over
the iron-based catalyst and, to some extent, the ruthenium
catalyst. Some of their limitations, such as the low activity in the
high conversion region for the former and high price and high
requirements for the purity of synthesis gas for the latter, cause
that research is still ongoing to develop alternative catalysts.
Recently, cobalt catalysts that are used in many catalytic
reactions®** are getting more attention for their use in
ammonia synthesis owing to their relatively high activity and
stability.***** Cobalt-based catalysts are commonly used with the
support materials. It gives a possibility of using a lower amount
of active metal, which is advantageous from an economic point
of view. However, a necessary condition is to ensure optimal
dispersion and stabilisation of the active phase during catalyst
long-term operation. In the current literature, one can find
reports mostly on using activated carbons,*>** cerium oxide,***
magnesium oxide®® or mixed magnesium-lanthanide
oxides.*®**%® There are also many papers concerning electrides
(e.g. C12A7:¢7),°%** hydride support materials (e.g. LiH,
BaH,)*** and rare-earth metal nitrides (e.g. CeN) as very effec-
tive supports promoting ammonia synthesis over a Co-based
catalyst.® However, as reported in the literature,® they suffer
from disadvantages associated with the tendency to aggregation
of active metal species, causing a rapid decay of activity and
thus inferior durability. Moreover, their activity in conditions of
low temperature and atmospheric pressure limits the possibil-
ities of their wider application. Recently, much effort has been
devoted to optimising cobalt-based systems deposited on
various supports due to their tunability in terms of basicity,
which is a key property from the point of view of the mechanism
of ammonia synthesis reaction. In this regard, the support
systems based on mixed magnesium-lanthanide oxides are
particularly interesting.***7->°

It is well-known that the effectiveness of supported catalysts
depends not only on the support but even more on the metal
loading. This factor determines the relative concentration of the
active species formed on the support surface and may change
the nature of active sites. For example, Fan et al.* studied -
Al,O3-supported FeOOH catalysts with different Fe loadings (5-
25 wt%). The inverse correlation between the activity in the
ammonia synthesis reaction and the Fe-loading was observed.
The highest activity and the lowest activation energy exhibited
FeOOH/Al,O; (5% Fe). They indicated that increasing activity
with decreasing metal loading is not only due to the effect of
dispersion but also the changes in the active sites' nature. For
the carbon-supported ruthenium catalyst, Rossetti et al®
studied the influence of metal loading in the range of 1.5-
9 wt%. The studies revealed that a significant increase in
ammonia productivity is noticed when metal loading increases
to about 4 wt% Ru, while for higher loading, activity seems to
attain a plateau. Similar conclusions were also reported for
potassium-promoted Ru/C catalysts by Liang et al.®® The authors
explained this effect with the appropriate metal dispersion,
ensuring the optimal size of metal particles exposing a suffi-
cient number of active Bs-type sites. Increasing Ru loading
beyond a certain value is useless because it does not lead to an
increase in these sites.®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In this work, we present the continuation of our comprehen-
sive studies concerning cobalt catalysts supported on mixed
MgO-La,0; oxides.***** This study addresses the influence of
the active phase loading (metallic cobalt) on the physicochemical
properties and catalytic activities of the systems in the ammonia
synthesis reaction. This work aims to find the threshold value of
cobalt loading required for achieving high catalyst activity. The
appropriate loading amount of cobalt is crucial for maximising
the availability of active cobalt surface sites participating in the
ammonia synthesis reaction. The optimisation of the catalyst
composition in terms of the active phase content is crucial from
a technological point of view - finding an appropriate activity-to-
price ratio, especially when the active phase of the catalyst is
expensive metals, is crucial for the development of efficient and
cost-effective catalysts. The activity of the supported Co catalysts
with different Co loading amounts was tested in ammonia
synthesis at 400-470 °C under pressures of 6.3 and 9.0 MPa. The
detailed characterisation studies using N, physisorption, X-ray
powder diffraction (XRPD), scanning transmission electron
microscopy (STEM) coupled with energy dispersive X-ray (EDX), X-
ray photoelectron spectroscopy (XPS), and temperature-
programmed desorption (TPD) were conducted to understand
the interrelationship between the active phase properties and its
catalytic performance.

