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Ammonia synthesis under mild reaction conditions remains a key challenge to realising a carbon-free

society. The development of efficient catalysts for ammonia synthesis is therefore of great interest

nowadays. Here, the effects of the cobalt deposition method and loading on the physicochemical

properties and catalytic performance of Sm-doped BaCeO3-supported Co catalysts were systematically

investigated. Catalysts were prepared by deposition–precipitation, wet impregnation, and physical mixing

methods. Depending on the method used, the catalyst properties varied in terms of chemisorptive

properties and catalytic activity. The favourable activity observed for catalysts prepared by deposition–

precipitation and wet impregnation methods was attributed to a more diverse surface landscape that

facilitates hydrogen and nitrogen adsorption and activation. Then, by using the deposition–precipitation

method, a series of catalysts with Co loadings from 10 to 50 wt% was synthesised. Catalytic testing

revealed a clear dependence of activity on Co loading, with the highest reaction rate and intrinsic turnover

frequency observed for the catalyst loaded with 40 wt% Co. This behaviour was explained not only by the

greater number of adsorption sites but also by the structural sensitivity of cobalt in ammonia synthesis,

where a diverse surface landscape with various adsorption sites improved the catalytic performance.

1. Introduction

Ammonia (NH3) is one of the most important industrial
chemicals, needed for fertiliser production and increasingly
recognised as a promising hydrogen carrier and carbon-free
fuel. This is due to the high energy density (12.8 GJ m−3), high
hydrogen content (17.8 wt%), liquefaction at room
temperature and well-established transportation/storage
technology. However, the industrial Haber–Bosch process,
crucial for global ammonia synthesis, requires harsh reaction
conditions (400–500 °C, 15–30 MPa) and consumes nearly 2%
of the world's energy, accounting for roughly 1.8% of
anthropogenic CO2 emissions. The drive towards carbon
neutrality and reduced energy demands has therefore
stimulated efforts to develop catalysts that enable ammonia
synthesis under milder, more sustainable conditions.1–8

The key challenge in ammonia synthesis lies in the
activation of the stable nitrogen molecule (NN bond, 941 kJ
mol−1).1 This requires a catalyst with a catalytic site
with suitable electronic properties to weaken the NN
triple bond. Conventional iron-promoted catalysts,
although robust, require harsh operating conditions to
achieve sufficient reaction rates, resulting in high energy
costs and environmental impacts to meet ammonia
demands. The development of new catalysts capable of
operating under milder conditions offers a promising
approach to mitigating the energy crisis and
environmental issues.

Ruthenium catalysts supported on various oxides, such as
MgO, CeO2, La2O3, Pr2O3, and ZrO2, have demonstrated
enhanced activity at lower temperatures and pressures due to
favourable nitrogen adsorption and dissociation
properties.1,9–15 However, the high cost and scarcity of
ruthenium limit its industrial application, but at the same
time, have prompted extensive research into alternative
catalysts based on cobalt. Cobalt offers a promising
alternative due to its lower price, higher abundance, and also
comparable electronic configuration to iron.16–28 However,
pure cobalt exhibits limited activity due to the moderate
nitrogen adsorption energy on its surface.18 The performance
of cobalt catalysts can be significantly improved by the choice

Catal. Sci. Technol.This journal is © The Royal Society of Chemistry 2026

aWarsaw University of Technology, Faculty of Chemistry, Noakowskiego 3, 00-664

Warsaw, Poland. E-mail: hubert.ronduda@pw.edu.pl; Tel: +48 22 234 7602
bUniversity of Warsaw Biological and Chemical Research Centre, Żwirki i Wigury

101, 02-089 Warsaw, Poland
c Institute of Optoelectronics, Military University of Technology, Kaliskiego 2, 00-908

Warsaw, Poland
d Faculty of Chemical Technology and Engineering, Department of Inorganic

Chemical Technology and Environment Engineering, West Pomeranian University of

Technology in Szczecin, Piastów Ave. 42, 71-065 Szczecin, Poland

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 9
:4

1:
29

 P
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
View Journal

http://crossmark.crossref.org/dialog/?doi=10.1039/d5cy01610j&domain=pdf&date_stamp=2026-05-26
http://orcid.org/0000-0001-7756-219X
http://orcid.org/0000-0001-5182-5190
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cy01610j
https://pubs.rsc.org/en/journals/journal/CY


