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Abstract: A series of neodymium oxide-supported cobalt catalysts with cobalt content ranging from
10 to 50 wt.% was obtained through the recurrent deposition-precipitation method. The effect of
active phase, i.e., metallic cobalt, content on structural parameters, morphology, crystal structure,
surface state, composition and activity of the catalysts was determined after detailed physicochemical
measurements were performed using ICP-AES, N, physisorption, XRPD, TEM, HRTEM, STEM-EDX,
H,-TPD and XPS methods. The results indicate that the catalyst activity strongly depends on the
active phase content due to the changes in average cobalt particle size. With the increase of the cobalt
content, the productivity per catalyst mass increases, while TOF maintains a constant value. The
check for TOF is below average only for the catalyst with the lowest cobalt content, i.e., when the average Co
updates particle size is below 20 nm. This is due to the predominance of strong hydrogen binding sites on
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Content on Properties and Activity of
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for Ammonia Synthesis. Catalysts
2023, 13,405. https://doi.org/
10.3390 /catal13020405 The world’s growing population requires more and more food to survive. Increased

consumption forces the need to intensify agricultural production based on mineral fertilis-
ers. The primary raw material used to produce mineral fertilisers is ammonia, a nitrogen

1. Introduction
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FanYang source. The latest estimates indicate that global ammonia production is increasing by more
Received: 21 December 2022 than 2% annually. In 2020 it reached 150 million tonnes, contributing to the consumption of
Revised: 7 February 2023 nearly 2% of the world’s energy generated from fossil fuels [1]. Ammonia production is
Accepted: 11 February 2023 a large-scale catalytic industrial process with significant energy consumption. The com-
Published: 14 February 2023 pound is obtained directly from gaseous hydrogen and nitrogen [2]. The equilibrium of

the reaction requires the use of high temperature and high pressure to obtain economically
viable amounts of the product. Due to the high activation energy of the nitrogen molecule,
= it is necessary to use a catalyst to obtain a sufficiently high reaction rate. Currently, the
most used reaction catalyst is a system based on metallic iron, working effectively at a
temperature of 400 °C-500 °C and under high pressure, reaching up to 30 MPa in older
installations [3]. One of the critical areas of process optimisation is the alleviation of reaction
conditions. For this purpose, new catalysts capable of operating effectively under lower
pressure and at lower temperatures are designed [4]. Research is focused on developing
active catalytic systems based on metals other than iron.
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Cobalt, a metal indicated by the volcanic curve, has a high potential for catalysing
ammonia synthesis reactions [5]. Starting from the studies of Hagen et al. in 2002 [6,7], a
continuously increasing interest in cobalt as the active phase of ammonia synthesis catalysts
has been observed. However, obtaining a technologically interesting cobalt catalyst, i.e., one
with a satisfactory activity, proper mechanical strength, adequate stability and favourable
price, requires optimisation of the catalyst composition in terms of (i) type and properties of
the support, (ii) type and content of promoters and (iii) active phase content. Support allows
for better use of the catalyst’s potential by improving the dispersion of the active phase,
stabilising the metal particles on the catalyst surface, influencing the morphology and size
of the metal particles and reducing the cost of catalyst production by lowering the amount
of the active phase used. This is crucial due to the high and fluctuating price of cobalt
as a strategic metal with limited deposits located mainly in politically unstable regions.
So far, literature has reported the use of activated carbons [8,9], cerium oxide [10-12] and
recently also magnesium oxide [13] or mixed MgO-Ln,O3 oxides (Ln = La, Nd, Eu) [14-18]
as support for cobalt catalyst. Recent reports also point to such materials as electrides (e.g.,
C12A7:e7) [19] or hydride support materials (e.g., BaH;) [20] as very effective support
promoting ammonia synthesis over a Co-based catalyst. Because cobalt itself is not highly
active in the synthesis of ammonia, the addition of selected promoters is also required to
increase the catalytic activity of this metal. Barium [21-24] and rare earth metals (especially
cerium [25] and lanthanum [26]) must be mentioned among the most effective promoters
of cobalt.

The amount of the active phase deposited on the support is also essential. In the case of
ammonia synthesis reactions carried out on metals such as cobalt, the reaction’s structural
sensitivity should be considered. Our previous studies revealed the correlation between the
reactivity of the cobalt surface (expressed as TOF) in ammonia synthesis and the particle
size of the active phase supported on activated carbon [27]. This, in turn, strongly depends
on the amount of active phase. There is an optimal size of cobalt particles (20-30 nm),
which ensures the highest activity of the cobalt catalyst in the ammonia synthesis reaction.
Increasing or decreasing the particle size caused a decrease in activity, even to the total loss
of catalyst activity for fine Co particles (smaller than 0.5 nm). The observed size effect was
most likely attributed to changes in Co crystalline structure [27]. However, metal-support
interactions and the effect of the amount of active phase loaded on the support on its
particle size as well as exposed surface area, and catalytic activity, are usually specific to
each catalytic system. In the case of the carbon support, increasing the amount of cobalt
introduced to the range of 4.9-67.7 wt.% resulted in a significant increase in the size of
cobalt particles in the range of 3—45 nm [27]. However, when cobalt was deposited on
the mixed MgO-LayO3 support in the amount of 10-50 wt.%, the size and structure of Co
nanoparticles in the catalysts remained nearly unchanged despite the fivefold increase in
the Co loading amount [28].

