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ce barium-promoted cobalt
catalyst supported on magnesium–lanthanum
mixed oxide for ammonia synthesis
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and Wioletta Raróg-Pilecka *a

Ammonia synthesis was performed over a barium-promoted cobalt catalyst supported on magnesium–

lanthanum mixed oxide. The rate of NH3 formation over this catalyst was about 3.5 times higher than

that over the unpromoted catalyst at 9 MPa and 400 �C. Furthermore, no sign of thermal deactivation

was observed during long-term overheating at 600 �C for 360 h. The results of physicochemical studies,

including XRPD, DRIFTS, H2-TPD, CO2-TPD, Nads + H2 TPSR and kinetic analysis, revealed that the

addition of Ba promoter increased the surface basicity of the catalyst and modified the adsorption

properties of the Co surface towards H2 and NH3. The decreased adsorption strength of the

corresponding sites towards hydrogen and ammonia resulted in greater availability of active sites in the

Ba-promoted cobalt catalyst. These characteristics are considered to have a profound effect on the

performance of this catalyst in NH3 synthesis.
Introduction

The catalytic synthesis of ammonia, which sustains the global food
supply chain for about 40% of the world's population, is one of the
most important inventions of the twentieth century.1,2 Moreover,
ammonia is a very important feedstock for the chemical industry;
it is also considered as an energy carrier because it has high energy
density (12.8 GJ m�3) and high hydrogen-storage capacity
(17.8 wt%) and is liquied at room temperature.3

During the past century, only the Haber–Bosch process has
been successfully employed for ammonia synthesis. In this
process, a magnetite-based iron catalyst is used. Despite its
many virtues, such as long lifespan, high mechanical strength
and relatively low cost, its activation requires high temperatures
(>450 �C) and high pressures (>20 MPa), leading to remarkable
energy consumption, i.e. 1–2% of the annual global energy
production.4–6 Therefore, several attempts to develop a new
ammonia synthesis catalyst operating effectively under lower
temperature and pressure have been made in last decades.
Great interest has been given to supported ruthenium catalysts.
Ruthenium catalyst supported on carbon promoted with alkali-
metal ions, which is known to be a second-generation catalyst,
of Chemistry, Noakowskiego 3, 00-664,

f Chemical Engineering and Technology,

e Research, Polish Academy of Sciences,

28
was introduced industrially in the Kellogg's Advanced Ammonia
Process (KAAP) in 1992. This ruthenium catalyst is about one
order of magnitude more active than the iron catalyst and
operates effectively at pressures of 7–10.5 MPa.7,8 However, the
industrial application of this catalyst is limited due to its poor
stability (easy sintering of Ru nanoparticles),6 strong affinity
towards hydrogen and the high price of ruthenium because of
the very low crustal abundance of this element.8 To overcome
these drawbacks, ruthenium catalysts using nitrides,9,10 perov-
skites,2,7,11,12 zeolites,13 and rare-earth metal oxides3,4,14–19 as
supports were developed and presented as alternatives to the
carbon support. Although they operated stably at thermody-
namically favourable conditions, their long-term economic
success was questionable due to ruthenium price uctuations.

As an alternative to the iron and ruthenium catalysts that
have been successfully applied in ammonia synthesis plants,
cobalt catalysts appear to be promising. Because of their high
activity and long lifespan, Co catalysts are suitable catalyst
systems for NH3 synthesis.5,6,20–24 Recently, we revealed that a Ba-
promoted cobalt catalyst supported on magnesium–lanthanum
mixed oxide is an efficient catalyst for ammonia synthesis.23 The
study investigated the kinetics of NH3 synthesis over the Ba-
promoted cobalt catalyst and a well-known iron catalyst under
various reaction conditions. Under all conditions investigated, it
was found that the Co catalyst wasmuchmore active, i.e. from 2 to
5 times (depending on the conditions) more than the Fe catalyst,
indicating its potential as a new catalyst system.Moreover, as listed
in Table 1, compared with some other reported catalysts, such as
supported Ru catalysts, the Ba + Co/Mg–La catalyst was found to be
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical properties and catalytic activity in NH3 synthesis over selected iron, ruthenium and cobalt catalysts1,21,25–28

Catalyst Active metal loading (wt%) T (�C) P (MPa) V0
a (L h�1) rNH3

(gNH3
gcat

�1 h�1) Ref.

FeOOH–K/Al2O3 25 500 9 12 0.56 28
Fe-cat 62 400 9 70 1.61 25
Ru/CeO2-r 10 400 10 70 1.96 29
Ba–Ru/AC-G 10 400 10 70 5.32 27
Ba–K–Ru/C 10 400 10 70 6.39 1
Co–Ba/C 10 400 9 70 3.72 21
Co/CeO2-a 10 430 10 72 1.46 26
Ba + Co/Mg–La 34 400 9 70 4.68 25

a Total ow rate of the inlet gas, i.e. H2 and N2 gas (H2/N2 ¼ 3).
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a valuable alternative. The activity of this catalyst was only 1.4
times lower than that of the Ba–K–Ru/C catalyst. This indicates
that the Ba-promoted cobalt catalyst is competitive with the thor-
oughly investigated Fe and Ru catalysts, and a switch to this kind
of catalyst can occur in the future.