Catal. Sci. Technol. This journal is © The Royal Society of Chemistry 2026

of support, the cobalt deposition method, and the cobalt
loading, which determine dispersion, the electronic
environment, and the availability of active sites.16–28 Support
materials play an important role in determining the
physicochemical properties of supported cobalt catalysts.29 In
particular, perovskite-type oxides, such as barium cerate
(BaCeO3) and barium zirconate (BaZrO3), have emerged as
attractive supports due to their high thermal stability,
abundant oxygen vacancies and strong basicity. Moreover,
the perovskite structure can be modified through cation
substitution, allowing for the fine-tuning of electronic and
acid–base properties. Recently, we demonstrated that cobalt
catalysts supported on REE-doped BaCeO3 perovskites (REE =
Nd, Sm, and Gd) exhibited significantly enhanced ammonia
synthesis activity, owing to optimised dopant incorporation
that increases electron density and facilitates electron
transfer from the support to cobalt, thereby promoting N2

activation.22 Also, studies on Ru-based catalysts have shown
that REE-doped BaCeO3 (REE = La, Y, and Pr) supports
enhance catalytic activity by improving electron transfer,
strengthening metal–support interactions (MSI), and
increasing active-site stability.10 In addition to the choice of
support, the method used to introduce the active metal is
crucial in determining dispersion, particle size, and the
interaction strength between the metal and the support.29

Among the most common techniques are wet impregnation
(WI) and deposition–precipitation (DP). Wet impregnation
(WI) is widely used because of its simplicity and controllable
metal loading.29–31 A metal precursor solution fills the pores
of the support, and upon drying and calcination, the
dispersed metal species can be distributed on the support.
However, the uniformity of metal dispersion depends
strongly on the support textural properties, and
agglomeration and/or sintering phenomena may occur
during calcination and/or reductive activation.29–31 This can
be especially problematic when the support surface area is
low and high metal loadings are required. Deposition–
precipitation (DP) typically provides a fine metal dispersion
by precipitating metal hydroxides or carbonates directly on
the support surface through pH-controlled precipitation.29,32

This method favours the metal–support interaction and
abundant active sites for catalytic reactions. These
preparation routes strongly influence catalyst morphology,
electronic structure, and reducibility.29,32 For instance,24

cobalt catalysts prepared by wet impregnation exhibited
superior activity in ammonia synthesis compared to those
prepared by deposition–precipitation, mainly due to the
formation of cobalt nanoparticles (NPs) with an optimal size,
thereby providing active sites with favourable chemisorptive
properties. The method of cobalt deposition can therefore
determine not only the extent of dispersion but also the
nature of the active sites responsible for hydrogen and
nitrogen activation.

Another important catalyst design aspect is the
optimisation of metal loading, which affects both the size
and dispersion of nanoparticles, as well as the chemisorptive

properties of the active sites. At low metal loadings, metal is
typically well-dispersed, leading to strong metal–support
interactions (SMSI) and a high turnover frequency per surface
atom. Increasing metal loading increases the number of
accessible active sites, but can also promote particle
agglomeration, thereby decreasing the effective surface
area available for the catalytic reaction.29 Studies on
supported cobalt catalysts indicated that ammonia
synthesis activity increased with cobalt loading up to
40 wt%, but higher loadings led to decreased activity
due to excessive sintering.33 Moreover, the changes in
metal loading can alter the electronic environment of
cobalt, thereby modifying its intrinsic catalytic activity.
Indeed, ammonia synthesis is a structure-sensitive
reaction in which the activity depends strongly on the
structure and size of metal particles.34 Among its two
allotropic forms, hexagonal close-packed (hcp) cobalt is
generally more active for ammonia synthesis than face-
centred cubic (fcc) cobalt,35 but the hcp–fcc phase
balance depends on preparation and thermal treatment
conditions and varies with cobalt size and
structure.36,37

Despite considerable advances in cobalt catalysis, further
research is needed to develop efficient catalysts for ammonia
synthesis. Therefore, it is essential to adopt a rational design
strategy to enhance the catalyst performance under milder
reaction conditions. The present work aims to design an
efficient supported cobalt catalyst for ammonia synthesis by
systematically elucidating the interplay between cobalt
deposition method, cobalt loading, and surface structure–
activity relationships. Sm-doped BaCeO3, a perovskite-type
oxide, was used as the support, as it has been previously
demonstrated to be highly effective for Co-based ammonia
synthesis catalysts.22 Detailed structural and surface
characterisations, including N2 physisorption, X-ray
diffraction (XRD), scanning transmission electron microscopy
(STEM), and temperature-programmed desorption (TPD),
were complemented by catalytic testing. The findings are
expected to contribute to the rational design of efficient
cobalt ammonia synthesis catalysts operating under milder
conditions, thereby emerging as an alternative to the
commercial Fe-based catalysts.

2. Experimental section
2.1. Chemicals

All chemicals used were of analytic grade purity obtained
from Merck, Acros Organics, or Chempur. Deionised water
was used to prepare all aqueous solutions.