The study presented in this paper aimed to investigate the influence of active phase,
i.e. metallic cobalt content on the properties and activity of Nd,Oz-supported cobalt
catalysts for ammonia synthesis. As reported in the previous studies [29-32], rare earth
metal oxides were effective supports of the ruthenium catalyst for ammonia synthesis.
Niwa et al. [29] showed that the use of rare-earth metal oxides as supports is more
effective than using their cations in the role of promoters. Ruthenium catalysts de-
posited on rare-earth metal oxides were almost twice as active as the reference systems
(Ru/MgO) promoted with the rare-earth metal cations. The increased activity was at-
tributed to Strong Metal-Support Interactions (SMSI). Miyahara et al. [30] revealed different
activities of ruthenium catalysts depending on the support used, with higher activity
characterising catalysts deposited on lighter oxides according to the following trend:
Pr203 > CEOZ > La203 > Nd203 > Sm203 > Gd203. The hlgh activity of the Ru/PrzOg Sys-
tem was explained by Sato et al. [31] due to the favourable morphology of the catalyst
surface in the form of a ruthenium nanolayer rich in defects and terraces, structurally simi-
lar to the active B5 sites. Additionally, the high alkalinity of the support was conducive to
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effective charge transfer to the metal surface and facilitated the dissociation of the adsorbed
Nj molecule (a rate-determining step of the NHj synthesis reaction). During kinetic studies
of the Ru/Pr, O3 catalyst, Imamura et al. [32] also indicated high resistance to hydrogen and
product poisoning, unlike Ru systems based on carbon or oxide supports. These studies
were an inspiration to use rare-earth metal oxides as supports for cobalt catalysts for am-
monia synthesis. Neodymium oxide was also selected based on our previous studies [18],
where Nd,O3 had the most favourable effect on the catalytic properties of cobalt systems
supported on mixed MgO-LnyO3 oxides (where Ln = La, Nd, Eu).

In the present work, a series of cobalt catalysts containing 10-50 wt.% of cobalt sup-
ported on neodymium oxide was prepared. The activity of the catalysts with different Co
loading was tested in ammonia synthesis at 470 °C under the pressure of 6.3 MPa. The
detailed characterisation studies using N physisorption, X-ray powder diffraction (XRPD),
microscopic methods (TEM, HRTEM, STEM-EDX), X-ray photoelectron spectroscopy (XPS)
and temperature-programmed desorption (H,-TPD) were conducted to understand the ef-
fect of active phase content on catalyst structural parameters, morphology, crystal structure
and surface state, as well as composition and activity of the catalysts.

2. Results and Discussion

Table 1 lists the textural parameters (specific surface area, Spgt, and the total volume
of pores, Vpor) of catalyst precursors determined using N, physisorption. All systems
display a relatively developed specific surface area. Increasing the cobalt loading causes
an expansion of the Sgpr area of the catalyst precursor. In the case of subsequent systems,
the specific surface area increase is logarithmical, yielding diminishing growth for every
additional wt.% increase in the Co content of the precursor. The porosity of the precursors
follows the growth trend of the surface area.

Table 1. Textural parameters of cobalt catalyst precursors.

Parameter CO(lO)/Nd203 C0(19)/Nd203 C0(31)/Nd203 C0(39)/Nd203 CO(SO)/Nd203
Specific surface area Spgr ! [m? g~ '] 27.3 32.0 36.5 39.6 418
Total pore volume Vpor 2 [cm?® g™ 1] 0.104 0.125 0.132 0.139 0.142

1_estimated based on the BET isotherm. >—estimated based on the BJH isotherm.

