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Abstract: High priority in developing an efficient cobalt catalyst for ammonia synthesis involves
optimizing its composition in terms of the content of promoters. In this work, a series of cobalt
catalysts doubly promoted with cerium and barium was prepared and tested in ammonia synthesis
(H2/N, =3, 6.3 MPa, 400 °C). Barium content was studied in the range of 0-2.6 mmol g, ~!. Detailed
characterization studies by nitrogen physisorption, SEM-EDX, XRPD, H,-TPR, and H,-TPD showed
the impact of barium loading in CoCeBa catalysts on the physicochemical properties and activity
of the catalysts. The most pronounced effect was observed in the development of the active phase
surface, a differentiation of weakly and strongly binding sites on the catalyst surface and changes in
cobalt surface activity (TOF). Barium content in the range of 1.1-1.6 mmol gc, ! leads to obtaining
a catalyst with the most favorable properties. Its excellent catalytic performance is ascribed to the
appropriate Ba/Ce molar ratio, i.e., greater than unity, which results in not only a structural promotion
of barium, but also a modifying action associated with the in-situ formation of the BaCeOj3 phase.

Keywords: ammonia synthesis; cobalt catalyst; barium; promoter; optimization

1. Introduction

Many industrial processes require the use of catalysts to carry out a reaction at a
suitable rate and under desirable conditions. A classic example of heterogeneous catalysis
is ammonia synthesis over Fe- or Ru-based catalysts. These metals alone are almost inactive
in ammonia synthesis [1-3], but their activity significantly increases in the presence of some
compounds. These compounds, added to catalysts in small amounts, are called promoters,
and they play a crucial role in heterogeneous catalysis [4]. They improve catalyst properties
by enhancing activity, lifespan (long-term stability), and selectivity. Promoters can be
divided into structural and electronic promoters, depending on the mode of their action.
Structural promoters primarily increase the catalyst’s activity by increasing the surface
area of an active phase. Electronic (chemical) promoters increase the catalytic activity by
modifying the active metal and by increasing the reaction rate per surface area [5,6]. This is
a general description, but the function of each promoter is always specific to the particular
catalytic system and the particular reaction.

In the case of a fused iron catalyst for ammonia synthesis, aluminum oxide, calcium
oxide, and magnesium oxide are typically used as structural promoters [7]. They stabilize
the active planes of the metal (role of Al,O3), increase and stabilize the catalyst surface
area during reduction (role of CaO and MgO), and increase the catalyst resistance to
impurities (role of CaO). Moreover, potassium oxide is used as an electronic promoter. It
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can increase the rate-limiting step of dissociative nitrogen adsorption [8] or decrease the
concentration of produced ammonia adsorbed on the iron surface, and hence make more
active sites available for nitrogen [9]. In the case of ruthenium, alkali metals are electronic
promoters whose influence is similar to that noted for the iron catalyst [2,10-12]. High
activity in ammonia synthesis was also achieved by promoting ruthenium by cesium and
barium [13,14].

Among the alkaline earth metals, barium is of particular attention as a very effective
promoter of catalysts for the synthesis of ammonia [15-27]. Its role is significant and has
been thoroughly investigated by many researcher groups, but its effect has not been fully
explained. Some authors have shown that it is a structural promoter [18-20], whereas
others postulate that it exhibits an electronic effect [21-23]. There is also a viewpoint
in which the influence of barium may have a mixed character, i.e., both structural and
electronic [15,24,27]. A cobalt catalyst doubly promoted with cerium and barium was the
subject of our previous research [15,27]. These cobalt—cerium-barium systems exhibited
very high activity in ammonia synthesis. The studies revealed that the double promotion
of cobalt with Ce and Ba causes an approximately twofold increase in catalyst activity,
compared to the cobalt system promoted only with barium, and over tenfold increase in
activity compared to the cobalt system doped only with cerium. The particularly beneficial
properties of the catalyst result from the synergistic action of the two promoters. Cerium
oxide is a structural promoter in cobalt—cerium-barium systems preventing Co particles
from sintering during the reaction and stabilizing the active hcp cobalt phase [15,27-29].
Optimal cerium oxide content (1.0 mmol gc, 1), i.e., one which provides the most favorable
catalytic properties, was determined during our further studies [28]. In the case of barium,
although it mainly exhibits an electronic character, structural effects have been observed.
However, the most important is the participation in the in-situ formation (under the
conditions of catalysts activation) of the BaCeOj3 phase. It is the third promoter with strong
electron-donating properties and the ability to differentiate the structure of hydrogen
adsorption sites (co-existence of weakly and strongly binding sites) on the active phase
surface. However, these observations were carried out only for one catalyst composition
(Ce content 1.0 mmol gc, !, Ba content 1.4 mmol gCo_l) [15,27].