2.1.1. Support preparation. BaCe0.9Sm0.1O3−δ (BCS) was
used as a support for the preparation of cobalt catalysts. BCS
was selected based on our previous work.22 The support was
prepared by a co-precipitation method.22 Proper amounts of
Ba(NO3)2, Ce(NO3)3·6H2O, and Sm(NO3)3·6H2O were dissolved
in deionised water under stirring and heated to 90 °C. Then,
the double access of (NH4)2CO3 solution was added dropwise.
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The thus-obtained precipitate was aged at 90 °C for 1 h, then
cooled, filtered, washed with deionised water and dried at 90
°C for 24 h. Finally, the sample was calcined at 1100 °C for
10 h.

2.1.2. Catalyst preparation by deposition–precipitation. A
proper amount of Co(NO3)2·6H2O was dissolved in deionised
water under stirring. Cobalt loading was fixed at 10 wt%.
Then, the BCS support was added to the solution under
stirring, and the suspension was heated to 90 °C. Then, the
K2CO3 solution was added dropwise until the pH reached 9.
The thus-obtained precipitate was aged at 90 °C for 1 h, then
cooled, filtered, and washed with deionised water until the
conductivity was below 100 μS cm−1. The obtained solid was
then dried at 120 °C for 12 h and calcined at 500 °C for 5 h.
The sample was denoted as 10Co-DP. Catalysts with the
higher cobalt loadings of 20, 30, 40, and 50 wt% were also
prepared using the above procedure and labelled as 20Co-DP,
30Co-DP, 40Co-DP, and 50Co-DP, respectively.

2.1.3. Catalyst preparation by wet impregnation. A proper
amount of Co(NO3)2·6H2O was dissolved in deionised water
under stirring at room temperature. Cobalt content was fixed
at 10 wt%. Then, the BCS support was added to the above
solution, and the suspension was stirred for 15 min and kept
overnight. The aqueous solvent was removed using a rotary
evaporator at 60 °C and 200 mbar. The obtained solid was
then dried at 120 °C for 12 h and calcined at 500 °C for 5 h.
The sample was denoted as 10Co-WI. A catalyst with a higher
cobalt loading of 30 wt% was also prepared using the above
procedure and labelled as 30Co-WI.

2.1.4. Catalyst preparation by physical mixing. The proper
amounts of Co3O4 and the BCS support were physically mixed
using an agate mortar and pestle. Cobalt content was fixed at
10 wt%. The sample was denoted as 10Co-PM.

All the as-prepared catalysts were pelletised, crushed and
sieved to 30–50 mesh before catalytic testing and
characterisation. The reductive activation was typically
carried out at 600 °C in a hydrogen-rich mixture to ensure
the complete reduction of the Co precursor into metallic Co.
Unless otherwise specified (e.g., as-prepared catalyst, pre-
catalyst), the catalysts mentioned in the paper refer to the
reduced catalysts.

2.2. Characterisation methods

2.2.1. Inductively coupled plasma mass spectrometry
(ICP-MS). Co metal loadings in catalysts were determined
after microwave-assisted digestion using the M6 microwave
digestion system (Preekem Scientific, Altium, Poland).
Specifically, 6 mL of HNO3 and 2 mL of HCl were added to
approximately 30 mg of catalyst. Each sample was prepared
in triplicate. The digestion program consisted of a 10 min
ramp to 130 °C, a 3 min hold at 130 °C, an 8 min ramp to
180 °C, and a 15 min hold at 180 °C. After digestion, the
samples were cooled to room temperature and then diluted
with ultrapure water to a final volume of 25 mL. Before the
ICP-MS analysis, the samples were diluted 1000-fold using

2% HNO3 (v/v). The determination of total cobalt content
was conducted using an Agilent ICP-MS 7850 (Agilent
Technologies, Germany) instrument equipped with Agilent
SPS4 Autosampler. Cobalt calibration standards in the
range 2 to 1200 μg L−1 were prepared and analysed for
quantification of Co by external calibration, with the
addition of 2 μg L−1 yttrium as an internal standard to
monitor plasma fluctuations and compensate for
sensitivity shifts. The Co metal loadings were calculated
as the mean value from the three replicates for each
catalyst.

2.2.2. Hydrogen temperature programmed reduction
(H2-TPR). Hydrogen temperature-programmed reduction (H2-
TPR) studies were conducted using a Micromeritics
AutoChem II 2920 chemisorption analyser equipped with a
mass spectrometer (MKS Cirrus 200 AMU). A pre-catalyst
sample (0.2 g) was placed in a U-shaped quartz reactor and
heated to 800 °C at a ramp rate of 5 °C min−1 under a 10%
H2/Ar flow (40 mL min−1). Hydrogen consumption during the
reduction process was continuously monitored using a mass
spectrometer at m/z = 2.