Figure 1a depicts the N, physisorption isotherms registered for catalyst precursors.
All registered curves are of type Il shape, indicating that precursors are predominantly
macroporous materials. Increasing cobalt content does not change the isotherm shape.
However, they shift upward to higher total adsorbate volumes. This observation, combined
with the fact that the Nd,O3, used as support is non-porous and of low surface area (ca.
2m? g~ 1), indicates that the porosity may be attributed to the structures formed by cobalt
oxide. Therefore, depositing subsequent layers of cobalt compounds on the surface of the
output catalyst precursor leads to the expansion of the existing porous structure without
changing its nature. Also, all curves contain a hysteresis loop of H3 type caused by capillary
condensation in mesopores. Its presence suggests that cobalt oxide forms the aggregates
of plate-like particles giving rise to wedge- or slit-shaped pores. With increasing cobalt
content in the precursor, the area of the loop increases, indicating an intensification of the
capillary condensation phenomenon, thus increasing mesopore total volume. Figure 1b
depicts the pore volume distribution of the precursors. The curves indicate that these are
porous materials with bimodal pore volume distribution. The porous structure is formed by
numerous pores in the 20-80 nm diameter range and macropores with sizes above 80 nm.
The materials contain a very small number of micropores.
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Figure 1. N, physisorption isotherms (a) and pore volume distribution (b) of cobalt catalyst precursors.

X-ray powder diffraction studies (XRPD) were carried out to determine the phase
composition of catalysts. Figure 2 depicts patterns of cobalt catalyst in the form of a
precursor and in-situ reduced form.
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Figure 2. XRPD patterns of the cobalt catalysts supported on neodymium oxide (Co/Nd,O3) in the
form of a precursor (a) and the in-situ reduced form (b).

The phase composition of all catalyst precursors (Figure 2a) is very similar. On most
patterns, one can observe distinct Bragg’s reflections indicating the presence of Co3zO4
spinel with a cubic structure (PDF-4+ 2021 04-003-0984). The presence of this phase cannot
be unambiguously demonstrated for the Co(10)/Nd;O3 system due to the overlapping
of reflection profiles. The intensity of reflections from the Co3O4 phase for systems with
increasing cobalt content increases. The calculated mean crystallite size of the Co304
phase is generally independent of the cobalt content and is in the range of 11-12 nm. No
signals from Nd,Oj3 (the support) are observed on the precursor patterns. Instead, reflec-
tions attributed to neodymium dioxycarbonates Nd,O,COs3 with tetragonal (PDF-4+ 2021
00-025-0567) and hexagonal structure (PDF-4+ 2021 04-009-3412) are visible. This is due to
the conditions under which the catalyst precursors were synthesised. The high-temperature
water environment rich in CO32~ ions enabled the formation of dioxycarbonates [33,34].
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Figure 2b depicts the diffraction profiles of in-situ reduced Co/Nd,O5 catalysts at ambient
temperature. As a result of the reduction process, a disappearance of reflections attributed
to the Co30;4 spinel occurs. This results in reflections from the cobalt metallic phase of the
cubic face-centred structure (PDF-4+ 2021 01-077-7452) present in the patterns. A detailed
description of these reflections is difficult because their location coincides with numerous
reflections generated by the support phases. Increasing the cobalt loading in the catalyst
leads to an increase in the metallic Co phase concentration and thus intensities of Co reflec-
tions. All measurements showed similar cobalt mean crystallite size resulting from analysis
based on the Rietveld method. As a result of catalyst reduction, the complete disappearance
of reflections attributed to polymorphic Nd,O,CO3 is also observed. The decomposition
of dioxycarbonates leads to the exposure of support structures, in this case Nd,Os3 [35].
In Figure 2b, sets of reflections are observed, indicating the presence of two phases of
neodymium oxide with different crystal structures in the material: regular (PDF-4+ 2021
03-065-3184) and hexagonal (PDF-4+ 2021 01-072-8425).

The phase analysis presented above indicates that cobalt is present as cobalt oxide
Co30y in the precursors, which is then completely reduced to metallic cobalt during the
precursor activation. In the case of other similar catalytic systems in which cobalt was
deposited on the surface of oxide support, such as the Co/Mg-La system [14,28], incomplete
reduction of cobalt compounds contained in the catalyst were observed. For this reason, the
surface composition of the catalysts in both precursor and active forms was investigated by
X-ray photoelectron spectroscopy (XPS).

The presence of cobalt, neodymium, oxygen and slight adventitious carbon contami-
nation was indicated on the surface of the precursors. After the reduction process, cobalt,
neodymium and oxygen remained on the surface. Figure 3 shows the XPS spectrum of the
Co 2p detailed region for the precursor and active form of the Co(10)/Nd;Oj3 catalyst. The
figure also shows the result of the deconvolution of the XPS spectra for both samples, based
on the method presented in the work of Biesinger et al. [36]. The components of the XPS
Co 2p lines originating from the precursor are marked with thin lines. The components
coming from the catalyst after the precursor reduction process are highlighted as grey areas.
The location of the maximum of the Co 2p3,, peak at a binding energy of 780 eV indicates
the presence of cobalt oxides on the surface of the precursor. In the binding energy region
from 784 eV to 793 eV, characteristic satellites appear in the spectrum of the Co 2p detailed
region. Based on the envelope shape of the Co 2p peaks, the presence of Co3O4 oxide can
be ascertained [36], previously confirmed by analysis based on X-ray diffraction studies.