2. Experimental section

2.1. Catalyst preparation

MgO-La,0; mixed oxide synthesised in our previous report*® was
used as the support for the preparation of the cobalt catalysts.
The detailed synthesis and characterisations of this support have
been reported in ref. 48. Co(x)/MgO-La,O; catalysts with
different Co loadings were synthesised by the wet impregnation
method (x wt% stands for the nominal weight loading of Co in
the reduced catalyst; x = 10, 20, 30, 40, and 50). Typically,
a certain amount of Co(NO;),-6H,0 (Acros Organics, 98+%) was
dissolved in distilled water under stirring, and the oxide support
was added to this solution. The mixture was shaken to obtain
a homogenous mixture and then kept at room temperature for
18 h. Next, water was removed using a rotary evaporator under
reduced pressure at 60 °C. The solid was then dried in an oven at
120 °C for 18 h and calcined in a muffle furnace at 500 °C for
18 h. The samples were activated at 600 °C in pure hydrogen
before the catalytic reaction and characterisations (see section
below for details on characterisation). The reduction tempera-
ture was selected based on the TPR profiles (Fig. S17).

Unless otherwise specified (e.g. the catalyst precursors), the
supported Co catalysts mentioned in this paper refer to the
freshly reduced catalysts. The full list of the prepared samples
with their chemical composition is presented in Table S1.7 The
determined Co loading amounts are in good agreement with the
nominal expected values (Table S17).

2.2. Catalyst characterisation

Temperature-programmed reduction was carried out on
a NETZSCH STA449C thermal analyser equipped with
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a quadrupole mass spectrometer (NETZSCH QMS Aéolos 403C)
detector. The sample (50 mg) was heated up to 600 °C with
a ramp of 3 °C min~" under H, + Ar (H, : Ar = 1: 1) flow of 100
cm® min~' and kept in the isothermal conditions for 90
minutes. The signals at m/z = 16 (CH,) and 18 (H,O) were
registered.

N, physisorption was performed at —196 °C using a Micro-
meritics ASAP2020 instrument. Before the experiment, each
catalyst precursor sample (500 mg) was reduced at 600 °C for 10 h
under H, flow (40 cm® min~") and purged at 620 °C for 2 h under
He flow (40 cm® min ). Next, the catalyst was degassed at 200 °C
under a high vacuum for 2 h. The specific surface area was
calculated using the Brunauer-Emmett-Teller (BET) method in
the relative partial pressure range (P/P,) from 0.05 to 0.3.

In situ X-ray powder diffraction (XRPD) experiments were
carried out using Anton Paar XRK 900 reaction chamber
mounted to Philips X'pert PRO diffractometer working in
Bragg-Brentano geometry and equipped with CoKa radiation
source (Agyy = 1.789010 A, Ag,, = 1.792900 A). XRPD
measurements were performed to identify the phase composi-
tion of the catalyst precursors and the reduced catalysts. To
obtain the metallic Co catalysts, each catalyst precursor sample
was reduced at 600 °C for 18 h under H, flow of 100 cm® min .
Diffraction data were collected at ambient temperature and
reduction temperature (600 °C), respectively, in the scattering
20 range of 20-140°. PANalytical High Score Plus software with
ICDD PDF-4+ 2021 database was used for data analysis.

TEM investigations were conducted using a Talos F200X
(FEI) microscope operated at 200 kV. The measurements were
performed in TEM and scanning TEM (STEM) modes using the
high-angle annular dark-field (HAADF) detector and energy-
dispersive X-ray spectroscopy on a Brucker BD4 spectrometer.
Each catalyst precursor sample was reduced at 600 °C for 18 h
under H, flow (40 cm® min~") and next crushed and powdered.
The powdered catalyst was dispersed in ethanol under ambient
conditions, and several drops of the resulting dispersion were
dropped on a carbon-coated copper-mesh TEM grid and dried
out overnight at room temperature. STEM-EDX images were
used to determine the Co nanoparticle size distributions. The
particle size histograms were obtained by assuming the shape
of Co nanoparticles as spherical in the calculation. The ob-
tained histograms were fitted to log-normal distributions.