2.2.3. N2 physisorption. N2 physisorption measurements
were conducted using a Micromeritics ASAP 2020 instrument
at −196 °C. A pre-catalyst sample (0.5 g) was reduced in situ
at 600 °C for 12 h under a H2 flow (40 mL min−1), followed
by purging at 620 °C for 2 h under a He flow (40 mL min−1).
The catalyst was subsequently degassed under vacuum at 200
°C for 2 h, and the adsorption isotherms in the relative
pressure (P/P0) range of 0.05–0.3 were measured and analysed
by using the BET method.

2.2.4. Thermogravimetric analysis (TGA).
Thermogravimetric analysis (TGA) was employed to
investigate the reduction/oxidation processes, and the TG
curves were recorded using a Netzsch STA449C thermal
analyser. A pre-catalyst sample (0.1 g) was heated from
30 to 600 °C with a ramp rate of 5 °C min−1 in a 50
vol% H2/Ar flow (100 mL min−1), held at 600 °C for 5
h and then cooled to 30 °C under an Ar flow (100 mL
min−1). The sample was then heated from 30 to 600 °C
at a rate of 5 °C min−1 under a 10% O2/N2 flow (100
mL min−1), held at 600 °C for 5 h, and then cooled to
30 °C.

2.2.5. Raman spectroscopy. Raman spectra were collected
using a Renishaw inVia spectrometer with a 532 nm laser
source, producing a ∼1 μm spot at 1.95% power (∼16 mW).
The experiments were carried out at room temperature.
Mapping mode was applied over an area of approximately
20 μm × 20 μm, yielding around 400 spectra for 2 s at each
spot. Raman spectra were collected at different laser powers
(1–10%, ∼8–80 mW) for 5 s each, and the measurement
spot was changed after each acquisition to eliminate the
effect of laser-induced heating at a given location on the
sample. Individual bands were fitted with a Lorentzian
function, and the uncertainties were determined using the
least-squares method in Origin2025. The maps were
generated by extracting the intensity at 348 cm−1 and by
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determining the maximum intensity of the A1g mode in the
WiRE software.

2.2.6. X-ray powder diffraction (XRD). X-ray diffraction
(XRD) analysis was performed on a Bruker D8 Advance
diffractometer with Cu-Kα radiation (λ = 0.15418 nm)
operated at 40 kV and 40 mA. XRD patterns for the pre-
catalysts were acquired without pre-treatment, whereas XRD
patterns for the catalysts were collected after ex situ reduction
at 600 °C for 24 h under a H2 flow (40 mL min−1). XRD
patterns were recorded in the Bragg–Brentano (θ/θ) horizontal
geometry over a 2θ range of 10° to 90° in a continuous scan
mode, with a step size of 0.03° and a counting time of 10 s
per step.

2.2.7. Scanning transmission electron microscopy with
energy-dispersive X-ray spectroscopy (STEM-EDX).
Microscopic observations were conducted on a Talos F200X
(FEI) microscope in scanning transmission electron
microscopy (STEM) mode, equipped with a high-angle
annular dark-field (HAADF) detector and an energy-dispersive
X-ray (EDX) spectrometer (Bruker BD4 spectrometer). The
images were collected after ex situ reduction at 600 °C for 24
h under a H2 flow (40 mL min−1). The sample was then
dispersed in ethanol under ambient conditions, and a few
drops of the dispersion were placed on a carbon-coated
copper mesh TEM grid. The grid was left to dry overnight at
room temperature. Particle sizes were determined exclusively
for Co, despite the presence of other elements (Ba, Ce) in the
analysed sample. To ensure their unambiguous identification,
a combination of HAADF-STEM imaging and EDX mapping
was employed. The cobalt distribution maps were overlaid
onto the corresponding HAADF images, which, despite the
inherent broadening of the EDX signal, enabled precise
identification of Co particles contours and elimination of
contributions from Ba and Ce. The identified cobalt particles
were manually outlined, and the resulting data were used to
construct particle-size distribution histograms.

2.2.8. H2 temperature-programmed desorption (H2-TPD).
H2 temperature-programmed desorption (H2-TPD)
experiments were also performed using the same equipment
as for TPR measurements. A pre-catalyst sample (0.5 g) was
subjected to in situ reduction at 550 or 600 °C under a H2

flow (40 mL min−1) for 12 h, followed by purging at 570 or
620 °C under an Ar flow (40 mL min−1) for 2 h, and cooled to
150 °C. The sample was then exposed to a H2 flow (40 mL
min−1) for 15 min, followed by further cooling to 0 °C and
holding at that temperature for an additional 15 min. The
system was then purged with Ar for 1 h. The TPD process was
carried out under an Ar flow (40 mL min−1) at ramp rates of
5, 10, 15, and 20 °C min−1, reaching 600 °C, during which
the H2 signal (m/z = 2) was continuously monitored by a mass
spectrometer. The quantity of desorbed hydrogen per unit
mass of the catalyst was calculated with an experimental
error margin of ±5%.