XPS Co 2p —— Co(10)/Nd,0, precursor
—— Co(10)/Nd,0, catalyst

805 800 795 790 785 775
Binding energy [eV]

Figure 3. XPS Co 2p spectra of Co(10)/Nd,O3 precursor and catalyst after reduction. The compo-
nents of the Co 2p lines are marked with thin solid lines for the precursor and grey areas for the
reduced catalyst.
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The exposure of precursors to hydrogen at elevated temperatures results in the process
of reduction of cobalt oxides [37]. In Figure 3, a shift in the maximum of the Co 2p line from
the 780 eV position to 778 eV, corresponding to the reduction of cobalt oxides to metallic
cobalt, is observed. No surface cobalt oxides are observed in any samples analysed after
their reduction process in hydrogen. Therefore, it should be concluded that cobalt exists
exclusively in metallic form in the tested catalysts, which was confirmed by X-ray studies.

The selected catalysts of the lowest (Co(10)/Nd,0O3), medium (Co(31)/Nd;O3) and
highest (Co(50)/Nd,O3) cobalt content were examined using transmission electron mi-
croscopy (TEM), high-resolution transmission electron microscopy (HRTEM), scanning
transmission electron microscopy (STEM) and energy dispersive X-rays (EDX) analysis.
These examinations were used to obtain information about the morphology of the systems,
the size distribution of the cobalt particles and their crystal structure.

TEM images registered for the cobalt catalysts (Figure 4) indicate that all systems
display similar structures and morphology. Most materials are homogenous and form
agglomerates of particles of size ranging from 20 to 100 nm. These agglomerates consist
of particles that are not tightly packed together, and distances among them do not exceed
100 nm. These results agree with the pore size distribution obtained through the N
physisorption measurements, assuming the morphology of the samples does not change
significantly due to the reduction process.

200 nm

Figure 4. TEM images of regions of the Co(10)/Nd,O3 (a), Co(31)/Nd;O3 (b), Co(50)/Nd,03
(c) catalysts.

Figure 5 depicts the HRTEM images of Co crystallites in the selected cobalt catalysts.
The structure of cobalt crystallites was identified based on the analysis of the 2D-FT images
from the selected areas. It was determined that for all cobalt crystals observed, the interpla-
nar distances and the angle between them correspond to 0.207 nm and 70.5°, respectively,
describing the (-111) and (-11-1) planes of the cobalt face-centred cubic structure (Fm-3m
space group). The structure in question (ICSD 760020) is characterised by the unit cell
parameter a = 0.3578 nm. Figure 5a also depicts that the observed Co crystallite in the
Co(10)/Nd,O3 system is covered with a thin (ca. 2 nm) layer of CoO. The presence of the
layer results from the partial oxidation of the Co crystallite caused by the nature of the
ex-situ measurements. Based on the HRTEM and FT images from area no. 2, it was found
that the interplanar distances and the angle between them are equal to 0.246 nm, 0.213 nm
and 54.7°, respectively, corresponding to the (1-11) and (002) planes of the face-centred
cubic CoO structure (space group Fm-3m). The unit cell parameter for the CoO structure
(ICSD 245324) a = 0.4264 nm. The phenomenon of partial surface oxidation was also ob-
served in the case of several Co crystallites in the other systems that underwent HRTEM
investigation. It is worth noting that the face-centred cubic structure is the only type of
cobalt structure observed in high-resolution images of all Co/Nd,Oj3 systems, which is
consistent with the XRPD analysis results.
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Figure 5. HRTEM images of exemplary Co crystallites (a,f,i) and magnified images of highlighted
regions of the Co crystallites (b,g,j) and CoO layer (c) with corresponding Fourier transform (FT)
(d,e,h k). Yellow circles mark the reflections on the FT generated by the indicated crystal planes.

The composition and distribution of elements in the Co/Nd,O3 systems were obtained
by STEM imaging coupled with EDX analysis. Mapping results are presented in Figure 6.
The images show that for the Co(10)/Nd;O3 system, single Co particles are uniformly
distributed over the Nd,O3 support, but their random agglomeration can be observed.
With the increase of the Co loading in the catalyst, the particle distribution becomes less
uniform. For the Co(31)/Nd,O3 system, Co particles are very densely distributed in some
areas of the support surface, forming clusters exceeding 100 nm in size. In other regions,
however, single particles of the active phase can be distinguished. For the Co(50)/Nd,O3
system, the cobalt particle compaction with the increasing cobalt loading continues and
they are very densely distributed on the Nd,O3 support. Their distribution, however, is
quite uniform; most of the particles form tightly packed agglomerates with only a few
individual Co particles visible. With the increase in the cobalt content, the average size of
metal particles increases. This observation, combined with the visible agglomeration, may
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indicate that Nd»O3 does not exert a structural influence on the cobalt phase. In contrast,
the effect of prevention of particles from agglomeration and sintering was observed for
the other rare-earth oxides used as supports or promoters of cobalt catalysts, namely
LayOs3 [26,38] and CeO, [21,25,39].