In the present work, we examined the effect of barium addition on
the activity in NH3 synthesis of the Ba-promoted cobalt catalyst sup-
ported on magnesium–lanthanum mixed oxide. We provided an
insight into the role of barium in the enhancement of the activity of
this catalyst in comparison to the unpromoted catalyst. We hope that
our research will not only be useful for the design of ammonia
synthesis catalysts operatingunder environmentally benign conditions
but will also be helpful to provide additional insight into the promo-
tional effect of barium on various catalysts for ammonia synthesis.
Experimental section
Support and catalyst preparation

Magnesium–lanthanum mixed oxide (Mg/La molar ratio of 7)
was synthesized by a co-precipitation method at high super-
saturation conditions.23 A solution containing potassium
hydroxide (pure p.a., POCH) and potassium carbonate (pure
p.a., POCH) was added dropwise to a solution containing
magnesium and lanthanum nitrates up to pH 11 (at 30 �C under
vigorous stirring). Aer precipitation, the slurry was aged at 65
�C for 18 h, cooled to room temperature, ltered and washed
with distilled water to neutral pH 7. Then, the precipitate was
dried at 120 �C (18 h) and calcined at 450 �C for 18 h in static air.

The precursors of the supported Co catalysts of the nominal
cobalt content equal to 35 wt% were obtained by wet impreg-
nation of MgO–La2O3 mixed oxide, followed by solvent evapo-
ration, drying at 120 �C for 18 h and calcination in static air at
Table 2 Physicochemical properties of the supported Co catalysts

Catalyst
Co contenta

(wt%)
Ba contenta

(wt%) SBET
b (m2 g�1) Vp

c (m

Ba + Co/Mg–La 34.1 3.4 32.4 (29.3)d 0.15 (0
Co/Mg–La 36.0 — 36.1 (34.9)d 0.18 (0

a The Co and Ba content in the catalyst precursors determined by ICP-O
d Estimated for the catalysts (i.e. in the reduced forms). e FE, fraction e
total number of Co atoms in the sample. f dH2

, average cobalt particle s
h Calculated by using the amount of CO2 desorbed and specic surface a

© 2021 The Author(s). Published by the Royal Society of Chemistry
500 �C for 18 h. The Ba-promoted cobalt catalyst precursor of
the nominal content of barium equal to 3.5 wt% was prepared
by wet impregnation of the calcined Co catalyst precursor with
an aqueous solution of barium nitrite (pure p.a., Pfaltz & Bauer)
followed by solvent evaporation and drying at 120 �C for 18 h.
The precursors were pressed into cylindrical pellets, crushed
and sieved to particles with sizes between 0.2 and 0.63 mm. The
thus-obtained samples were denoted as Co/Mg–La and Ba + Co/
Mg–La, respectively. The element contents in the catalyst
precursors are presented in Table 2.

Catalyst characterization

The specic surface areas and total pore volumes of the
prepared samples were determined using N2 physisorption
measurements in a Micromeritics ASAP 2020 instrument. Prior to
analysis, the samples were degassed under vacuum at 90 �C for 1 h
and at 150 �C for 4 h. To determine the specic surface areas and
total pore volumes of the catalysts in the reduced form, the
samples were also subjected to an in situ reduction process in the
same ASAP 2020 instrument at 600 �C for 18 h using H2 ow (20
mL min�1). Then, the samples were degassed under vacuum at
150 �C for 2 h and N2 physisorption measurements were per-
formed. The experimental uncertainty for the determination of the
specic surface areas and total pore volumes was �1%.

The XRPD patterns were recorded on a Bruker D8 Advance
diffractometer equipped with a LYNXEYE position-sensitive
detector using Cu-Ka radiation (l ¼ 0.15418 nm). The data
were collected in the Bragg–Brentano (q/q) horizontal geometry
(at reection mode) between 20� and 70� (2q) in a continuous
scan using 0.03� steps for 960 s per step under standard labo-
ratory conditions (temperature and relative humidity). Using
the Scherrer equation (k ¼ 0.89), the average cobalt crystallite
L g�1) FEe (%) dH2

f (nm) dXRD
g (nm)

Density of
basic sitesh (mmol m�2)

.25)d 3.9 32 21 7.4

.23)d 4.0 31 17 5.8

ES analysis. b Estimated by BET method. c Estimated by BJH method.
xposed calculated based on the number of surface Co atoms and the
ize calculated based on FE. g Calculated by using Scherrer's equation.
rea of the catalysts aer the hydrogen activation.
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size was calculated from the full width half maximum (FWHM)
of the Co (002) peak located at 2q ¼ 44.3�.

The diffuse reectance Fourier transform spectroscopy
(DRIFTS) measurements were performed using a Thermo FTIR
iS10 spectrometer equipped with an MCT detector and DRIFT
high-temperature reaction chamber (Harrick Scientic Co.).
The DRIFT analyses were performed by averaging 128 scans
with 4 cm�1 resolution. The DRIFT spectra of the catalyst precur-
sors were obtained under 50 mL min�1 Ar ow at ambient
conditions. The reduction of the catalyst precursors was performed
under 50mLmin�1 of a 5 vol%H2/N2mixture at 600 �C for 3 h; the
temperature was subsequently decreased to 150 �C, and the
spectra of the reduced catalysts were taken under dehydrated
conditions at 150 �C in a 50 mL min�1 Ar ow.

The morphologies of the cobalt catalysts in the precursor
and reduced forms were determined with a eld emission
scanning electron microscope (FEI Nova NanoSEM 230).