2.2.9. N2 temperature-programmed desorption (N2-TPD).
N2 temperature-programmed desorption (N2-TPD)
experiments were also performed using the same equipment

as for TPR measurements. A pre-catalyst sample (0.5 g) was
subjected to in situ reduction at 600 °C under H2 flow (40 mL
min−1) for 12 h, followed by purging at 620 °C for 2 h under
a He flow (40 mL min−1), and cooled to 200 °C. The sample
was then exposed to an N2 flow (40 mL min−1) for 4 h,
followed by further cooling to 0 °C. The system was then
purged with He for 1 h. The TPD process was carried out
under a He flow (40 mL min−1) at a ramp rate of 10 °C min−1,
reaching 600 °C, during which the N2 signal (m/z = 28) was
continuously monitored by a mass spectrometer. The
quantity of desorbed nitrogen per unit mass of the catalyst
was calculated with an experimental error margin of ±5%.

2.2.10. CO2 temperature-programmed desorption (CO2-TPD).
CO2 temperature-programmed desorption (CO2-TPD)
experiments were also performed using the same equipment as
for TPR measurements. A pre-catalyst sample (0.5 g) was
subjected to in situ reduction at 600 °C under a H2 flow (40 mL
min−1) for 12 h, followed by purging at 620 °C under a He flow
(40 mL min−1) for 2 h. After cooling to 40 °C, the sample was
exposed to CO2 (40 mL min−1) for 2 h. The system was then
purged with He for 1 h. The TPD process was carried out under
a He flow (40 mL min−1) at a ramp rate of 10 °C min−1, reaching
700 °C, during which the CO2 signal (m/z = 44) was continuously
monitored by a mass spectrometer.

2.2.11. X-ray photoelectron spectroscopy (XPS). The
surface composition of the selected catalyst was analysed
using X-ray photoelectron spectroscopy (XPS). A PREVAC
electron spectrometer equipped with a Scienta SES 2002
electron energy analyser was used. The data were acquired in
a high-resolution mode, with a pass energy of 50 eV. An X-ray
tube with an aluminium anode, generating radiation with an
energy of 1486.6 eV, was used. A correction of the binding
energy was performed due to the presence of the surface
charging effect. It was assumed that the Ba 4d spectral line
corresponding to oxidised barium atoms is located at a
binding energy of 89.2 eV.38

2.3. Catalytic activity tests

The ammonia synthesis reaction was performed in a tubular
flow reactor. A detailed experimental setup is described in
our previous works.39,40 The methodology employed in this
study excluded mass transfer limitations, ensuring that the
reaction proceeds in the kinetic regime.39,40 A pre-catalyst
sample (0.5 g) was activated according to the following
temperature protocol: 470 °C for 72 h, 520 °C for 24 h, 550
°C for 48 h, and 600 °C for 24 h. The activation process was
carried out in a H2/N2 flow (H2 : N2 = 3 : 1, 70 L h−1). Next, the
reactor was pressurised to 6.3 MPa and cooled to 470 °C. The
measurements were performed under steady-state conditions,
and ammonia produced during the reaction was analysed
interferometrically. The catalyst bed temperature was
measured using a thin thermocouple positioned axially in a
steel sheath. The axial temperature profiles were measured,
and the average catalyst bed temperature was determined.
The ammonia synthesis rate was calculated using the mass
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balance for a plug-flow differential reactor. The average error
in the determination of ammonia synthesis rate was ±1%.
The turnover frequency (TOF) was calculated by dividing the
ammonia synthesis rate by the number of surface cobalt
atoms. The number of surface cobalt atoms was estimated
from H2-TPD experiments, assuming a stoichiometry of H/Co
= 1.41 The thermal stability of the catalyst was evaluated by
repeating the catalytic tests at 470 °C and 6.3 MPa after
catalyst overheating at 600 °C for 24, 48, and 72 h under
atmospheric pressure.

3. Results and discussion
3.1. Studies on the effects of the Co deposition methods

First, we examined the influence of the Co deposition
method on the properties of the cobalt catalysts prepared by
deposition–precipitation, wet impregnation, and physical
mixing. This approach enables a direct comparison of how
the Co deposition strategy governs cobalt dispersion, metal–
support interactions, chemisorptive properties and the
catalytic performance. The results of the ammonia synthesis
reaction carried out over 10Co-DP, 10Co-WI, and 10Co-PM
are shown in Fig. 1.