Figure 6. STEM images (first column) and corresponding elemental EDX mappings of the
Co(10)/Nd,03 (a-d), Co(31)/Nd,0O3 (e-h), Co(50)/Nd,O3 (i-1) catalysts, showing Nd (green), O (or-
ange) and Co (yellow) concentrations.

Figure 7 depicts hydrogen desorption profiles recorded for reduced Co/Nd,O3 cata-
lysts. A very similar bimodal character describes all registered desorption profiles. Both
low- (LT) and high-temperature (HT) peaks can be distinguished in each profile, the area
of which gradually changes between systems with increasing active phase content. The
first observed signal contributing to the formation of an atypical low-temperature peak
is a small local signal occurring at 50 °C, corresponding to the desorption of hydrogen
weakly bound to the catalyst surface. The main low-temperature peak, corresponding to the
presence of adsorption centres with low hydrogen binding energy, consists of overlapping
peaks with maxima located at 150 °C for the Co(10)/Nd,O3 system and at 100 °C for the
others. The intensity of these signals increases significantly for subsequent systems in
the series, along with the increasing content of the active phase. The irregular shape of
the low-temperature peak indicates some variation in the hydrogen binding centres, all
with relatively low binding energy [39,40]. The low-temperature signal disappears and
systematically shifts into a high-temperature signal at 400 °C-500 °C. The signal above
this temperature consists of a single wide peak indicating the presence of high-energy
binding sites on the catalyst surface. Its area and maximum temperature differ between the
systems. In the case of the Co(10)/Nd,Os3 profile, its maximum is located at 715 °C. The
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peak has the largest area and a symmetrical shape. The high-temperature signal of other
systems is weaker, which, when combined with the lack of such a clear maximum, may
suggest fewer centres strongly binding hydrogen. A temperature shift of the maximum
of the high-energy peak is also observed from 765 °C for Co(19)/Nd;Oj3 to approximately
700 °C for the Co(50)/Nd,O3 system, indicating the weakening of their average strength.

Co(10)/Nd,0,

0.003 Co(19)/Nd,0,

I Co(31)/Nd,0,
;50°c Co(39)/Nd,0,
Co(50)/Nd,0,

*150°C

: ¢1oo°c

760°C¢

5
S,
E” 750°C ‘
w
Q 0,
g 725°C *
700°C *

' [ L L i 1 i L i 1 i L L 1

0 100 200 300 400 500 600 700 800
Temperature [°C]

Figure 7. H-TPD profiles for Co/Nd;Oj3 catalysts.

Table 2 presents the measured volume of hydrogen desorbed from the catalyst surface
and the share of low and high-temperature signals in the total volume. While the total
volume of desorbed H; does not vary significantly between the samples and oscillates
in the range of 1.7-2 cm® g~ !, the share of the particular signals changes notably. With
the increase of Co loading, the high-temperature peak share decreases and that of the
low-temperature peak increases. Consequently, for the Co(10)/Nd;O3, the majority of the
hydrogen desorbed is generated by the strong binding sites, while for the Co(50)/Nd,O3,
the hydrogen comes mostly from weakly binding sites. Table 3 presents the average cobalt
(i.e., the active phase) particle size determined through H,-TPD and a comparison of these
values to TEM and XRPD-derived data.

Table 2. The total volume of hydrogen desorbing from the catalyst surface and the proportion of low-

and high-temperature peak contribution.

CO(lO)/Nd203 C0(19)/Nd203 C0(31)/Nd203 C0(39)/Nd203 C0(50)/Nd203

Parameter
Total hydrggefl1 1.99 1.82 1.68 1.82 2.02
volume [cm” g™"]
Low-temperature peak (LT) 2% 43 68 75 86
share [%]
High-temperature peak 74 57 32 25 14

(HT) share [%]
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Table 3. Comparison of average Co particle and Co crystallite size in the Co/Nd,Oj3 catalysts,
determined through H,-TPD, XRPD and TEM.