The H2 temperature-programmed reduction (H2-TPR), H2

temperature-programmed desorption (H2-TPD), temperature-
programmed surface reaction of Nads with H2 (Nads + H2

TPSR) and CO2 temperature-programmed desorption (CO2-
TPD) were performed using a Micromeritics AutoChem 2920
instrument equipped with a thermal conductivity detector.
During the hydrogen temperature-programmed reduction (H2-
TPR) measurements, the catalyst precursor sample of 0.2 g was
heated to 900 �C at a constant rate of 5 �C min�1 in a 10 vol%
H2/Ar mixture ow (40 mL min�1). For the H2-TPD measure-
ments, the catalyst precursor sample of 0.5 g was reduced at 600
�C for 18 h in H2 ow (40 mL min�1). The H2 adsorption was
carried out at 150 �C for 15 min, and it was continued while
cooling to 0 �C and subsequently for 15 min at 0 �C. Aer
purging with argon at 0 �C for 1 h, the catalyst was heated to 900
�C at a constant rate of 5 �C min�1 in argon ow (40 mL min�1).
Based on the amount of H2 desorbed, the dispersion of cobalt
(FE, fraction exposed) and the average cobalt particle size were
calculated.30,31 The uncertainty for the determination of the
amount of H2 desorbed, and thus the dispersion of cobalt and
its average particle size, was �3%. For the Nads + H2 TPSR
measurements, the catalyst precursor sample of 0.5 g was
reduced at 600 �C for 18 h in H2 ow (40 mL min�1). The N2

adsorption was carried out at 200 �C for 14 h, and it was continued
while cooling to 0 �C. Aer purging with helium at 0 �C for 1 h, the
catalyst was heated to 800 �C at a constant rate of 5 �C min�1 in
hydrogen ow (40 mL min�1). For the CO2-TPD measurements,
the catalyst precursor sample of 0.5 g was reduced at 600 �C for
18 h inH2 ow (40mLmin�1). The CO2 adsorption was carried out
at 40 �C for 2 h. Aer rinsing with helium at 40 �C for 1 h, the
catalyst was heated to 900 �C at a constant rate of 5 �Cmin�1 in the
helium ow (40 mLmin�1). The uncertainty for the determination
of the amount of CO2 desorbed was�3%. A detailed description of
the procedure of all the temperature-programmed measurements
can be found elsewhere.23,25
Evaluation of the catalytic performance

Catalytic activity measurements in the synthesis of ammonia
were performed in a ow tubular reactor. A detailed description
14220 | RSC Adv., 2021, 11, 14218–14228
of the experimental setup has been presented elsewhere.25,32,33

Before themeasurements, the catalyst precursors were activated
under atmospheric pressure in the reacting gas mixture (H2/N2

¼ 3) according to the procedure: 480 �C (48 h) / 520 �C (24 h)
/ 550 �C (24 h) / 600 �C (48 h). The activity measurements
were performed under steady-state conditions of temperature
(400 �C), pressure (9 MPa), total ow rate of the inlet gas (70 L
h�1), and NH3 concentration (0–10mol%). The increment of the
NH3 concentration was determined and used for the calculation
of the NH3 synthesis rate (rNH3) corresponding to the average
NH3 concentration in the gas phase (aNH3) based on eqn (1).32–34

rNH3
¼ V0

a2 � a1

ð1þ a1Þð1� a2Þm� 17:03

22:08
(1)

where rNH3 is the reaction rate of ammonia synthesis (gNH3

gcat
�1 h�1), a1, a2 are the NH3 concentrations in the inlet and

outlet gases, respectively (mol%), V0 is the total ow rate of the
inlet gas (L h�1), m is the mass of the tested catalyst sample (g),
and 17.03 and 22.08 are the constant values relevant to the
molar mass of NH3 (g mol�1) and the molar volume of a stoi-
chiometric mixture of the synthesis gas (L h�1), respectively.
The NH3 concentrations in the inlet (a1) and outlet (a2) gases
were determined interferometrically. The uncertainty for the
determination of the NH3 synthesis rate was calculated based
on the experimental uncertainties in pressure (�0.1%),
temperature (�0.1%), ow rate (�0.2%), and NH3 concentra-
tion (�0.1%), and it was �1%.25 The experimental procedure
also involved long-term (360 h) overheating of the catalysts at
600 �C under atmospheric pressure in the reacting gas mixture
(H2/N2 ¼ 3) followed by the determination of the NH3 synthesis
rate (rNH3) under the conditions of 400 �C, 9 MPa, and 0 mol%
of NH3 in the inlet gas.

The reaction kinetics were analysed by applying the modied
power-law rate equation25 (eqn (2)):

rNH3
¼ ~kpnN2

p
p
H2
p
q
NH3

 
1� 1

KP

pNH3

p0:5N2
p1:5H2

!
(2)

where ~k is the rate constant for the forward reaction, pN2
, pH2

,
and pNH3

are the partial pressures of N2, H2 and NH3, respec-
tively, n, p, q are the reaction orders with respect to N2, H2 and
NH3, respectively, and KP is the equilibrium constant. Assuming
that the rate-determining step of ammonia synthesis is N2

dissociation,35 the reaction order with respect to N2 is unity (n¼
1). Thus, based on tting the experimental data to eqn (2), the
reaction orders with respect to H2 and NH3 were determined.
Results and discussion
Evaluation of the catalytic performance