The catalyst performance varied depending on the
method used for Co deposition. The highest ammonia
synthesis rate of 2.21 gNH3

gcat
−1 h−1 was noted for the

10Co-WI catalyst, which was about 1.4 times that of 10Co-
DP (1.56 gNH3

gcat
−1 h−1) and 2.9 times that of 10Co-PM

(0.75 gNH3
gcat

−1 h−1). In the case of intrinsic activity (TOF),
the highest TOF values of 0.260 s−1 and 0.251 s−1 were
observed for 10Co-DP and 10Co-WI, respectively. For 10Co-
PM, the TOF value (0.166 s−1) was about 1.5 times lower
than that of 10Co-DP and 10Co-WI. These results suggest
that the reaction rate over 10Co-DP and 10Co-WI is
determined by the number of available active sites, as
almost the same TOF values were observed. For 10Co-PM,
in turn, the low ammonia synthesis rate suggests that it is
influenced not only by the number of available active sites,
but also by the intrinsic activity of the cobalt sites. The
TOF values reflect the intrinsic properties of cobalt, while
the ammonia synthesis rate is constrained by the number
and activity of reaction sites. To elucidate the origins
underlying the catalytic performance disparity, detailed
structural, morphological, and surface characterisation
investigations were employed.

Co metal loadings were determined by ICP-MS, providing
composition information for the bulk of the catalysts (Table
S1). The Co loadings in the catalysts correspond well to the
nominal values, indicating successful Co deposition. All the
catalysts exhibited poor porosity. The BET surface areas
were 4.5, 4.9, and 4.5 m2 gcat

−1 for 10Co-DP, 10Co-WI, and
10Co-PM, respectively. Such a low surface area is due to the
low surface area of the BCS support material (4.3 m2 g–1

(ref. 22)), preventing a well-controlled metal distribution.
Using XRD, the catalyst structures were analysed and

compared (Fig. S1). The diffraction peaks attributable to the

Fig. 1 Ammonia synthesis activity over cobalt catalysts obtained by different cobalt introduction methods. The activity was expressed as ammonia
synthesis rate (orange bars) and turnover frequency (red bars). Reaction conditions: pressure, 6.3 MPa; temperature, 470 °C; synthesis gas, H2/N2 =
3 with a flow rate of 70 L h−1.
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BaCeO3 orthorhombic structure (Pmcn space group) were
observed, with no peaks related to the Sm-containing phase,
confirming the successful incorporation of the Sm dopant
into the BaCeO3 support lattice.22 There were also peaks at
44.2°, 51.5°, and 75.9°, ascribable to the face-centred cubic
(fcc) Co phase (PDF 15-0806), corresponding to the (111),
(200), and (220) lattice planes, respectively. This indicates the
complete reduction of deposited Co metal species to metallic
Co; the Co crystallite sizes were 29, 25, and 33 nm for
10Co-DP, 10Co-WI, and 10Co-PM, respectively. The negligible
peaks ascribable to the barium carbonate were also seen.

HAADF-STEM images and EDX elemental mapping of the
main catalyst components (Co, Ba, Ce) are shown in Fig. S2.
For all the catalysts, the EDX maps of Ba overlap with Ce,
showing no distinct particles containing separate Ba or Ce
phases. For 10Co-DP and 10CoWI, the Co nanoparticles were
relatively spherical and evenly distributed across the support;
however, agglomeration of Co was observed. The size of these
agglomerated particles varied from 50 to 150 nm. It appears
that the Co NPs were more agglomerated in 10Co-DP than in
10Co-WI. For the 10Co-PM catalyst, the images clearly
revealed a strong agglomeration of Co NPs. The Co NPs
consisted of dense agglomerates of various shapes, with sizes
ranging from 50 to 500 nm.

Hydrogen temperature-programmed desorption (H2-TPD)
analyses were conducted to characterise the surface
heterogeneity of Co dispersed over the BCS support. Fig. 2
presents the hydrogen TPD profiles of the catalysts. The m/z
= 2 signal, attributed to H2, was continuously monitored
during the desorption step. Two distinct desorption peaks

were observed at 100–200 °C and 400–600 °C for all catalysts,
indicating the presence of hydrogen adsorption sites with
different binding energies. The low-temperature peak (LT) is
ascribed to the desorption of hydrogen that weakly binds to
the Co sites, whereas the high-temperature peak (HT) is
associated with the strong chemisorption state of hydrogen
on the Co sites.42,43 In general, similar hydrogen desorption
behaviour was observed across all catalysts; however, for
10Co-PM, the HT desorption peak was relatively broad and
shifted to higher temperatures.