As a continuation of the systematic studies of barium-promoted cobalt catalysts, in
this work, we studied ammonia synthesis on doubly promoted cobalt—cerium-barium
catalysts of various barium content (in the range of 0-2.6 mmol gc, ~!). The main goal was
to determine the optimal content of the barium promoter, providing the most favorable cat-
alytic properties of the studied CoCeBa systems. Thorough characterization studies of the
prepared materials by nitrogen physisorption, Scanning Electron Microscopy with Energy
Dispersive Spectroscopy (SEM-EDX), X-ray Powder Diffraction (XRPD), Temperature-
Programmed Reduction with hydrogen (H;-TPR), and Temperature-Programmed Desorp-
tion of hydrogen (H,-TPD) were used to determine the influence of the barium content
on the properties and catalytic performance of the doubly promoted cobalt catalysts in
ammonia synthesis.

2. Results and Discussion
2.1. Textural Characteristics (N, Physisorption)

The textural characteristics of the catalyst precursors are summarized in Table 1.
A small addition of the barium promoter (0.2 mmol gco_l) results in a decrease of the
specific surface area (Sggt) of the precursor by about 11% and an over twofold decrease of
the total pore volume (Vp) (CoCeBa(0.2)), compared to that of the precursor without barium
(CoCe). When the barium content in samples is increased to 1.4 mmol Ba gco_l, a further
decrease in Spgr and Vp values is observed, which is probably a result of filling pores with
the barium salt. In the samples containing 1.6 mmol Ba gCO’l and more, changes in textural
parameters (Spgt, Vp) are negligibly small. Selected precursors of small, medium, and high
Ba content were reduced in-situ, and their specific surface areas were measured (Table 1,
Sr values). A significant decrease in a specific surface area of the materials is observed
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due to reduction. For example, the surface of the CoCe sample decreases after reduction
over 11 times, and in the case of CoCeBa(2.6), the specific surface area after reduction is
nearly 22-times smaller than before the reduction. For CoCeBa(1.4)e, the specific surface
area after reduction was only 5 times lower. This indicates that barium has a beneficial
effect when added in an optimal amount and effectively prevents sintering of the grains
during reduction. The increase of the specific surface area with an increase of the barium
content is observed for samples containing 0.2-1.4 mmol Ba gc,~!. The Sy value for the
reduced sample promoted by a small amount of barium (CoCeBa(0.2)) is approximately 9%
larger than the surface area of the reduced sample without barium (CoCe). The highest Sg
value after reduction is observed for CoCeBa(1.4). Further increase of barium content, i.e.,
over 1.4 mmol Ba gc, ™!, caused a decrease in the surface area of the reduced samples. The
observed effects indicate that barium may behave as a structural promoter. However, there
is an optimum content of Ba, which may develop the catalyst surface. After exceeding it,
the catalyst grains sinter, resulting in decrease of the specific surface area of the catalysts.

Table 1. Chemical composition and textural parameters of the promoted cobalt catalysts.

Catalyst Ba Content ! (mmol gc,~1) Ba/Ce Molar Ratio?  Sggy 3 (m? g—1) Sg 4 (m?g-1) Vp % (em3 g—1)

CoCe 0.00 - 85 7.5 0.34
CoCeBa(0.2) 0.20 0.2 76 8.2 0.15
CoCeBa(0.5) 0.48 0.4 67 - 0.14
CoCeBa(1.1) 1.05 0.9 63 - 0.14
CoCeBa(1.4) 1.36 1.2 52 10.7 0.12
CoCeBa(1.6) 1.61 14 52 - 0.12
CoCeBa(2.0) 1.95 1.7 53 5.0 0.15
CoCeBa(2.2) 2.19 2.0 52 49 0.15
CoCeBa(2.6) 2.62 2.3 52 24 0.14

1 Values determined based on mass balance after impregnation of the Co3Oy4 + CeO, sample. 2 Cerium content is
constant and equal to 1.1 mmol gcofl, the value calculated based on the cerium oxide content in the Co304 + CeO,
sample determined using TG-MS. 3 Sper—specific surface area estimated based on the BET isotherm model.
4 Sg-specific surface area estimated based on the BET isotherm model after hydrogen activation. > Vp—total pore
volume estimated based on the BJH isotherm model.

2.2. Reduction Behavior of the Studied Catalysts (H,-TPR)

In order to investigate the effect of the barium promoter content on the reducibility of
the cobalt catalysts, temperature-programmed reduction measurements were performed.
Figure 1 shows the reduction profiles for the studied catalysts. The area of the graph
presented in Figure 1 was divided into areas marked as I, II, IIla, and IIIb to simplify the
description of the obtained signals. In the reduction profile of the CoCe sample, which in
the oxidized form is a mixture of Co3O4 and CeO, oxides, two peaks (marked in Figure 1
as I and III) are observed, with maxima at 289 °C and 479 °C, respectively. These signals
correspond to a two-step reduction of cobalt oxide to metallic cobalt [30,31], in accordance
with Equations (1) and (2):

Co304 + Hy — 3Co0 + H,0 1)

3C00 + 3H, — 3Co + 3H,0 @)