Parameter Co(10)/Nd,03 Co(19)/Nd,03 Co(31)/Nd,03 Co0(39)/Nd,O03 Co(50)/Nd,053

dHZ-TPD [nm] 11 22 37 42 47
dSTEM [nm] 27 - 36 - 51
dXRPD [nm] 17 21 21 20 19

The data indicates that the average size of Co particles increases with cobalt loading
in Co/Nd;O3 catalysts. The size growth is nonlinear, but the deviation from a direct
proportionality is marginal. The average particle sizes calculated based on chemisorption
data are in good accordance with the sizes measured during STEM-EDX observations.
However, they are different from the uniform sizes calculated based on diffraction data,
which may be caused by the cobalt particles being polycrystalline. The sole existence
of the face-centred cubic phase supports the polycrystallinity of cobalt particles. It is in
good agreement with the fact that ca. 20 nm and smaller cobalt crystallites tend to occur
predominantly in the cubic phase [41]. Without additional structural stabilisation, little
to no hexagonal phase is present. It is because in temperatures above 427 °C (i.e., in
temperatures lower than the temperature of the activation or the NHj synthesis reaction),
cobalt, which naturally tends to prevail in the hexagonal close-packed phase [42], undergoes
an allotropic transition into the face-centred cubic structure [43].

Activities of Co/Nd, O3 catalysts are presented in Table 4. With the increase of cobalt
loading, the average reaction rate per catalyst unit mass increases. However, it is worth
noting that the observed increase is not directly proportional. The active phase mass
increases 5 times, resulting in a less than 2 times increase in average reaction rate. It means
that despite the incremental increase of the catalyst surface area and an increase in the
number of active sites, the overall efficiency of their utilisation gradually decreases. It is
supported by the activity data indicating that for most of the systems, the surface activity
is roughly similar, and TOF averages ca. 0.125 s ! (see Figure 8); thus, the influence of the
support on the active phase is relatively constant in the studied Co loading range.

Table 4. The activity of Co/Nd,Oj catalysts in ammonia synthesis reaction expressed as the average
reaction rate (ravg) and TOF.

Parameter Co(10)/Nd,03 Co(19)/Nd,03 Co(31)/Nd,03 Co(39)/Nd,03 Co(50)/Nd,03
Tavg [gNH3 8cat L h71] 1.01 1.39 1.27 1.42 1.82
0.18
0.15 |}
[
'_‘0.12 e SOOI P . ...........
n
009 | o
o
F 0.06 }
0.03 }
0.00 L L 'l Il L 'l 'l 1
5 10 15 20 25 30 35 40 45 50
dc, [nm]

Figure 8. Surface activity (TOF) of Co/Nd,Oj3 catalysts vs Co particle average size. The dotted line
represents the average activity level of catalysts. Large dots represent particle sizes calculated on the
basis of Hy-TPD results (dp-tpp, vide Table 3).
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However, one may observe that the surface activity of the Co(10)/Nd;Oj3 catalyst is
lower than the average TOF displayed by the others. This state is depicted in Figure 8.
It may be related to the smaller size of cobalt particles in this system. Recent studies of
cobalt systems deposited on active carbon indicated the optimal cobalt particle size range
(20-30 nm) provided the highest activity in ammonia synthesis [27]. Studies of cobalt
systems deposited on mixed MgO-La, O3 oxides also showed that cobalt particles of 20 nm
of average size yield the highest reaction rate [28].

Our results indicate that when the size of the active phase (metallic cobalt) particles
decreases in a Co/Nd,O3 system, the strength of hydrogen binding by the surface increases
(Figure 9) as the high-energy to low-energy binding sites ratio grows exponentially. It
may seem that when the size of cobalt particles decreases below a certain critical value,
i.e., of 20 nm, the above ratio exceeds 1.5 due to the predominance of sites binding hy-
drogen strongly on the catalyst surface. With the decrease in cobalt particle sizes, more
undercoordinated structures, such as close-packed terraces, steps, kinks etc., occur at the
cost of open surfaces [41]. These structures bind hydrogen more strongly than flat sur-
faces [44,45]. Under these circumstances, hydrogen poisoning of the active phase may
occur, limiting the activity of the catalyst. Strongly-bound hydrogen blocks the active sites,
preventing nitrogen adsorption [14,46-49] and thus inhibiting the rate-determining step of
the process [50-53].

3.5
3.0
25
2.0
15
1.0

HT/LT peak ratio

os L T e

0'0 A ' 'l ' 'l ' 'l A
5 10 15 20 25 30 35 40 45 50

de, [nm]

Figure 9. Correlation between the high- and low-temperature H, desorption peak ratio and Co
particle average size of the Co/Nd,O3 catalysts. Large dots represent particle sizes calculated on the
basis of Hy-TPD results (dpo-tpp, vide Table 3).