The amount of H2 desorbed, calculated by integrating the
area under the desorption curves, was used to quantify the
hydrogen adsorption sites (Table S2). The 10Co-WI catalyst
exhibited improved hydrogen chemisorption capacity
compared to the 10Co-DP and 10Co-PM; the total H2

chemisorption was about 1.5 times that of 10Co-DP and 1.9
times that of 10Co-PM. The ratio of the low-temperature peak
to the high-temperature peak (LT/HT ratio) was calculated
and used as a measure of heterogeneity in hydrogen
adsorption sites (Table S2). It indicates the proportion of
weak hydrogen-binding sites to strong hydrogen-binding
sites. It has been reported that the presence of weak and
strong binding sites in a similar proportion creates a more
diverse surface landscape, facilitating dissociative hydrogen
adsorption and subsequent reaction with nitrogen to form
ammonia.24 The predominance of only weak or strong
hydrogen adsorption sites is deemed undesirable because it
either binds hydrogen too weakly or too strongly, leading to
the blockage of active sites and a loss of catalytic activity.24 It
is suggested that 10Co-WI and 10Co-DP possess a more

Fig. 2 H2-TPD analyses of the 10Co-DP, 10Co-WI, and 10Co-PM catalysts.
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diverse surface landscape than 10Co-PM, because the
calculated LT/HT ratio is closer to 1.24 The high hydrogen
chemisorption capacity of the 10Co-WI catalyst, with its
diverse surface landscape featuring various adsorption sites,
is supposed to contribute to the enhanced rate of ammonia
synthesis. These results highlight the crucial role of the metal
introduction method in controlling the size and distribution
of the metal on the support. This, in turn, greatly affects
interactions between the metal and the support, thereby
tailoring the reactivity of the cobalt sites.

According to TPD theory, under the conditions that mass
transfer limitations are negligible and re-adsorption can be
excluded, the following equation can be used to calculate the
H2 desorption activation energy, as reported in ref. 42 and 43:

2logTm − logβ ¼ Ed

R
1
Tm

þ log
Ed

AR

where Tm is the temperature of the desorption peak

maximum (K), β is the heating rate (K min−1), Ed is the

desorption activation energy (kJ mol−1), and A is the
desorption frequency factor.

Thus, from the slopes of the “2 logTm − log β” versus 1/Tm
plots of the linear fit plots, Ed can be calculated.43 The
10Co-WI and 10Co-DP catalysts were further studied to gain
insight into the desorption property of hydrogen species
from the active sites (Fig. 3).

The activation energies for H2 desorption at low-
temperature desorption peaks were 40.2 and 91.8 kJ mol−1

for 10Co-DP and 10Co-WI, respectively. At the high-
temperature region, the hydrogen desorption activation
energies were 168.1 and 129.6 kJ mol−1. These results confirm
that the deposition method not only affects the Co size and
distribution but also influences the nature and strength of
interactions with hydrogen. For 10Co-WI, the stronger
intrinsic hydrogen adsorption on Co was observed at the low-
temperature region, whereas at the high-temperature region,
the stronger hydrogen chemisorption was observed for 10Co-
DP. These differences can be attributed to differences in the
properties of cobalt, such as size and structure. Indeed, it has

Fig. 3 H2-TPD analyses for the (A) 10Co-DP and (B) 10Co-WI catalysts with different temperature ramp rates, and the respective activation
energies for H2 desorption at the (C) low-temperature and (D) high-temperature regions.
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been reported that adsorption and desorption of hydrogen
and nitrogen depend on the structure of Co,18,44,45 thus
affecting the catalytic behaviour of cobalt.

To summarise this section, it is confirmed that the
method of cobalt deposition influences the catalyst
properties and performance. A particularly high ammonia
formation rate was observed for the catalyst obtained by the
wet impregnation method. This resulted from its high
hydrogen chemisorption capacity and a diverse surface
landscape with various adsorption sites. The lower ammonia
formation rate observed for the catalyst obtained by
deposition–precipitation is attributed to the lower Co
dispersion, as the 10Co-WI and 10Co-DP catalysts exhibited
almost the same TOF values. Compared with 10Co-DP and
10Co-WI, the physically mixed catalyst (10Co-PM) exhibited
the lowest catalytic activity due to severe agglomeration of Co
NPs, leading to low Co dispersion, but also to the limited
heterogeneity in adsorption sites.

3.2. Studies on the effects of the Co loading amounts

In the next stage, we examined the influence of Co loadings
on the properties of the cobalt catalysts. The appropriate
metal loading is crucial for maximising the availability of
surface active sites, accounting for the ammonia synthesis
reaction. Optimal metal loading is also important from a
technological perspective; an appropriate activity-to-price
ratio is crucial for developing efficient, cost-effective catalysts.
Although the wet impregnation method was found to be the
most suitable for Co deposition, it is often recognised as
unsuitable for high metal loadings, especially on low-surface-
area supports due to limited porosity, thus promoting
excessive nanoparticle agglomeration during thermal
treatment. In such cases, alternative deposition methods are
required to achieve uniform metal distribution with
controlled particle size.29,30,32 To check this, we prepared
catalysts loaded with 30 wt% Co using wet impregnation and
deposition–precipitation, denoted as 30Co-WI and 30Co-DP,
respectively. The results of the ammonia synthesis reaction
carried out over 30Co-WI and 30Co-DP are shown in Fig. 4A.
The ammonia synthesis rate of 30Co-DP reached 4.01 gNH3

gcat
−1 h−1, which was about 1.7 times that of 30Co-WI (2.82

gNH3
gcat

−1 h−1). The TOF value of 0.402 s−1 was observed for
30Co-DP, which was about 1.1 times that of 30Co-WI (0.356
s−1). This suggests that the observed differences in ammonia
formation rates are primarily due to differences in the
number of available Co surface active sites.