Under the measurement conditions (temperature increase from 30 to 700 °C at a
constant rate of 10 °C min~?, 10 vol.% H, / Ar), cerium (IV) oxide did not undergo reduction,
which has been reported in previous studies [15,28]. It is noted that the introduction of
the barium promoter to the systems containing cobalt (ILIII) oxide and cerium (IV) oxide
causes a change in the course of their reduction (Figure 1). The TPR profiles of the samples
containing barium show a small peak (I) of constant area and maximum in the range of
210 °C £ 15 °C, which may be related to the decomposition of the barium salt. The position
of peak II is not influenced by the barium content in the system. Its maximum occurs at the
temperature of 299 °C + 8 °C. However, in the case of the samples containing barium in the
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amount of 1.4 mmol gc, ~! and more, the intensity of peak II slightly increases. Presumably,
it results from the overlapping of the peaks related to the reduction of Co304 to CoO
and further decomposition of the barium salt. In the profiles of the samples containing
0.2-1.1 mmol Ba gc, !, the maximum of peak III shifts towards higher temperatures with
increasing barium promoter content. For the samples containing 1.4 mmol Ba g, ! and
more, two peaks (Illa and IIIb) are observed instead of one in the region where peak
III is present. The maximum of peak Illa occurs in a constant temperature range, i.e.,
435 °C £ 5 °C, while the maximum of peak IIIb shifts from the position at 554 °C for
CoCeBa (1.4) towards lower temperatures with increasing barium content. Moreover, with
the addition of more barium promoter, the decrease in the intensity of peak IlIb is observed,
accompanied by the increase in the intensity of peak Illa. Finally, in the reduction profile of
CoCeBa(2.6), a very high intensity of peak Illa and a negligibly small IIIb peak are observed.
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Figure 1. Reduction profiles of the cobalt catalyst promoted with cerium and with a barium loading
in the range: 0-2.6 mmol gc, ! (measurement conditions: 30-700 °C, 10° C min~!, 10 vol.% H, / Ar).

It can be clearly stated that the addition of barium in the range of 0.2-2.2 mmol Ba g, !

hinders the process of the CoCeBa catalysts reduction. It requires a longer time and ends
at a higher temperature than in the case of a sample without barium (CoCe). Additional
peaks and complexity of the CoCeBa catalyst precursor reduction profiles are most likely
related to the decomposition of barium salts.

2.3. Chemisorption Characteristics of the Active Phase Surface (H,-TPD)

The profiles of hydrogen desorbing from the surface of the promoted cobalt catalysts
with different barium content are presented in Figure 2. The hydrogen desorption curves
obtained for the samples containing 0-1.1 mmol Ba gc, ! consist of one broad peak in
the low-temperature range (), extending from about 50 °C to 550 °C. Its maximum is
observed at a temperature of about 170 °C. In the profiles of the samples containing
1.4 mmol Ba gc, ! and more (i.e., in the cases where barium is in molar excess to cerium),
apart from the low-temperature peak (x), a high-temperature peak (3) appears with a
maximum in the range 520-550 °C. The low-temperature peak shifts slightly towards
lower temperatures as the barium content in the samples increases. In the case of the
high-temperature peak, the maximum changes its position slightly. However, there is no
clear trend of this change. The low-temperature signal () corresponds to the desorption
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of hydrogen weakly bound to the cobalt surface. In contrast, the high-temperature signal
(B) corresponds to the desorption of Hj strongly interacting with cobalt [32]. This means
that samples containing barium in the content range of 0~1.1 mmol Ba gc, ! have only
weak hydrogen-binding sites on their surface. In contrast, on the surface of cobalt in the
samples containing 1.4 mmol Ba gc, ! and more, both weakly and strongly hydrogen-
binding sites coexist. As the barium content increases, the intensity of the low-temperature
peak decreases. The area ratio (3/«, Table 2) of peaks corresponding to strongly and
weakly-binding sites on the surface of catalysts increases with barium content above
1.4 mmol Ba gcofl, and reaches the highest value for the CoCeBa(2.2) system. Moreover,
for the two systems with the highest barium content, CoCeBa(2.2) and CoCeBa(2.6), the
high-temperature (3) peak begins to dominate the low-temperature (x) one in terms of
the area. The observed phenomena, i.e., peak sharpening, slight temperature shifts of
their location, appearance of new peaks, indicate the restructuration of the cobalt systems
surface, occurring with the increase in barium content. Not only does the number of
hydrogen-binding sites change, but the homogenization of their energy and formation
of new types of sites also becomes visible. Therefore, it may be stated that these results
support the conclusion that barium exhibits the role of a structural promoter in the studied
cobalt catalysts.
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Figure 2. Profiles of hydrogen desorption from the surface of the cobalt catalyst promoted with

cerium and with a barium loading in the range: 0-2.6 mmol gc, !
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Table 2. Chemisorption characteristics of the promoted cobalt catalysts.