3. Materials and Methods
3.1. Catalyst Preparation

The first stage of the catalyst preparation was the calcination of the Nd,O3 support
(UMSC Lublin, Poland, 99.99% purity) in the air at 800 °C for 16 h to purify the material
by decomposing any neodymium hydroxides and carbonates present [54-56]. Cobalt
catalyst precursors were synthesised by the recurrent deposition-precipitation method.
The target cobalt content in the catalyst was set in the range of 10 to 50 wt.% at 10 wt.%
increments. The systems were labelled as Co(X)/Nd;O3 where X represents the actual
cobalt content in the active form of the catalyst. Cobalt(I) carbonate was precipitated with
K,COs3 (Avantor Performance Materials Poland S.A., Gliwice, Poland) from an aqueous
solution of (Co(NOg3),-6H,O (Acros Organics, Thermo Fischer Scientific, Kandel, Germany)
onto the Nd,Oj3 suspension. The synthesis was conducted at a double molar excess of the
precipitating reagent relative to the amount of cobalt nitrate salt. The solution temperature
was 85 °C and a mixing speed of 500 rpm was used. The precipitation process was
continued until pH = 9 was established, and then the mixture was aged for 1 h. After
ageing, the solution was cooled to room temperature and filtered at a reduced pressure
(p = 50 mbar). Then the precipitate was washed with distilled water from the residues
of potassium, nitrate and carbonate ions to a pH ~ 7 of the filtrate. The purified sludge
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was dried for 24 h at 120 °C. Obtained materials were calcined in air at 500 °C for 5 h. A
neodymium oxide suspension was used as a substrate only for the synthesis of the first
Co(10)/Nd0O3 precursor system. For the subsequent Co(X)/Nd,O3 systems, the precursor
form of the Co(X-10)/Nd,O3 system was used as the suspension on which another portion
of cobalt(II) carbonate was deposited. The cobalt carbonate deposition process was repeated
in a precipitation-calcination cycle, increasing the cobalt content by the assumed value
of 10 wt.%. The precursors were then tabletted, crushed and sieved to obtain a grain
fraction of 0.2-0.63 mm. Fractioned precursors were later subjected to the in-situ activation
(reduction) procedure directly before the measurements that required a reduced form of
the catalyst. The composition of the obtained catalysts in the reduced (active) form, i.e.,
metallic cobalt deposited on neodymium oxide, is presented in Table 5.

Table 5. Composition of reduced cobalt catalysts determined with ICP-AES.

Parameter CO(lO)/Nd203 C0(19)/Nd203 C0(31)/Nd203 C0(39)/Nd203 CO(SO)/Nd203

Co content 9.9 194 308 386 196
[Wt. /o]

Nd content 770 65.6 59.6 46.8 39.5
[Wt.(yo]

3.2. Characterisation Methods

Textural parameters of the catalyst precursors were determined by N, physisorption
(Micromeritics Instrument Co., Norcross, GA, USA). Before the measurement, each sample
of ca. 0.5 g was evacuated under vacuum p < 100 umHg for 1 h at 90 °C and then for the
next 4 h at 300 °C. The specific surface area (Spgt) of all the materials was determined based
on a five-point measurement in the p/py = 0.01-0.3 relative pressure range approximated
with the Brunauer-Emmett-Teller (BET) isotherm. The total pore volumes (Vpor) were
determined based on the multipoint measurement in the p/py = 0.01-1 relative pressure
range approximated with the Barrett-Joyner-Halenda (BJH) isotherm and were defined for
p/po = 0.995.

Temperature-programmed hydrogen desorption (H,-TPD) was carried out with the
AutoChem 2920 (Micromeritics Instrument Co., Norcross, GA, USA) equipped with a TCD
detector, using U-shaped quartz reactors and utilising high purity (>6 N) gases. Hp-TPD
profiles were captured for reduced catalyst samples. The reduction was carried out in-situ
for 16 h at 550 °C in the H, flow (40 cm® min~!). After the reduction process, the samples
were rinsed with an inert gas at 620 °C for 1 h and then cooled to 0°C. Hydrogen was
adsorbed during cooling from 150 °C to 0 °C and for 15 min at 0 °C. Then the samples
were rinsed with Ar for 60 min to eliminate physisorbed H;. Next, hydrogen desorption
was conducted during a temperature increase from 0 °C to 800 °C at a heating rate of
10 °C min~!. The concentration of the desorbed hydrogen was measured with a TCD. The
desorption profiles were used to calculate the amount of hydrogen desorbed from the
metallic Co surface and to estimate the active phase average particle size (assuming the
stoichiometry of H, adsorption on cobalt H:Co = 1:1) [57,58].