X-ray photoelectron spectroscopy (XPS) analyses were carried
out for the catalyst precursors and the reduced catalysts. The
measurements were conducted using Al Ko (hv = 1486.6 eV)
radiation in a Prevac system equipped with Scienta SES 2002
electron energy analyser operating at constant transmission
energy (E, = 50 eV). The pressure in the analysis chamber was
kept under 10° mbar. The reduction of precursors was con-
ducted in a High-Pressure Cell (HPC) of an ultra-high vacuum
(UHV) system. A small tablet of a sample, about 10 mm in
diameter, was placed on a sample holder and introduced into
HPC. During the reduction, hydrogen (99.999 vol%) was passed
through the volume with the -catalyst precursor sample
(constant flow 20 cm® min™"). The inlet gas was preheated to
300 °C. The sample was in this experiment only heated to 550 °C
because of the instrument limitation. The process was carried

33878 | RSC Adv, 2022, 12, 33876-33888

View Article Online

Paper

out for 5 h. After reduction, the HPC was evacuated, and the
sample was transferred under UHV to the analysis chamber of
the electron spectrometer.

H, temperature-programmed desorption was conducted on
a Micromeritics AutoChem II 2920 instrument. Before the
experiment, each catalyst precursor sample (500 mg) was
reduced at 600 °C for 18 h under H, flow (40 cm® min') and
purged at 620 °C for 2 h under Ar flow (40 cm® min™"). After
cooling to 150 °C, H, was introduced at a flow rate of 40
em® min~! for 15 min, then cooled to 0 °C and kept at that
temperature for 15 min. Next, the sample was purged with Ar at
0 °C until the baseline was stable. H,-TPD was carried out in
a flow of Ar (40 cm® min~") at a heating rate of 5 °C min™" up to
800 °C, and the TCD signal was recorded continuously. The
error in the amount of H, desorbed is +3%.

CO, temperature-programmed desorption was carried out
on a Micromeritics AutoChem II 2920 instrument. Before the
experiment, each catalyst precursor sample (500 mg) was
reduced at 600 °C for 18 h under H, flow (40 cm® min™") and
purged at 620 °C for 2 h under He flow (40 em® min™"). After
cooling to 40 °C, CO, was introduced at a flow of 40 cm® min™?
and kept for 2 h. Next, the sample was purged with He flow at
40 °C until the baseline was stable. CO,-TPD was carried out in
a flow of He (40 cm® min ") at a heating rate of 5 °C min~" up to
800 °C, and the TCD signal was recorded continuously. The
error in the amount of CO, desorbed is +3%.

2.3. Catalytic activity evaluation

Catalytic synthesis of ammonia was conducted in a tubular flow
reactor.” Before the catalytic test, each catalyst precursor
sample (500 mg) was reduced at the following temperatures for
the time indicated in the brackets: 470 °C (72 h); 520 °C (24 h);
550 °C (48 h); 600 °C (72 h) in a mixture of 75% H, and 25% N,
(70 dm® h™") at atmospheric pressure. After the reduction, the
system was pressurised to 6.3 or 9.0 MPa in the reaction mixture
and heated to different target temperatures (400, 430, and 470 °
C). The resulting NH; gas was analysed interferometrically at
accuracy and precision levels of £0.01 mol%.®” The ammonia
synthesis rate was calculated from the mass balance for a plug-
flow differential reactor, as defined by the equation described in
ref. 56. The error of the determined reaction rate is below 1%.>°
A thermal stability test was performed by repeating the catalytic
test at 470 °C under the pressure of 6.3 MPa after overheating at
600 °C for 75 h in the reaction mixture (30 dm® h™") at atmo-
spheric pressure.

3. Results and discussion

3.1. Structural and textural properties

The MgO-La,0; support used for the synthesis of the Co cata-
lysts showed the surface area and pore volume values of 93.8 m>
g ' and 0.50 cm® g, respectively. The type IV adsorption-
desorption isotherm with type H3 hysteresis loop (Fig. S27)
indicates that the support was mesoporous with slit-shaped
pores. The corresponding pore size distribution curve

(Fig. S27) indicates that most of pores centred at 4 and 20 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical properties of the Co catalysts with different Co loadings

Particle size (nm)

Catalyst Surface area (m* g™ ") H,-TPD* STEM” Crystallite size’ (nm) Number of basic sites (umol g~ )
Co(10)/Mg-La 25 13 15 15 200
Co(20)/Mg-La 25 15 17 16 207
Co(30)/Mg-La 30 18 17 14 223
Co(40)/Mg-La 33 19 20 13 255
Co(50)/Mg-La 33 21 22 13 236

“ Average Co particle size calculated from the total number of hydrogen adsorption sites (Table 4) assuming spherical metal particles and the
hydrogen adsorption ratio Co/H = 1.7°7" © Average Co particle size calculated based on the STEM-EDX particle size distribution (Fig. S3, see
ESI). The values were rounded to the nearest 1 nm. ¢ Average Co crystallite size calculated based on the FWHM value obtained from full pattern
refinement utilising the Rietveld method (size-only in HighScore Plus software). ¢ Calculated from the total number of carbon dioxide

adsorption sites.