H, Uptake (umol gc, 1)

Catalyst - Peak 8 Peak /o Peak Area Ratio Sco ! (m? gy~ 1) dco.pp 2 (nm)

CoCe 121.4 - - 7.7 88
CoCeBa(0.2) 162.5 - - 10.3 66
CoCeBa(0.5) 160.8 ; ; 102 66
CoCeBa(1.1) 154.4 . . 9.8 69
CoCeBa(1.4) 100.1 61.4 0.6 10.2 66
CoCeBa(1.6) 102.7 59.4 0.6 10.2 66
CoCeBa(2.0) 83.2 62.9 0.8 9.2 73
CoCeBa(2.2) 46.5 65.0 1.4 7.1 96
CoCeBa(2.6) 436 48.0 11 5.6 117

1 Sc,_surface area of the active phase (cobalt) estimated based on H,-TPD measurement results.
2 dco-TPD—average cobalt particle size estimated based on Hp-TPD measurement results.

Based on the hydrogen desorption curves (Figure 2) and calculated H, uptake (Table 2),
the average size of metallic cobalt particles (dco-rpp) and the active phase surface area (Sc,)
were determined. The data presented in Table 2 show that even a small addition of the
barium promoter (0.2 mmol Ba gco_l) results in a significant, i.e., about 33%, increase in the
active phase surface, compared to that of the catalyst without the barium promoter (sample
CoCe). The addition of a larger amount of barium (in the range of 0.5-1.6 mmol Ba gco’l)
does not significantly change the Co surface area—for all these systems, the Sc,, value is
constant and amounts to approx. 10 m? gc, ~!. However, a further increase in the content
of the barium promoter, i.e., above 1.6 mmol Ba gCo’l, causes the surface of the active
phase to gradually decrease. The largest cobalt particle size (dc,-1pp) was determined, and
thus the lowest metallic cobalt surface (Sc,) was observed for CoCeBa(2.6), which has the
highest Ba content.

2.4. Phase Composition of the Precursors and Catalysts in the Reduced form (XRPD)

The phase composition of the selected promoted cobalt catalysts was analyzed using
XRPD. The materials in the oxidized (catalyst precursors) and reduced (catalysts) forms
were investigated. The recorded diffraction patterns are presented in Figure 3. Reflexes
from Co30y are visible in the diffraction patterns of all oxidized samples (Figure 3a).
However, there are no reflexes from CeO,. This may indicate the presence of a weakly
crystallized or amorphous and/or highly dispersed cerium oxide. The presence of signals
from two different Ba-containing phases is observed. Barium nitrate signals are clearly
visible for the samples with high barium content. Barium nitrate was used for impregnation
and the introduction of a substantial amount of this salt could cause a crystallization of
this compound in the form of larger particles, detectable by XRPD. For the samples with
low barium content, the amount of salt could be too small to form particles of a size
appropriate for XRPD analysis or they were better dispersed within the samples. For
the catalysts in the reduced form (Figure 3b), signals derived from Ba(NOs), are not
detected. According to the literature reports [33], Ba(NO3); is transformed into amorphous
BaOy species under ammonia synthesis reaction conditions. The subsequent reaction of
BaOy species with atmospheric CO, could cause the formation of BaCOj3 particles (ex-
situ XRPD measurements for the catalyst samples removed from the ammonia synthesis
reactor). Drying barium nitrate at 120 °C should not cause the decomposition of the
compound. According to the author of [34], the decomposition of pure barium nitrate
occurs above 530 °C. Nevertheless, the dispersion of barium nitrate on the surface of
another material significantly lowers the decomposition temperature. During drying of the
catalyst precursors, the dispersed salt could presumably be partially decomposed into BaO,
and due to contact with air (containing CO,), it could transform into BaCOj3. Hence, there
are visible signals of this phase in the catalyst precursor samples (Figure 3a).



Catalysts 2022, 12,199 7 of 14
(a) (b)
T T T A A P T T A A T T T T T T A T T i L W i L e i s
(
® Co 0 -
o 374 * BaCO,
3 * BaCO, b 1
T o < Ba(NO,), . 1 ® Ba(Ce0,)
L . 2| V¥ CeO,
* . ) 2
S - * . L 2| %
s Tt » | xxy . o . - * el . > S
3 3
< H 4 . 2 . . < . ) || =
— ?o"‘.w"."t *lase oA A e - . = - *» Y o 1
2 __J\wws‘u\/ Lg% A0 W DU, U RN S, e 2 J
Z . . e 2 o« ° CoCeBa(2.0) z ’l. “oCeB:

8 "4 it e ® . - 2 5 . o % o ,  CoCeBa(2.0)
| — 4 | sl
° . . ) { Il o o >

. AN ® o A A ° ° A > )il v
. e % CoCeBa(0.2) r ¢ s b
. ° > > > CoCeBa(0.2)
0 v NI ) v
0Ce o)
of CoCe i
APPTY PYTTTRTTTY FETTTTTITY FITTTTITTY ITTTTTITTI IYTTTTITTY IYTTTTTTY IYRTTRTTNL INPTTTIN YITY FYYTTTTTTY FYYTTTTITY FYTTUTTINY IYTTTTINY INTTUTTNTY INTETTTTTY FRYRYRTIY FATTTITT
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100

20 [deg] 20 [deg]

Figure 3. XRPD patterns of the cobalt catalysts promoted with cerium (CoCe) or cerium and barium
(CoCeBa) in the form of a precursor (a) and the reduced form (b).