Fig. 1 displays the ammonia synthesis rate (rNH3) as a function
of time on stream over the supported Co catalysts. Under the
same reaction conditions, the NH3 synthesis rate over Ba + Co/
Mg–La was ca. 3.5 times higher than that of Co/Mg–La. As
shown in Fig. 1, the long-term overheating, i.e. 600 �C for 360 h,
revealed no sign of thermal deactivation. The activities
decreased by ca. 2% for both the catalysts, indicating their
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Ammonia synthesis rate (rNH3) as a function of time on stream
over the supported Co catalysts (activity measurement conditions:
400 �C, 9 MPa, H2/N2 ¼ 3, 70 L h�1; heat-treatment (overheating)
conditions: 600 �C, 0.1 MPa, H2/N2 ¼ 3, 30 L h�1).
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excellent thermal resistance, which is a crucial factor affecting
the application potential of catalyst systems.35

The superior activity of the Ba-promoted cobalt catalyst in
comparison to other catalysts (Table 1, Fig. 1) became the motiva-
tion to undertake extensive research to identify the factors respon-
sible for its enhanced activity in the ammonia synthesis reaction.

N2 physisorption

Fig. 2 presents the adsorption–desorption isotherms and corre-
sponding pore size distribution curves for the supportedCo catalysts
in the precursor and reduced forms. Both the catalyst precursors
(Fig. 2a) exhibited type IV adsorption isotherms with H3 type
hysteresis loops. The hysteresis loop of type H3 indicates the pres-
ence of pores formed from non-parallel planes, i.e. slit-shaped
Fig. 2 Nitrogen adsorption–desorption isotherms (left) and correspondi
the precursor (a) and reduced (b) forms.

© 2021 The Author(s). Published by the Royal Society of Chemistry
pores.36–38 The pore size distribution curves revealed that the cata-
lyst precursors were mesoporous and characterized by a unimodal
pore size distribution (pore diameters from 2 to 50 nm). Aer the
hydrogen activation (Fig. 2b), the types of the adsorption–desorption
isotherms remained unchanged. However, both the catalysts were
characterized by a broader pore size distribution (pore diameters
from 2 to 90 nm) in comparison to the catalyst precursors.

The specic surface areas (SBET) and total pore volumes (Vp)
of both precursors were in the ranges of 32–36 m2 g�1 and 0.15–
0.18 mL g�1, respectively (Table 2). The lower BET surface area
of Ba + Co/Mg–La could be due to the introduction of the
promoter precursor, i.e. barium nitrite, into the Co catalyst
precursor by the wet impregnation method. As the impreg-
nating salt solution penetrated the porous structure of the
precursor, it blocked its pores, resulting in decreases of the
values of SBET and Vp. Note also that for both the precursors, the
reduction process led to a decrease of the BET area and an
increase of the pore volume. The decreasing of the specic
surface area was due to the sintering of the catalyst particles
during the high-temperature heat treatment, whereas the
increase of the total pore volume was due to the formation of
larger pores (Fig. 2b) as gaseous substances (water vapor,
carbon dioxide) were released during the reduction process.
XRPD

Fig. 3 depicts the XRPD patterns of the supported Co catalyst
both in the precursor and reduced forms. The XRPD patterns of
the precursors (Fig. 3a) demonstrated the presence of magne-
sium oxide (MgO, PDF# 04-0829), hexagonal lanthanum oxide
carbonate(II–La2O2CO3, PDF# 37-0804), and cobalt(II,III) oxide
(Co3O4, PDF# 42-1467). In the case of the Ba + Co/Mg–La
precursor, barium carbonate (BaCO3, PDF# 41-0373) was iden-
tied. Its presence could be due to the reaction between barium
nitrite and carbon dioxide (contained in air) during the drying
ng pore size distribution curves (right) for the supported Co catalysts in

RSC Adv., 2021, 11, 14218–14228 | 14221
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Fig. 3 XRPD patterns of the supported Co catalysts in the precursor (a) and reduced (b) forms.
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step.39 The XRPD patterns of the catalysts aer the hydrogen
activation (Fig. 3b) revealed the occurrence of magnesium oxide
(MgO, PDF# 04-0829), hexagonal lanthanum oxide (La2O3, PDF# 05-
0602) and face-centred cubic (FCC) cobalt (Co FCC, PDF# 15-0806).
Note that for the Ba-promoted cobalt catalyst, there were no reec-
tions ascribed to the phases of the barium compounds. According to
reports,40,41 the lack of reections of Ba-bearing phases indicates that
the barium precursor transforms during the reduction (activation)
into a form that is undetectable by XRPD (e.g. amorphous BaOx

species). As shown in Table 2, the calculated average Co crystallite
Fig. 4 DRIFTS spectra of the supported Co catalyst in the precursor (a)

14222 | RSC Adv., 2021, 11, 14218–14228
sizes (dXRD) were nearly the same for both the catalysts. This indi-
cates that the presence of the Ba promoter effectively stabilizes the
sizes of the Co nanoparticles in the catalysts. The same effect was
reported by other researchers42,43 when performing ammonia
synthesis over Ba-promoted ruthenium catalysts.
DRIFTS

Fig. 4 shows the DRIFTS spectra of the supported Co catalysts in
the precursor and reduced forms. The DRIFTS spectra of the
precursors shown in Fig. 4a reveal two sharp bands at 3777 and
and reduced (b) forms.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 H2-TPR profiles of the supported Co catalysts.
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3697 cm�1, attributed to the OH-stretching vibrations of
Mg(OH)2 (formed by the exposure of MgO to the ambient
atmosphere). The broad band at 3500–3300 cm�1 was attributed
to OH-stretching vibrations of water molecules, while those at
1653 and 1585 cm�1 were attributed to their bending mode.44,45