The X-ray powder diffraction method (XRPD) determined the phase of precursors
and catalysts in the reduced form. The diffraction measurements of catalyst precursors
and their active forms were performed in-situ on an X'Pert PRO MPD diffractometer
(Philips PANalytical, Almelo, The Netherlands) using CoK,, radiation, operating in a
Bragg-Brentano configuration, coupled to an XRK 900reaction chamber (Anton Paar, Graz,
Austria). The diffraction data were collected in the 20 scattering range of 20°-90°, with
0.02° step size and 400 s count time per step. Crystalline phase identification was performed
using the PANalytical High Score Plus software with the ICDD PDF4+ 2021 database. The
weight concentrations of individual crystalline phases were determined based on full-range
refinement of the diffraction profile using the Rietveld method. The catalysts were reduced
in an H, (N5.0, Messer, Warszawie, Poland) stream, with a flow rate of 100 cm3-min~—!, ata
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temperature of 500 °C for 10 h. Diffraction analyses of both catalyst precursors and their
active forms were carried out at an ambient temperature.

The X-ray photoelectron spectroscopy (XPS) analysis was carried out for the oxide
precursors and the reduced samples. The measurements were conducted using Al K«
(hv = 1486.6 eV) radiation in a Prevac (Rogéw, Poland) system equipped with Scienta SES
2002 electron energy analyser operating at constant transmission energy (Ep = 50 eV). The
reduction of precursors was conducted in a High-Pressure Cell (HPC) of an ultra-high
vacuum (UHV) system. A small tablet of a sample, approximately 10 mm in diameter, was
placed on a sample holder and introduced into HPC. Hydrogen (N5.0 Messer, Poland) was
passed through the sample at a constant flow of 20 cm®-min~!. The sample was heated to
500 °C. The reduction was carried out for 5 h. The sample was then transferred under UHV
to the analysis chamber of the electron spectrometer.

TEM investigation of specimens of spent catalysts was carried out using an FEI Titan
Cubed 80-300 (FEI Technologies Inc., Hillsboro, OR, USA) microscope operating at 300 kV
with a point resolution of 70 pm. The overview images were registered in bright-field
TEM mode at magnifications ranging from 7100x to 31,000 x, while the HRTEM images
were collected at magnifications from 340,000x to 520,000x. The Gatan BM-Ultrascan
CCD (Gatan Inc., Pleasanton, CA, USA) camera was used to record both types of images.
STEM images were recorded using a HAADF detector and the elemental mapping of the
samples was obtained using the in-situ EDX spectrometer. The test material (0.5 mg) was
suspended in ethanol (2 mL) and sonicated for 60 s. A drop (20 uL) of the suspension was
deposited on a standard TEM copper grid with a diameter of 3 mm, coated with a 30 nm
thick amorphous carbon film (EM Resolutions Ltd., Sheffield, UK). After the complete
evaporation of the alcohol, the grid was ready for microscopic observations.

Catalytic activity measurements in the ammonia synthesis reaction of Co/Nd;Oj3 cata-
lysts were carried out in a tubular flow reactor supplied with a very pure (99.99995 vol.%)
Hj,/Nj = 3 stoichiometric mixture (gas flow rate 70 dm? h~!) under semi-industrial con-
ditions: temperature of 470 °C and pressure of 6.3 MPa. A detailed description of the
apparatus used can be found elsewhere [15,59]. Before the measurements, the catalyst sam-
ples were activated under atmospheric pressure in the reacting gas mixture consecutively
at 470 °C for 72 h, then 520 °C for 24 h and 550 °C for 48 h. The outlet concentration of
ammonia was measured using an interferometer. The catalytic activity was determined
and expressed as an average reaction rate based on the measurement results. Moreover,
based on the chemisorption data and activity measurements, an activity of the catalyst’s
surface (expressed as TOF value) was calculated.

4. Conclusions

In summary, a series of Nd,Os-supported Co catalysts of various active phase (metallic
cobalt) loading (10-50 wt.%) were synthesised with recurrent deposition precipitation,
characterised and tested in NHj synthesis. The increase in productivity with the increase in
cobalt content was observed in the entire loading range. The increase was linear, however
it was disproportionately smaller than the increase in the active phase content. Despite this,
catalyst TOF was relatively constant and oscillated around ca. 0.125 s~ ! in the broad Co
loading range. Only the catalyst with the lowest cobalt content displayed a significantly
lower TOF. It was attributed to the decrease of the average cobalt particle size below the
optimum of 20 nm. The decrease in size entailed the exponential growth of uncoordinated
structures on the particle surface composed of strong hydrogen-binding sites, as the cobalt
particles are composed of a face-centred cubic phase regardless of the size. The surface state
of high-energy binding sites predominance leads to the poisoning of the cobalt surface with
hydrogen under the ammonia synthesis reaction conditions. Hence, the activity is limited
by blocking of the active sites for nitrogen adsorption, thus inhibiting the rate-determining
step of the process.
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