In the case of reduced samples, metallic cobalt is observed (Figure 3b). There are
visible signals typical for hexagonal close-packed cobalt (Co hcp: 41.6° and 47.5°) and
face-centered cubic cobalt (Co fcc, 51.5°). The reflexes at the 26 angles = 44.4°, 75.9°, and
92.4° may come from both phases—Co hcp and Co fcc. It is also worth noting that the
form of promoter results from the interaction between barium and cerium compounds in
the samples. In CoCeBa(0.2), the cerium promoter is present in the form of two chemical
compounds: cerium oxide (CeO,) and barium cerate (BaCeO3), whereas barium is only
observed in the form of BaCeOj3. As indicated in Table 1, in sample CoCeBa(0.2), cerium
is present in molar excess to barium, so the phase composition determined by XRPD is
consistent with the chemical composition. For other samples (i.e., CoCeBa(1.4), CoCe(2.0),
and CoCeBa(2.2)), where the Ba/Ce molar ratio is greater than unity (Table 1), no cerium
oxide phase is observed, as Ce is likely to be bound entirely in the form of barium cerate.

Based on the results obtained from XRPD measurements, the average cobalt oxide
crystallite size (dco304-xrD) fOr the precursor samples and the average metal cobalt crys-
tallite size (dco-xrp) for the reduced samples (ex-situ measurements) were estimated and
are presented in Table 3. The average size of cobalt oxide crystallites (dco304-xrD) in all
the samples is similar and equals approx. 11 nm. This result may suggest that barium
has no structure-forming effect on cobalt in the case of oxidized materials, i.e., it does not
increase or decrease the surface area of the cobalt oxide. The estimated average crystallite
size of the metallic cobalt in the reduced samples (dco-xrp) are also similar (in the range of
21-26 nm) and much lower than the dc,.rpp values calculated based on the chemisorption
measurements (Table 2). This may be because the XRPD method can determine small cobalt
crystallites, structurally ordered fragments of larger aggregates (agglomerates). However,
during chemisorption measurements, only the outer surface of the particles is available
for the adsorbate. Consequently, the values of d¢,-Tpp related to cobalt particles may be
greater than the values of dco.xrp related to cobalt crystallites.

2.5. Morphology and Element Distribution of the Catalysts in the Reduced form (SEM-EDX)

Figure 4 contains SEM images of the selected catalysts in the reduced form. They show
that the morphology of CoCe and CoCeBa(0.2) samples is similar. Both materials consist of
nanoparticles formed into larger grains. Although the images show the surface morphology
regardless of its composition, they confirm previous observations and conclusions drawn
for the active phase of the catalyst from H,-TPD and XRPD analyses (Table 2—dco-trp
values and Table 3—dc,-xrp Values, respectively). It was then found that the differences
observed between the cobalt crystallite sizes estimated based on these two methods result
from the fact that the crystallites of the active phase with an ordered crystal structure
(detectable by the XRPD method) may aggregate into larger particles (agglomerates). Their
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size resulting from the development of their external surface, accessible to gaseous probe
molecules, is estimated based on H,-TPD data. The SEM analysis also confirms that
CoCeBa(1.4) is a catalyst with a well-developed surface. In fact, it has the most developed
surface among the samples tested with this method, which is in good agreement with the
results of textural studies of the reduced form of this sample. It can also be seen (Figure 4)
that CoCeBa(2.2) differs in morphology from the other samples due to high barium content.
The particles which form the grains of the catalyst containing 2.2 mmol Ba gc, ! are much
larger than in the case of the other tested catalysts. Consequently, the sample’s surface
is smaller, i.e., less developed. These observations are also consistent with the results of
the specific surface area after reduction (Table 1—Sg values) and active phase surface area
(Table 2, Sc, values) obtained for the studied catalysts.

Table 3. The crystallite sizes of Co-containing phases of the promoted cobalt catalysts.

Catalyst dco304-XRD 1 (nm) dco-xrRD 2 (nm)
CoCe 10 22
CoCeBa(0.2) 11 24
CoCeBa(1.4) 12 21
CoCeBa(2.0) 11 21
CoCeBa(2.2) - 26
CoCeBa(2.6) 10 -

1 The mean cobalt oxide crystallite size (dcoz04-xrD) for the precursor samples. 2 The mean metal cobalt crystallite
size (dco-xrp) for the reduced samples (ex-situ measurements).

Figure 4. SEM images and corresponding BSE images of selected promoted cobalt catalysts in the
reduced form (ex-situ measurement): (a) CoCe, (b) CoCeBa(0.2), (c) CoCeBa(1.4), (d) CoCeBa(2.2).
The selected grains taken into account in the element distribution analysis (EDX) are marked in red.