According to BET (Brunauer-Emmett-Teller) analysis, the
measured catalyst surface areas were between 25 to 33 m”> g™,
which were lower than the surface area of the mixed MgO-La,0;
oxide support. The observed decrease in the surface area could
be due to the pores being blocked by Co species and, to some
extent, to support sintering. However, one can see that the
surface area of the catalysts increased as the Co loading amount
increased (Table 1). This observation can be explained by the
fact that after the support pores are filled with Co species, the
remaining Co species with a certain porosity are built up on the
support surface. After reducing the Co catalyst precursor, the Co
nanoparticles with a well-developed surface are formed. This is
an interesting observation since, as reported by previous
studies,®®® an increase in metal loading resulted in a decrease
in the surface area. The results indicate that Co catalysts with
a high metal loading (>20 wt%) proved to be quite resistant to
sintering. This was also observable in the average Co particle
size (Table 1). Considering that the Co loading amount
increased fivefold (Table 1), the observed increase in the Co
particle size was not so significant.

Fig. 1 shows the XRPD patterns obtained for samples treated
with flowing hydrogen at 600 °C. Only three crystallographic

phases were identified in all materials: cubic magnesium oxide
(01-074-1225), hexagonal lanthanum oxide (04-007-0681) and
cubic metallic cobalt (01-077-7452). Reflections from all crys-
tallographic phases did not shift their position, indicating that
there were no sizeable changes to the lattice parameters
attributed to regular and repetitive substitution or vacancies.
No significant changes in half-widths of these reflections were
observed either, which suggests that there was no substantial
change in the average particle sizes of these phases. Based on
the reflection peaks originating from metallic cobalt, the
average size of their crystallites was calculated, and the ob-
tained values are shown in Table 1. The average Co crystallite
sizes were in the range of 13-16 nm and showed no systematic
variation. It was characteristic that the intensity of diffraction
reflections varied with increasing cobalt loading amount in the
sample. Reflections originating from phases of the support
decreased their intensity while those originating from cobalt
metal increased. On this basis, the concentrations of each
phase in the samples were calculated, and the results are pre-
sented in Table 2. The amount of Co loading determined by
diffraction data in all cases was lower than that calculated from
chemical composition studies (Table S1t). This discrepancy

Intensity

;'.t,.;'!:.':f.:‘.‘-‘.‘} w

—— Co(10)

—— Co(20),
Co(30)/Mg-La
Co(40)/Mg-La

Co(50)/Mg-La

/Mg-La
/Mg-La

10
20
30
40

L - Lanthanum oxide
M - Magnesium oxide
C - Cobalt

30 40 50

26(°)

Fig. 1 XRPD patterns of the Co catalysts with different Co loadings after the treatment in hydrogen flow at 600 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Phase composition of the Co catalysts with different Co
loadings determined by XRPD

Catalyst Co® (Wt%) La,0;” (wt%) MgO° (Wt%)
Co(10)/Mg-La 4 30 66
Co(20)/Mg-La 12 26 62
Co(30)/Mg-La 21 23 56
Co(40)/Mg-La 32 18 50
Co(50)/Mg-La 39 14 47

“ Cubic Co. ? Hexagonal La,0;. ¢ Cubic MgO.

may be explained by the occurrence of some cobalt atoms in the
form of quasi-amorphous structures, which are not recorded by
the diffraction method.