Several bands at 1448, 1398, 877 and 732 cm�1 were associated
with La2O2CO3 species. According to the literature,46 the bands
at 1448, 877, and 732 cm�1 can be ascribed to type II (hexagonal)
La2O2CO3, while the band at 1398 cm�1 inferred the formation
of polydentate carbonates.47 The presence of these species was
conrmed by XRPD analysis (Fig. 3a). The DRIFTS spectra of the
catalysts aer reduction, presented in Fig. 4b, reveal that the
bands associated with OH-stretching vibrations of Mg(OH)2
were diminished and additional bands at 1750–1000 cm�1 were
observed. The bands at 1511, 1371, 1061, 866 and 731 cm�1

corresponded to type I (tetragonal) or Ia (monoclinic) La2O2CO3

species. This infers that the thermal decomposition of carbo-
naceous species requires long-term heating. This is because
La2O2CO3 is a stable intermediate in the thermal decomposi-
tion of lanthanum carbonate, La2(CO3)3.48 A weak band corre-
sponding to adsorbed CO2 was visible at around 2455 cm�1 for
the Ba + Co/Mg–La catalyst.47
Fig. 6 Respective SEM images of the supported Co catalysts in the prec

© 2021 The Author(s). Published by the Royal Society of Chemistry
H2-TPR

Fig. 5 displays the H2-TPR proles of the cobalt catalyst
precursors. Notably, for both the catalyst precursors, similar
reduction characteristics were observed. There were two distinct
reduction peaks: the low-temperature peak (LT, 150–400 �C)
and high-temperature peak (HT, 400–800 �C). The low-
temperature peak was assigned to the reduction of cobalt(II,III)
oxide, which occurs in two stages (Co3+ / Co2+ / Co0).49–53 For
the Co/Mg–La catalyst precursor, the low-intensity peak at 253
�C was barely distinguishable from the high-intensity peak at
360 �C, suggesting overlapping of these peaks (assigned to the
two-stage cobalt(II,III) oxide reduction). According to the
reports,23,54,55 the high-temperature broad peak at 400–800 �C
was attributed to the thermal decomposition of lanthanum
oxide carbonate, La2O2CO3 (identied as the support compo-
nent, Fig. 3a). In comparison to the Co/Mg–La precursor, the Ba
+ Co/Mg–La precursor was characterized by the presence of two
clear peaks centred at 259 �C and 350 �C, corresponding to the
two-stage cobalt(II,III) oxide reduction. In addition to the
thermal decomposition of La2O2CO3, as for the Co/Mg–La
precursor, the high-temperature peak could be ascribed to the
thermal decomposition of barium carbonate, BaCO3 (identied
as the Ba promotor precursor, Fig. 3a), which according to
a report56 typically occurs at 500–700 �C.
SEM-EDS

Fig. 6 depicts the SEM images of the Co catalysts in the
precursor and reduced forms. For both the catalyst precursors
(Fig. 6a), irregular particles of various shapes and sizes from
a few nm up to 1 mm were observed. As shown in the magnied
SEM images, the largest particles were, in fact, aggregates of
tightly packed small particles (20–100 nm). Comparing the
morphologies of the catalysts aer the activation, as shown in
Fig. 6b, differences are clearly visible. For both the catalysts, the
SEM images were similar and evidence the transformation of
the large aggregates into agglomerates of less densely packed
ursor (a) and reduced (b) forms.
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particles. It appears that the heating of the precursors under H2

atmosphere caused noticeable changes in the morphologies of
the catalysts. A more detailed SEM analysis at high
Fig. 7 SEM-EDSmaps of the element distributions of cobalt (Co), barium
the supported Co catalysts in the precursor (a) and reduced (b) forms.

14224 | RSC Adv., 2021, 11, 14218–14228
magnication revealed that there were two fractions of parti-
cles, i.e. spherical with sizes from 20 to 40 nm and larger (ca. 70
nm) with polygon shapes. This corresponds well with the XRPD
(Ba), magnesium (Mg), lanthanum (La) and oxygen (O) on the surface of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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data, showing close similarity of the diffraction patterns of both
the catalysts (Fig. 3). The widths of reection of various crys-
talline phases presented in the catalysts were comparable,
although they were smaller for La2O3.

SEM-EDS elemental mapping was performed to identify the
distribution of elements on the surfaces of the catalysts in the
precursor and reduced forms. The obtained results are pre-
sented in Fig. 7. The EDS elemental maps of the surfaces of the
catalyst precursors (Fig. 7a) show that the elements, except for
oxygen, were not uniformly distributed. The areas rich in
lanthanum showed magnesium deciency and vice versa. This
indicates that lanthanum and magnesium formed two separate
oxide phases, i.e. magnesium oxide and lanthanum oxide/
lanthanum oxide carbonate, whose presence was conrmed
by XRPD (Fig. 3). Noticeably, cobalt preferably deposited on
magnesium oxide instead of on lanthanum oxide/lanthanum
oxide carbonate. Upon reduction (Fig. 7b), the distributions of
the elements remained unchanged, although a stronger segre-
gation tendency of barium in the Ba-promoted catalyst was
noted.
CO2-TPD