The distribution of Co, Ce, and Ba elements on the surface of the tested catalyst samples
in their reduced form was determined using EDX analysis. The results of the relative ratios
of the elements in three randomly selected points (Figure 4) on the surface of the samples
are presented in Table 4. In all the tested catalysts, at each of the selected measuring
points, the Co/Ce ratio is similar, which indicates a uniform distribution of cobalt and
cerium on the catalyst surface. This is due to the preparation of the catalyst precursor by
co-precipitation, which ensures a good distribution of the cerium promoter throughout the
sample. However, in the Ba-promoted samples, the distribution of barium with respect to
cobalt is not uniform. The Co/Ba ratio discrepancies between selected points may be due
to the method of sample preparation, i.e., incipient wetness impregnation method, which
does not ensure uniform deposition of the promoting element on the catalyst surface.
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Table 4. Distribution of Co, Ce, and Ba (relative ratio of the elements in three randomly selected
points) on the surface of the promoted cobalt catalysts.

Element Share (%) Elements Ratio
Catalyst Point
Co Ce Ba Co/Ce Co/Ba

1. 88.5 115 . 7.7 .

CoCe 2. 88.4 11.6 - 76 -

3. 88.0 12.0 . 73 .
1. 85.7 11.3 3.0 7.6 28.6
CoCeBa(0.2) 2. 86.8 11.5 1.7 75 51.1
3. 85.6 11.3 3.1 7.6 27.6
1. 79.4 9.0 11.7 8.8 6.8
CoCeBa(1.4) 2. 77.9 9.1 13.0 8.6 6.0
3. 69.2 7.8 23.0 8.9 3.0
1. 79.1 9.9 11.1 8.0 7.1
CoCeBa(22) 2. 753 8.8 15.9 8.6 47
3. 51.5 6.3 2.2 8.2 23.4

2.6. Activity in NH3 Synthesis (Catalytic Activity Measurements)

Measurements of the catalyst activity were carried out, and the average reaction rate
(rav) of ammonia synthesis was determined. Based on r,y values and H, uptake values
(from H,-TPD measurements), the surface activity of the catalyst, expressed as the turnover
frequency (TOF), was determined. The results are shown in Figure 5.

5 04
— 41 0.3
=
- <
3 L
o 102
I
£ 2
K
1 0.1
0 I 1 I I 1 OO

0.0 0.5 1.0 1.5 20 2.5 3.0
Ba content (mmolg, g, ™")

Figure 5. Dependence of activity of the promoted cobalt catalysts on the barium promoter content.
Activity expressed as an average NHj synthesis reaction rate (ray, ) and TOF (M); measurement
conditions: T =400 °C, p = 6.3 MPa, H, /N, = 3; TOF was determined based on r,y values and the
hydrogen chemisorption data.

The addition of a small amount of barium (0.2 mmol Ba gcofl) results in an almost five-
fold increase in average reaction rate and a 3.5-fold increase in the TOF value, compared
to the catalysts without barium (CoCe). With a further increase in barium content, i.e.,
in the range of 0.2-1.4 mmol Ba gco’l, the r,y value increases, which may be a direct
result of the development of the cobalt surface (Sc,, Table 2) in the catalysts. The average
reaction rate (ray) reaches a maximum value for CoCeBa(1.4), and decreases with a further
increasing of the barium content. The gradual increase in the activity with the addition
of the barium promoter is a result of an electronic effect of barium. Its presence causes a
donation of electrons to the cobalt surface, which then facilitates the cleavage of adsorbed
dinitrogen. This function of the alkaline dopant was also indicated in our previous studies
of the discussed cobalt systems [15,27,35], other cobalt catalysts [17,36,37], and ruthenium
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catalysts for ammonia synthesis [2,11,12,19-24]. Moreover, it is worth nothing that no
sign of deactivation of the studied catalysts was observed after overheating (600 °C, 72 h),
indicating that all the catalysts display stable performance—a critical parameter, especially
in industrial processes. When analyzing the surface activity of the catalysts, it should be
noted that the TOF value initially increases with increasing barium content in the samples.
Then, for samples containing barium in the range of 1.1-2.6 mmol Ba gco_l, it reaches a
constant value of approx. 0.2 s~1. Thus, the decrease in the average reaction rate observed
for the samples with the highest barium content may be related to the substantial decrease
of the active phase surface (Sc,, Table 2).

The superior performance of the CoCeBa(1.4) catalyst for ammonia synthesis is re-
vealed by comparison to the literature results with similar reaction conditions (Table 5). It
can be seen that the ruthenium catalysts display higher NHj synthesis rates, compared to
the iron and cobalt catalysts. However, the activity of the CoCeBa(1.4) catalyst is much
higher than that of the commercial fused iron catalyst (about three-fold). Thus, it might be
considered as a valuable alternative to the iron catalyst for ammonia synthesis.

Table 5. The comparison of NHj3 synthesis rate (rnp3) over cobalt, iron, and ruthenium catalysts
under the pressure of about 6 MPa and 400 °C.