STEM-EDX investigations were performed to analyse the
distribution of the atomic elements within the catalysts (Fig. 2
and Fig. S4-S81). Generally, a homogeneous distribution of
cobalt, magnesium and lanthanum elements was observed. This
homogeneity was visible regardless of the amount of Co depos-
ited (Fig. S4-S8t). The analysis of the oxygen distribution on the
catalyst surface presented in Fig. 2e indicated that the Co
nanoparticles were partially oxidised on the surface, and the core
of the particle was metallic Co (Fig. 2b). Considering that the
catalysts were exposed to air before imaging (for details, see
section Catalyst characterisation), a partial reoxidation of the Co
nanoparticles was expected. The TEM images suggest that the Co
nanoparticles had a polycrystalline structure (Fig. 3 and S97).

XPS studies showed that the surface of the analysed samples
contained oxygen, cobalt, magnesium, lanthanum and potas-
sium. Magnesium, lanthanum, and oxygen elements formed
the support of the studied catalysts. Cobalt was the active phase.
The presence of potassium atoms on the surface of catalysts was

View Article Online
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Fig. 3 (a) TEM image of representative Co(30)/Mg-La catalyst with (b)
HR-TEM image of Co nanoparticles. In the inset, the edge of the Co
nanoparticle with a polycrystalline structure is presented.

due to the use of potassium carbonate as a precipitating agent
in the support preparation process.*® The surface composition
of these materials is shown in Table 3. It should be noted that
the concentration values in Table 3 are based on the assump-
tion of a homogeneous distribution of all elements in the area
analysed by the XPS method.

Fig. 4 shows the binding energy range of the photoelectron
lines coming from the Co 3p and Mg 2p shells. The spectra
contained therein were collected after treating materials con-
taining from 10 to 50 wt% cobalt with hydrogen at 550 °C. For
comparison, a photoelectron spectrum obtained for a sample
containing 50 wt% cobalt before hydrogen treatment is also
provided. The presented plots were normalised to the
maximum intensity of the Mg 2p lines.

Mg 2p lines had an identical envelope, indicating an iden-
tical chemical state of the magnesium atoms in all samples. The
position of the maximum of the Mg 2p line corresponded to the
presence of Mg>" ions.” The only element capable of forming

Fig. 2
L, (e) O-K, and (f) reconstructed overlay image of Co, Mg, and La.

33880 | RSC Adv, 2022, 12, 33876-33888

(a) HAADF-STEM image of representative Co(30)/Mg-La catalyst and corresponding EDX distribution maps of (b) Co-K, (c) Mg-K, (d) La—

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Surface composition of the Co catalysts with different Co
loadings determined by XPS

Catalyst O Wt%) Co (Wt%) La (wt%) K (wt%) Mg (wt%)
Co(10)/Mg-La 27 5 20 8 40
Co(20)/Mg-La 25 12 23 8 32
Co(30)/Mg-La 24 16 19 8 33
Co(40)/Mg-La 23 21 18 8 30
Co(50)/Mg-La 20 25 20 10 25
Co(10)/Mg-La Co3p
30 {—— Co(20)Mg-La
Co(30)Mg-La
—— Co(40)/Mg-La
Co(50)/Mg-La

25

Co(50)/Mg-La
(before red.)

Binding energy (eV)

Fig. 4 The binding energy range containing the photoelectron lines
characteristic for Co 3p and Mg 2p electrons acquired by in situ XPS
analysis of the Co catalysts with different Co loadings treated in
hydrogen flow at 550 °C.

anions identified on the studied surfaces is oxygen, so it can be
assumed that magnesium atoms were present in the form of
MgO oxide. The crystallographic results presented earlier
support this conclusion (Fig. 1). According to diffraction
studies, the second component of the support of catalysts was
lanthanum oxide. Fig. S10,T which shows XPS spectra from La
3d electrons, can be found in the ESL{ After normalising the
intensities, they were virtually identical, proving that there was
no change in the chemical environment associated with
a change in the cobalt loading. The location of the main
maximum of the La 3d line at 834 eV corresponded to La*" ions
in lanthanum oxide.”