Fig. 8 shows the CO2-TPD proles of the cobalt catalysts.
Notably, three desorption peaks were distinguished: the low-
temperature (<250 �C), medium-temperature (250–550 �C) and
high-temperature (>550 �C) peaks, whose presence was associ-
ated with the adsorption sites binding carbon dioxide weakly,
intermediately and strongly, respectively. According to litera-
ture reports,47,57,58 the strength of carbon dioxide–surface
interactions reects the surface basicity. The adsorption sites
weakly binding CO2 are associated with Brønsted basicity
(hydroxyl groups, OH�), while the medium and strong adsorp-
tion sites are assigned to Lewis basicity (oxygen species, e.g. O�,
O2�, O2

2�). However, only Lewis basic sites are able to effectively
donate electrons to active metal phase, and subsequent elec-
trons transfer from the metal d-orbitals to the antibonding p*

orbitals of N2, facilitating its dissociation by weakening the
N^N bond.35

For the Co/Mg–La catalyst, three desorption peaks were
detected. The broad low-temperature peak centred at 247 �C
corresponds to the basic sites of magnesium oxide, while the
Fig. 8 CO2-TPD profiles of the supported Co catalysts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
medium-temperature peak at 479 �C was attributed to the
adsorbed CO2 on the hexagonal lanthanum oxide.47 The high-
temperature peak centred at 741 �C could originate from the
interaction of CO2 with cubic La2O3.47,59 In the case of the Ba-
promoted catalyst, two desorption peaks were distinguished.
The medium-temperature peak at 362 �C corresponded to the
basic sites of hexagonal La2O3, while the high-temperature
peaks located at 671 and 752 �C could be attributed to the
interaction of CO2 with BaO and cubic La2O3, respectively.47,56,59

It is noteworthy that the CO2 desorption peaks in the medium-
and high-temperature range originated from the decomposition
of carbonaceous species formed by the interaction of carbon
dioxide with barium and/or lanthanum oxide. This was because
of the high basicity of these oxides.59 As shown in Fig. 8, the
addition of Ba promoter drastically diminished the surface
basic sites of magnesium oxide. This interesting nding suggests
that themagnesium oxide surface rather than the lanthanum oxide
surface was primarily covered by barium components. Similar
results concerning the preferential deposition of barium compo-
nents were reported by Bansode et al.,60 who found that the barium
compounds predominantly covered an alumina surface and not
a copper surface despite high accessibility of the Cu surface. Taking
into account that only medium and strong basic sites have the
ability to donate electrons to metal atoms,2,53 the strongest surface
basicity was exhibited by the Ba-promoted cobalt catalyst. The
density of basic sites on this catalyst was 7.4 mmolm�2, ca. 1.3 times
higher than that of the unpromoted catalyst, 5.8 mmol m�2 (Table
2). This implies that this difference accounts for the higher activity
in NH3 synthesis of Ba + Co/Mg–La than of Co/Mg–La.
H2-TPD

Fig. 9 shows the H2-TPD proles recorded for the supported Co
catalysts. Notably, three H2 desorption peaks were seen: the low-
temperature (LT, <250 �C), medium-temperature (MT, 250–550
�C) and high-temperature (HT, >550 �C) peaks were ascribed to
the desorption of H2 that was weakly, intermediately and
strongly bound to the Co surface, respectively. The two peaks
centred at ca. 106 and 756 �C were observed in the H2-TPD curve
recorded for Co/Mg–La. According to Wang et al.,6 the presence
of the H2 desorption peak above 700 �C is associated with
a strong chemisorption state of H2 on the Co surface. These Co
Fig. 9 H2-TPD profiles of the supported Co catalysts.
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Fig. 10 Nads + H2 TPSR profiles of the supported Co catalysts.

Fig. 11 Ammonia synthesis rate as a function of average NH3

concentration in the gas phase (plots of ln rNH3 versus ln aNH3) for the
supported Co catalysts (measurement conditions: 400 �C, 9 MPa, H2/
N2 ¼ 3, a1 ¼ 0–10 mol%, 70 L h�1).
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active sites, from which hydrogen desorbs at high temperature,
are known to be detrimental to the activity of cobalt catalysts for
NH3 synthesis.6,23 The strongly chemisorbed hydrogen atoms on
the Co surface, for which the activation energy for H2 desorp-
tion is high, do not desorb at the reaction temperature of
ammonia synthesis and thus are not involved in NH3 synthesis.
This effect was also observed by other authors,1,6,61 being most
pronounced in Ru catalysts. The addition of Ba promoter shif-
ted the position of the high-temperature peak to a lower
temperature (from 756 to 559 �C). Thus, it is reasonable to
assume that the addition of Ba leads to a decrease of the
adsorption strength of hydrogen on the Co surface. As a result,
these hydrogen species are involved in the reaction of NH3

synthesis. This suggests that the addition of Ba promoter
plausibly enhances the rate of NH3 formation by changing the
chemisorption properties of hydrogen on the Co surface (e.g.
creating new sites that are available for the adsorption of H2). A
similar phenomenon was recently observed for the Co-
supported catalysts; Lin et al.62 found that the addition of Ba
promoter on Co/CeO2 changed the adsorption performance of
hydrogen.