Catalyst rnH3 (8NH3 8eat 1 h™1) Reference
Fe 12 [11]
Co@BaO/MgO-700red 3.1 [38]
Ru/CeO, 54 [39]
K-Ru/C 44 [11]
CoCeBa(1.4) 34 This work

Summarizing the presented results, it should be stated that the catalytic properties of
the cobalt systems doubly promoted with cerium and barium strictly depend on the content
of barium. When the cerium promoter is present in molar excess to barium (Ba/Ce <1,
Table 1), barium acts as a typical structural promoter. It prevents the sintering of cobalt
particles during reduction, causing the development of the active phase surface and thus an
increase in the activity of the catalysts in ammonia synthesis. However, in cases where the
barium to cerium ratio is greater than unity (Ba/Ce > 1, Table 1), the modifying (electronic)
character of the barium promoter is also revealed. It was observed that despite the decrease
in cobalt surface, the surface activity (TOF values) of the catalysts containing more than
1.4 mmol Ba gCO’l remained at a high and stable level. However, considering our previous
investigation of the synergistic effect of the cerium and barium promoters in the cobalt
catalyst [15,28], the properties of the cobalt-cerium-barium systems should also be related
to the presence of the BaCeOj3 phase. For barium-rich catalysts (Ba/Ce > 1), the binding
of the entire cerium promoter in the form of BaCeOj3 ensures that in all these systems, the
amount of this third promoter, which exhibits a strong electron- donating effect on the
cobalt surface, is similar. This is reflected by the nearly constant TOF value, indicating a
similar surface activity of the active phase of these materials. The lack of a free cerium
promoter in the form of CeO; (i.e., not bound in BaCeOj3) causes the decay of the structural
influence of cerium, which explains the decrease in the active phase surface area (Table 2).
The effect of the decrease in the cobalt surface for the barium-rich catalysts may also be
associated with the phenomenon of surface enrichment with barium, in which the barium
promoter introduced in excess in relation to cerium may accumulate on the cobalt particles,
blocking the access of the reagents to the active sites of the catalyst. This phenomenon was
previously observed in our studies of cobalt systems promoted with barium [36]. Based
on the results of the conducted experiments, the optimal barium promoter content in the
CoCeBa catalyst was established. The most favorable properties were obtained for the

catalytic systems containing 1.1-1.6 mmol Ba gc, !
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3. Materials and Methods
3.1. Preparation of the Catalysts

In the first step, a mixture of cobalt and cerium oxides (Co3O4 + CeO,) was prepared
using the co-precipitation method and subsequent calcination. Appropriate amounts
of cobalt(Il) nitrate hexahydrate and cerium(Ill) nitrate hexahydrate were dissolved in
distilled water. Excess potassium carbonate aqueous solution was slowly added under
continuous stirring to the nitrates solution until the pH was 9. Both of the solutions were
first heated to 90 °C. The obtained precipitate was filtered and washed with cold distilled
water until the pH was neutral. It was then dried at 120 °C in air for 18 h and calcined at
500 °C in air for 18 h. Afterwards, the material was impregnated with various amounts of
barium using an aqueous solution of barium(Il) nitrate (incipient wetness impregnation)
and dried in air at 120 °C. Finally, the samples were crushed and sieved to obtain grain
size in the range of 0.20-0.63 mm. The last step of catalyst preparation was the reduction
of precursors carried out directly before measurements, which required a reduced form
of the materials and before the catalytic activity studies (details can be found below in a
characterization methods description, Section 3.2.). As a result, a series of doubly promoted
cobalt catalysts were obtained of cerium content equal to 1.1 mmol gc, !, while the
barium content varied in the range of 0-2.6 mmol gc, ~!. Cerium content was determined
using thermal analysis coupled with mass spectrometry according to the methodology
described in [40] for the precursor containing only Co3O4 and CeQO; (i.e., the precursor
before impregnation with barium). The basis of the discussed method is the fact that under
the measurement conditions (heating in argon), cerium oxide is stable, whereas cobalt (IL1III)
oxide decomposes to cobalt (II) oxide at a temperature of about 750 °C. The recorded mass
loss allows the determination of the Co3O4 content in a mixed oxide system. The rest of the
sample consists of CeO,. The content of barium promoter in the final precursor samples
(before reduction) was calculated based on the mass balance before and after impregnation
with barium salt of the precursor samples containing Co3O,4 and CeO,. Barium content and
a molar ratio of barium to cerium are listed in Table 1. Materials are denoted as CoCeBa(n),
where n is the amount of barium in relation to cobalt, as indicated in Table 1. The sample
without barium, donated as CoCe, was a reference material.

3.2. Catalyst Characterisation

The specific surface area of the precursors (i.e., materials in the unreduced form), total
pore volume, and specific surface area of the reduced form of the selected materials were
determined by nitrogen physisorption with an ASAP2020 instrument (Micromeritics Instru-
ment Co., Norcross, GA, USA). Before the measurements, each sample of the precursors
was degassed in vacuum in two stages: at 90 °C for 1 h and then at 200 °C for 4 h. Before
the measurement for the selected materials in their reduced form, the precursors were
reduced in-situ at 550 °C for 10 h in hydrogen flow and then subjected to degassing at
150 °C for 2 h. The reduction and degassing were conducted in the apparatus directly
before N, physisorption measurements.