Much more relevant changes are observed for the XPS Co 3p
line. Fig. 4 shows the Co 3p line for a material containing
50 wt% cobalt before hydrogen treatment at 550 °C. The
maximum of this line was located at a binding energy of about
61 eV, which corresponded to the presence of cobalt in the
oxides.” Both the preparation method and the results of
diffraction analysis of the catalysts before reduction, not pre-
sented in this paper, confirmed the presence of cobalt oxides in
the samples. The treatment with hydrogen at elevated temper-
atures should lead to the reduction of cobalt oxides. This was
confirmed by XPS spectra obtained after reduction at 550 °C
under a hydrogen atmosphere. A distinct shift of XPS Co 3p line
maximum to the binding energy of about 59 eV was observed. It

© 2022 The Author(s). Published by the Royal Society of Chemistry
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corresponded to the reduction of cobalt ions to metallic
cobalt.” In the spectrum of the catalyst with 10% Co deposition,
the local inflexion of the Co 3p line can be distinguished at the
binding energy of about 61 eV. This may indicate the incom-
plete reduction of cobalt oxides. This conclusion can be
confirmed by the broadening of the Co 2p line on the high
binding energy side (Fig. S111) observed for this sample. In the
case of the three catalysts with the highest loadings of cobalt
(30, 40, and 50 wt%), the envelope of the XPS Co 3p lines was
identical after normalising their intensities but slightly (about
0.5 eV) shifted towards the higher binding energy. Such a shift
can be explained by the presence of a certain insignificant
number of cobalt atoms whose chemical environment was
modified by the presence of oxygen atoms. That modification
can occur, for example, at the boundary between cobalt crys-
tallites and metal oxide support grains.

Based on the presented results of the surface composition of
the catalysts and crystallographic investigations, it can be
concluded that the support consisting of magnesium oxide and
lanthanum oxide was blended with crystallites of metallic
cobalt. Thus, all the catalysts were macroscopically treated as
a homogeneous system. As for the XPS, on the close-to-atomic
level, the samples were not made of homogenously distrib-
uted atoms of each element, so the approach was intentionally
used as a generalisation.

3.2. Adsorption properties

In order to measure the number of active sites for hydrogen
adsorption, the H, temperature-programmed desorption (H,-
TPD) measurements were carried out. The resultant desorption
profiles could be divided into a low-temperature region with
a maximum at ~100 °C and a well-separated high-temperature
region with a maximum at 700 °C (Fig. 5). Each region describes
different hydrogen adsorption sites present on the Co surface.*
However, modest hydrogen adsorption on the support surface
was observed*® and was taken into account when determining
the number of hydrogen adsorption sites on the Co surface
(Table 4). The low-temperature peak at ~100 °C with a discern-
ible shoulder at ~230 °C was ascribed to the desorption of H,
weakly and intermediately bound to the Co nanoparticles (H,),
while the high-temperature peak accounted for the strong
chemisorption of H, on the Co nanoparticles (Hpg). It is observed
that the number of Co sites capable of hydrogen adsorption
increased with the increasing amount of Co loading (Table 4),
probably because of the higher Co surface concentration (Table
3). Another observation is that the intensity of the low-
temperature peak increased as the Co loading amount
increased, indicating an increase in the weak and intermediate
hydrogen adsorption sites on the Co nanoparticle surfaces
(Fig. 5). This was also confirmed by the ratio of the number of
weak and intermediate to strong hydrogen adsorption sites on
the Co nanoparticles (H,/Hg), as shown in Table 4. Such
differences can be explained by an increase in the size of Co
particles (Table 1). It is in line with the literature reports*:
indicating that the Co particles of larger size provide more weak
and intermediate hydrogen adsorption sites on their surfaces.
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This provides a variety of surface cobalt active sites for H,
adsorption, which is advantageous in view of the catalyst
activity in ammonia synthesis.”

To evaluate the surface basicity of the supported Co catalysts,
the CO, temperature-programmed desorption (CO,-TPD)
measurements were conducted. One can see that the resultant
CO,-TPD profiles had a similar shape, with only slight differ-
ences in the peak intensities (Fig. 6). However, this could be
expected since, as reported previously,*® the deposition of Co
nanoparticles on the mixed magnesium-lanthanum oxide
support did not change the nature of the basic sites signifi-
cantly. The profiles could be divided into three temperature
regions: <150 °C (low-temperature region), 150-400 °C (middle-
temperature region), and >400 °C (high-temperature region).
Each region describes different carbon dioxide adsorption sites
present on the catalyst surface. The desorption peak at around
100 °C was assigned to the interactions between CO, and

Table 4 H,-TPD data of the Co catalysts with different Co loadings

H,* Hy" Hioral®
Catalyst (wmolg™")  (umolg™)  (umolg™)  H,/Hg?
Co(10)/Mg-La 14 74 88 0.2
Co(20)/Mg-La 59 89 148 0.7
Co(30)/Mg-La 103 77 180 1.3
Co(40)/Mg-La 143 81 224 1.8
Co(50)/Mg-La 187 65 252 2.9