The addition of a low amount of Ba increased the intensity of
the H2 desorption peak, and the position shied to higher
temperatures. However, the increase in the Ba loading led to
shis in the position of the H2 desorption peak to higher
temperatures. Lin et al.1 also found that the copresence of Ba
and K promoters shied the hydrogen desorption peak to lower
temperatures, suggesting that K and Ba can enhance NH3

activity by changing the chemisorption properties of hydrogen.
Based on the total amount of H2 desorbed, the exposed

fractions and average particle sizes of Co were determined
(Table 2). There were no differences in the calculated values of
FE and dH2

, revealing that the addition of Ba did not affect the
particle size of metallic Co. This corresponds well with the
XRPD data (Table 2) and previously published literature.42,43,62

The discrepancy in Co sizes determined by H2-TPD and XRPD
was possibly due to the fact that cobalt formed clusters con-
sisting of smaller crystallites. These cobalt crystallites were
detectable by XRPD; however, only the external surface area of
the clusters was accessible during the sorption of hydrogen
molecules.
14226 | RSC Adv., 2021, 11, 14218–14228
Nads + H2 TPSR

Fig. 10 depicts the Nads + H2 TPSR proles recorded for the
supported Co catalysts. Two distinct NH3 desorption peaks were
recorded for the Co/Mg–La catalyst. The low-temperature (293
�C) and the high-temperature (>800 �C) peaks were due to the
desorption of NH3 that was intermediately and strongly bound
to the Co active sites, respectively. The presence of the high-
temperature desorption peak of NH3 was associated with
a strong chemisorption state of NH3 on the catalyst. In addition
to the ammonia desorption peak at 279 �C, three desorption
peaks at ca. 381, 545 and 622 �C were observed for the Ba + Co/
Mg–La catalyst. The peaks at 279, 381 and 545 �C were associ-
ated with the desorption of NH3 that was intermediately bound
to the surface Co active sites, whereas the peak at 622 �C was
due to the strong chemisorption state of NH3 on the catalyst.
These ammonia species adsorbed on the catalysts do not desorb
at the reaction temperature of NH3 synthesis, thus decreasing
the accessibility of the surface Co active sites for the reactant
gases (H2 and N2). Note that for the Co/Mg–La catalyst,
ammonia was not desorbed completely even above 800 �C. This
infers the stronger interaction of ammonia with the Co active
sites of Co/Mg–La than with those of Ba + Co/Mg–La. Thus, it is
reasonable to assume that the presence of Ba promoter leads to
a decrease in the adsorption strength of Co active sites towards
ammonia and hence an increase in the number of active sites
that are accessible to reactants during the reaction. A similar
result was observed by other researchers. Lin et al.61 suggested
that the promotion of NH3 activity by potassium was a conse-
quence of the change in the chemisorption properties, i.e.
decreasing the adsorption strength of Ru surface atoms towards
hydrogen, nitrogen and ammonia.
Kinetic studies

Fig. 11 shows the dependences of the ammonia synthesis rate
(rNH3) on the average NH3 concentration in the gas phase (aNH3),
presented as plots of ln rNH3 versus ln aNH3 for the supported Co
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Reaction orders for ammonia synthesis over the supported
Co catalysts at 400 �C and 9 MPa

Catalyst pa qb

Ba + Co/Mg–La 0.99 �0.92
Co/Mg–La 0.76 �1.18

a Reaction order with respect to H2.
b Reaction order with respect to

NH3.
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catalysts. Notably, for both the catalysts, the rate of NH3

formation decreased with increasing ammonia concentration
in the gas phase. This is because the measured NH3 concen-
trations were near the thermodynamic equilibrium concentra-
tion (i.e. aNH3(eq)¼ 23.4 mol% at 400 �C and 9MPa). However, at
all ammonia concentrations tested, the rates of NH3 formation
over Ba + Co/Mg–La were higher than those achieved with Co/Mg–
La, indicating a strong promotional effect of barium. Furthermore,
the superiority of the Ba-promoted catalyst was more pronounced
with increasing NH3 concentration in the gas phase. At low NH3

content (1 mol%), the ammonia synthesis rate of the Ba + Co/Mg–
La catalyst was ca. 2.5 times higher than that of the Co/Mg–La
catalyst. At high ammonia content (10 mol%), the reaction rate
obtained over Ba + Co/Mg–La reached 0.44 gNH3 gcat

�1 h�1, >5.8
times the value achieved with the Co/Mg–La catalyst. These results
indicate that the rate of NH3 formation over the Ba + Co/Mg–La
catalyst was less inhibited by the ammonia product than that over
the Co/Mg–La catalyst.

To gain deeper insight into the behaviour of the catalysts in
the ammonia synthesis reaction, kinetic analyses with a power-
law rate equation were performed. The calculated values of the
reaction orders with respect to H2 (p) and NH3 (q) determined
from eqn (2) are presented in Table 3. The reaction order with
respect to H2 was positive for both the catalysts, which indicates
that ammonia synthesis over these catalysts was not inhibited
by hydrogen adsorption, a phenomenon that is known as
hydrogen poisoning.3 However, the value of p for Ba + Co/Mg–La
was higher, revealing that the Co surface of this catalyst was not
blocked by hydrogen as much as that of Co/Mg–La under the
same conditions. This agrees well with the H2-TPD results. In
contrast, for most of the known Ru catalysts, the reaction order
with respect to hydrogen is negative; hence, increasing the
reaction pressure has no effect on the rate of ammonia
synthesis.3 The reaction order with respect to NH3 for both
catalysts was strongly negative, i.e. less than �0.9, indicating
that the rate of ammonia formation over these catalysts may be
easily affected by the reverse reaction, especially under condi-
tions where the NH3 concentration (conversion degree) is high.
However, the reaction order with respect to NH3 (q) was more
negative in the presence of Co/Mg–La; thus, the ammonia
synthesis rate over this catalyst at high ammonia concentra-
tions was expected to be low. This was conrmed by experi-
mental data, as displayed in Fig. 11. In contrast, in the presence
of Ru catalysts, the reaction order with respect to NH3 is less
negative (�0.65 to�0.11),3 indicating that they are not poisoned
by the ammonia generated during the reaction.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Conclusions