The morphology and element distribution for the selected catalytic materials in the
reduced form was studied using scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy EDX (FEI NovaNanoSEM 230, FEI Company, Hillsboro,
OR, USA).

The phase composition of the selected precursors and the catalysts in the reduced
form were determined using X-ray powder diffraction (XRPD). Data were collected with a
Rigaku-Denki Geigerflex (Rigaku Denki Co., Ltd., Tokyo, Japan) diffractometer in Brag—
Brentano configuration using CuK« radiation. The samples were scanned in a 20 range of
15-100° with a step of 0.02° and counting time 5 s. The average size of CozOy crystallites
(in the precursors) and metallic cobalt crystallites (in the reduced catalysts) was estimated
based on the Scherrer equation using the integral width of the reflex filled to the analytical
Pearson VII function.
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A reducibility of the catalyst precursors was studied using Temperature-Programmed
Reduction with hydrogen (H,-TPR) at AutoChem?2920 (Micromeritics Instrument Co.).
Samples of the precursors containing about 0.03 g of Co3O4 were heated from room
temperature to 700 °C at a constant rate of 10 °C min~! in the flow of 10 vol.% H,/Ar
(40 mL min~'). The hydrogen consumption was measured by a Thermal Conductivity
Detector (TCD).

The catalysts” active phase surface was characterized using temperature-programmed
hydrogen desorption (H,-TPD) using a PEAK-4 instrument. Measurements were conducted
in a flow set-up supplied with high purity (99.99995 vol.%) gases (total gas flow rate
40 mL min~1) in a quartz U-tube reactor. Samples of the catalyst precursors containing
0.5 g Co304 + CeO, were reduced in a flow of Hy/Ar = 4:1 mixture (40 mL min~!) at 550 °C
for 18 h. The system was then flushed with flowing argon at 570 °C for 1 h and cooled to
150 °C. The H; adsorption was carried out at 150 °C for 15 min, then continued during
cooling of the sample to 0 °C and for 15 min at 0 °C. After flushing with Ar to remove
weakly bound molecules of Hj, the temperature was increased to 550 °C at a constant
rate (10 °C min~!) and then kept for 10 min at 550 °C while monitoring the concentration
of hydrogen desorbing from the surface of the catalyst. The surface area of the active
phase (Sc,) and average cobalt particle size (dc,) were calculated assuming H/Co =1
stoichiometry of hydrogen adsorption [41].

3.3. Catalytic Tests

The activity of the catalysts in ammonia synthesis was tested in a tubular flow reactor
under steady-state conditions (6.3 MPa, 400 °C, Hy /N, = 3, gas flow rate 70 dm3 h~1). Be-
fore the activity measurements, samples of the catalyst precursors (grain size 0.2-0.63 mm)
of about 0.5 g were activated in a high purity H, /Nj = 3 mixture (99.99995 vol%., gas flow
rate 30 dm® h~!) under atmospheric pressure in accordance with the temperature program:
470 °C for 72 h, then 520 °C for 24 h and finally 550 °C for 48 h. The product concentration
in the outlet gas was measured interferometrically. The catalytic activity was determined
and expressed as an average NHj synthesis reaction rate (ray). A detailed description of
the set-up and the method for calculating the reaction rate was described in [42]. Moreover,
the activity of the catalyst surface expressed as TOF was estimated. The calculation was
based on the values of the average reaction rates (ray) and the number of active sites on the
cobalt surface determined during chemisorption measurements (Hp-TPD).

4. Conclusions

In summary, the influence of barium content on the physicochemical properties and
catalytic activity of the cobalt catalyst doubly promoted with cerium and barium was
investigated. A series of catalysts of various barium promoter content in the range of
0-2.6 mmol gc, ! was prepared, characterized, and tested in ammonia synthesis. The
dual nature of the role of the barium promoter(structural and modifying) was revealed,
but it strictly depends on the barium-to-cerium molar ratio. For systems of the Ba/Ce
molar ratio lower than unity (Ba/Ce < 1), the structural character of barium was observed.
It manifested itself mainly in preventing sintering of the active phase during reduction.
For the best catalytic performance of the CoCeBa system, the Ba/Ce molar ratio should
be greater than unity (Ba/Ce > 1), which results in not only a structural promotion of
barium, but also a modifying action associated with the in-situ formation of the BaCeO3
phase. It was primarily reflected in the differentiation of weakly and strongly binding
sites on the catalyst surface and changes of the cobalt surface activity (TOF). The optimal
barium content in the range of 1.1-1.6 mmol gc, ! leads to obtaining a catalyst with the
most favorable properties. Its excellent catalytic performance is ascribed to the appropriate
Ba/Ce molar ratio. It is also related to the presence of the BaCeOs3; phase, which plays the
role of a third promoter of a high electron-donating character.
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