“ Number of the weak and intermediate hydrogen adsorption sites.
b Number of the strong hydrogen adsorption sites. ¢ Total number of
the hydrogen adsorption sites. ¢ Ratio of the number of the weak and
intermediate to strong hydrogen adsorption sites.
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surface hydroxyl groups on MgO (Brensted basicity). Two
desorption peaks, i.e., the distinct peak at 250 °C and the broad
peak at 400-600 °C, were attributed to the CO, chemisorption
on the different surface oxygen species on both MgO and La,0;
(Lewis basicity).”””” The origin of the last broad peak at 750 °C
was considered to be the result of the decomposition of
lanthanum carbonate species formed by the CO, chemisorption
on La,0;.” It is, however, worth mentioning that only Lewis-
type basic sites can donate electrons to the d-orbitals of tran-
sition metals, thus accelerating the rate-determining step of
ammonia synthesis, that is, the cleavage of N, molecules.* For
each catalyst, the total amount of CO, desorbed from its surface
was used as a metric of basicity. The results are given in Table 1.
As the Co loading amount increased, a gradual increase in the
basicity was observed up to 40 wt% Co. A further increase in the
amount of Co deposited from 40 to 50 wt% caused a slight
decrease in the number of basic sites. Considering the simi-
larity in the nature of the basic sites in these catalysts (Fig. 6),
the observed relatively high number of the basic sites in the
catalysts with 40 and 50 wt% Co were probably due to
improvement in their surface areas (Table 1).**

3.3. Catalytic activity

The temperature dependence of the activity of the Co catalysts
for ammonia synthesis is presented in Fig. 7a. The NH;3
synthesis rate increased with the Co loading and reached
a maximum at 40 wt% Co deposition across the examined
temperature range. A further increase in the Co loading from 40
to 50 wt% caused only slight (~4%) decrease in the activity.
When the total pressure increased from 6.3 to 9.0 MPa, the
activity increased by about 20% (Fig. 7b). The obtained catalysts
were also found to be highly stable and resistant to heat

© 2022 The Author(s). Published by the Royal Society of Chemistry
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treatment. They continuously produced ammonia with a negli-
gible decrease in activity, even after overheating at 600 °C for
75 h (Table 5). Such a durable performance of these catalysts
was also observed for the literature-reported Co catalysts.**>>**

The superior performance of the Co catalysts for NH;
synthesis is further revealed by a comparison to the literature
results with similar reaction conditions (Table S27). In partic-
ular, the ammonia formation rate over Co(40)/Mg-La reached
40 mmolyy, geae ' h™', which is two times that of commercial
iron catalyst (ZA-5).

Table 5 presents the activity, expressed as the turnover
frequencies (TOF) and apparent activation energies (E,pp). A key
observation is that there was no correlation between TOF and
Co loading amount. The calculated TOF values were similar,
indicating that for all the catalysts, the surface cobalt active
sites were of almost the same strength. As a consequence,
similar values of apparent activation energies determined from
the slopes of the Arrhenius plots (Fig. S121) were observed for
all the catalysts (Table 5). This is an interesting finding since

Table 5 Catalytic performance of the Co catalysts with different Co
loadings under a pressure of 6.3 MPa

NH; synthesis rate®

Catalyst (mmolyy, gear *h™)  TOF? (s)  Eupp (J mol ™)
Co(10)/Mg-La  16.0 (15.7) 0.025 62
Co(20)/Mg-La  24.2 (23.7) 0.023 58
Co(30)/Mg-La  31.8 (30.9) 0.025 57
Co(40)/Mg-La  40.3 (39.5) 0.025 59
Co(50)/Mg-La  38.2 (37.5) 0.021 60

“ NH; synthesis rate at 400 °C and 6.3 MPa. The numbers in the brackets
represent the ammonia formation rate after overheating at 600 °C for
75 h. ? TOF was calculated from the total number of hydrogen
adsorption sites (Table 4) and the NH; synthesis rate shown in this
table. The error range was +4%. ¢ Apparent activation energy was
derived from the Arrhenius plots in Fig. S12. The error range was +3%.