The high activity and stability of barium-promoted cobalt
catalysts supported on magnesium–lanthanum mixed oxide in
the reaction of ammonia synthesis were examined in this work.
The activity of the Ba-promoted catalyst was ca. 3.5 times higher
than that of the unpromoted catalyst and was accompanied by
long-term thermostability. The physicochemical characteristics
revealed that the addition of Ba promoter increased the surface
basicity of the catalyst and changed the adsorption properties of
the Co surface towards H2 and NH3. The decreased adsorption
strength of the corresponding sites towards hydrogen and
ammonia resulted in greater accessibility of the active sites in
the Ba-promoted cobalt catalyst. These characteristics are
considered to have a profound effect on the performance of this
catalyst for NH3 synthesis. Due to the superior performance of
the barium-promoted cobalt catalyst supported onmagnesium–

lanthanum mixed oxide, it is an attractive potential catalytic
system for NH3 synthesis carried out under environmentally
benign conditions in the future.
Author contributions

Conceptualization, H. R.; methodology, H. R.; validation, H. R.,
and M. Z.; formal analysis, H. R.; investigation, H. R., M. Z., W.
P., A. O., P. J., D. S., L. K., and W. R.-P.; resources, W. R.-P.;
writing – original dra, H. R.; writing – review and editing, H.
R., M. Z., W. R.-P., L. K., and P. J.; funding acquisition, W. R.-P.;
supervision, H. R., and W. R.-P.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

Research was funded by POB Technologie Materiałowe of
Warsaw University of Technology within the Excellence Initia-
tive: Research University (IDUB) programme.
References

1 B. Lin, Y. Guo, J. Lin, J. Ni, J. Lin, L. Jiang and Y. Wang, Appl.
Catal., A, 2017, 541, 1–7.

2 Z. Wang, B. Liu and J. Lin, Appl. Catal., A, 2013, 458, 130–136.
3 K. Imamura, S. I. Miyahara, Y. Kawano, K. Sato, Y. Nakasaka
and K. Nagaoka, J. Taiwan Inst. Chem. Eng., 2019, 105, 50–56.

4 Y. Ogura, K. Sato, S. I. Miyahara, Y. Kawano, T. Toriyama,
T. Yamamoto, S. Matsumura, S. Hosokawa and
K. Nagaoka, Chem. Sci., 2018, 9, 2230–2237.

5 W. Gao, P. Wang, J. Guo, F. Chang, T. He, Q. Wang, G. Wu
and P. Chen, ACS Catal., 2017, 7, 3654–3661.

6 X. Wang, L. Li, T. Zhang, B. Lin, J. Ni, C. T. Au and L. Jiang,
Chem. Commun., 2019, 55, 474–477.

7 M. Muhler, F. Rosowski, O. Hinrichsen, A. Hornung and
G. Ertl, Stud. Surf. Sci. Catal., 1996, 101, 317–326.
RSC Adv., 2021, 11, 14218–14228 | 14227

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01584b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

8:
58

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
8 S. Hagen, R. Barfod, R. Fehrmann, C. J. H. Jacobsen,
H. T. Teunissen and I. Chorkendorff, J. Catal., 2003, 214,
327–335.

9 C. J. H. Jacobsen, J. Catal., 2001, 200, 1–3.
10 T. W. Hansen, J. B. Wagner, P. L. Hansen, S. Dahl, H. Topsøe

and C. J. H. Jacobsen, Science, 2001, 294, 1508–1510.
11 Z. Wang, J. Lin, R. Wang and K. Wei, Catal. Commun., 2013,

32, 11–14.
12 W. Li, S. Wang and J. Li, Chem.–Asian J., 2019, 14, 2815–2821.
13 J. Cai, C. Wang, Y. Liu, J. Ni, B. Lin, X. Wang, J. Lin and

L. Jiang, J. Rare Earths, 2020, 38, 873–882.
14 Y. Ogura, K. Tsujimaru, K. Sato, S. I. Miyahara, T. Toriyama,

T. Yamamoto, S. Matsumura and K. Nagaoka, ACS
Sustainable Chem. Eng., 2018, 6, 17258–17266.

15 L. Zhang, J. Lin, J. Ni, R. Wang and K. Wei, Catal. Commun.,
2011, 15, 23–26.

16 X. Wang, J. Ni, B. Lin, R. Wang, J. Lin and K. Wei, Catal.
Commun., 2010, 12, 251–254.

17 X. Luo, R. Wang, J. Ni, J. Lin, B. Lin, X. Xu and K. Wei, Catal.
Lett., 2009, 133, 382–387.

18 W. Li, P. Liu, R. Niu, J. Li and S. Wang, Solid State Sci., 2020,
99, 105983.

19 R. Javaid, Y. Aoki and T. Nanba, J. Phys. Chem. Solids, 2020,
146, 109570.

20 X. Wang, X. Peng, W. Chen, G. Liu, A. Zheng, L. Zheng, J. Ni,
C. tong Au and L. Jiang, Nat. Commun., 2020, 11, 1–10.

21 M. Karolewska, E. Truszkiewicz, M. Wściseł, B. Mierzwa,
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