© 2022 The Author(s). Published by the Royal Society of Chemistry

previous studies have evidenced that ammonia synthesis is
a structure-sensitive reaction.® However, this can be explained
by the fact that, regardless of the Co loading amount, the Co
crystallites were almost of the same size (13-16 nm) with the
same crystal structure of face-centred cubic (fcc) (Fig. 1). And as
revealed by Rambeau et al., the ammonia synthesis reaction
takes place on metallic Co at different rates depending on the
crystal structure.®” It was found that hexagonal-close packed
(hcp) cobalt exhibits higher activity (8 x 10™* s™!) on ammonia
formation than face-centred cubic (fcc) cobalt (4 x 10™* s71).
The reason why hcp Co was not found in the catalysts can be
explained by two factors. First, as reported by Kitakami et al.,*
there is a close relationship between the size and crystallo-
graphic structure of the cobalt. That is, the Co particles of
<20 nm size are of cubic structure, 20-30 nm are a mixture of
cubic and hexagonal structures, and >40 nm are of hexagonal
structure. In fact, for all the catalysts studied, the calculated Co
particle sizes were below 21 nm, as revealed by H, chemisorp-
tion studies (Table 1) and STEM particle size measurements
(Table 1 and Fig. S371). Second, there was a possibility that the
support influenced the formation of a particular crystal struc-
ture of cobalt, here cubic structure. For instance, Jacobsen et al.
reported that the support type plays a decisive role in control-
ling the Ru structure and the resulting changes in the abun-
dance of B5-type sites. This is the main reason for the
significant changes in the activity levels of Ru catalysts on
different supports.®*

From the above discussion, it is clear that the ammonia
synthesis rate over supported Co catalysts was dependent on the
amount of Co deposited. The Co loading of 40 wt% Co was the
threshold amount of Co loading, allowing to obtain the highest
reaction rate (Fig. 7), and a further increase of Co loading
caused only slight decrease in the activity. It is not so clear what
caused the slight decrease in the ammonia formation rate for
the catalyst with 50 wt% Co deposition. The results suggest that
despite the highest number of Co sites capable of hydrogen
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adsorption (Table 4), the decreased ammonia formation rate for
this catalyst was associated with a decrease in the number of the
basic sites (Table 1). This, in turn, reduced the electron-
donating ability of the Co surface and resulted in the lower
intrinsic activity of the active sites (average TOF of 0.021 s~ ).

Another interesting outcome of this work is the possibility of
obtaining high-loaded supported Co catalysts with well-
dispersed Co nanoparticles. Despite the increase in Co
loading amount from 10 to 50 wt%, the Co particle and crys-
tallite sizes remained almost unchanged (Table 1). This
suggests that the obtained catalysts were resistant to sintering,
showing a stable performance during the continuous ammonia
synthesis process (Table 5). This is of major importance for the
industrial process since the harsh conditions applied in the
Haber-Bosch process can result in excessive sintering and loss
of the active metal centres.® Taken together, the obtained
results suggest that the developed catalyst with 40 wt% Co
deposition can be regarded as a promising candidate for effi-
cient ammonia synthesis.

4. Conclusions

In summary, a series of Co catalysts supported on mixed MgO-
La,0; oxides with different Co loading amounts (in the range
from 10 to 50 wt%) was designed, systematically characterised,
and tested in the ammonia synthesis reaction. A clear relation-
ship between the ammonia synthesis rate and the amount of
deposited Co was observed. Specifically, the ammonia synthesis
rate increased with increasing Co loading and reached
a maximum at 40 wt% Co deposition. A further increase in Co
loading caused only slight decrease in the activity. However,
interestingly, there were almost no differences in TOF values
calculated for these catalysts. We attributed these discrepancies
to the fact that the size and structure of Co nanoparticles in the
catalysts remained nearly unchanged despite the fivefold
increase in the Co loading amount. These results suggest that the
ammonia synthesis rate on the studied catalysts was not
dependent on the average size of Co nanoparticles between 13 to
21 nm. Thus, the increase in the ammonia synthesis rate for the
catalyst with 10-40 wt% Co deposition was mainly the result of
the increased amount of deposited Co. However, the observed
decrease in the ammonia formation rate for the catalyst with
50 wt% Co deposition was most likely caused by a decrease in the
number of the surface basic sites as compared to the catalyst
with 40 wt% Co deposition.
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