To confirm this, the number of hydrogen adsorptive sites
was determined by H2-TPD (Fig. S3). The hydrogen
chemisorption capacity of 30Co-WI was 26% lower than that
of 30Co-DP (Table S3). Interestingly, the H2 chemisorption of
30Co-WI was 11% lower than that of 10Co-WI (Tables S2 and
S3). This decrease indicates severe sintering of Co NPs,
leading to a decrease in the exposed Co atoms. Indeed, the
BET surface area of 30Co-WI was 3.0 m2 g−1, about 1.6 times
lower than that of 10Co-WI (4.9 m2 g−1). XRD confirmed the

presence of fcc-Co with a crystallite size of 32 nm (Fig. S4),
comparable to that of 10Co-WI, despite much higher Co
loading. This observation is consistent with a previous
report,33 suggesting that, although the crystallite size remains
similar, agglomeration increases with Co loading. Indeed,
pronounced sintering and agglomeration of Co nanoparticles
in 30Co-WI were confirmed by STEM-EDX analysis (Fig. S5).

Based on these findings, we selected the deposition–
precipitation method for Co deposition, as it was shown to
be suitable for high metal loadings. By modulating the Co
loading, we prepared the catalysts loaded with 10, 20, 30, 40
and 50 wt% Co. The results of the ammonia synthesis
reaction are displayed in Fig. 4. Fig. 4A shows the effect of Co
loading on the ammonia synthesis performance. The
ammonia synthesis rate gradually increased from 1.56 to 4.80
gNH3

gcat
−1 h−1 as the Co loading increased from 10 to 40

wt%. A further increase in the Co loading from 40 to 50 wt%
resulted in a slight decrease in the ammonia synthesis rate
(4.47 gNH3

gcat
−1 h−1). The intrinsic activities (TOF) exhibited

the same trend. The catalysts were also tested at different
temperatures (400, 430, and 470 °C) (Fig. 4B). The resulting
reaction rates were used for the Arrhenius plots in Fig. 4C.
The determined apparent activation energies (Ea) were 74.2,
66.4, 59.0, 56.3, and 52.7 kJ mol−1 for 10Co-DP, 20Co-DP,
30Co-DP, 50Co-DP, and 40Co-DP, respectively. The lowest
apparent activation energy of 40Co-DP suggests the presence
of highly active surface Co sites, allowing efficient activation
of N2 and H2 molecules. In addition, the ammonia synthesis
stability tests were conducted (Fig. 4D). The catalysts were
overheated at 600 °C for 72 h, and the reaction rates were
measured at specific times (after 24, 48 and 72 h). Such a
high temperature was intentionally chosen to accelerate
possible thermally induced processes, such as sintering, and
thus provide insight into the long-term thermal stability of
the catalysts. The catalysts exhibited a slight decrease in
ammonia synthesis rates of about 5%. This suggests that
catalysts were rather stable under the applied reaction
conditions. In the catalysts where sintering is severe, a more
pronounced and continuous decline in performance would
typically be expected due to the loss of active sites.

The ammonia synthesis performance of the catalysts was
compared with that of other literature-reported supported
catalysts (Table S4). Generally, the reaction rates obtained at
470 °C for our catalysts (Table S4, entries 29–33) are
competitive with those reported in the literature. The reaction
rates were higher than those for supported iron and
ruthenium catalysts; however, the catalytic tests were
performed under lower temperatures and pressures. Although
a direct comparison was not possible due to the different
reaction conditions, it is still possible to deduce that our
catalysts show considerable potential. Under identical
reaction conditions (Table S4, entries 19–33), our catalysts
outperformed other supported cobalt catalysts, exhibiting at
least a 2-fold higher reaction rate, thus highlighting the
decisive role of the support. Notably, it achieves exceptionally
high ammonia synthesis rates, surpassing not only
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conventional Co catalysts but also competing with industrial
Fe catalysts (Table S5). Specifically, at 6.3 MPa and 400 °C, the
ammonia synthesis rate per mass of catalyst over our catalyst
was 1.4 times lower than that of KM1R (an industrial iron
catalyst). However, when the reaction rate was expressed per
unit mass of metal, the catalyst showed about 1.7 times the
performance of KM1R, indicating better utilisation of the
active metal species, and making our catalyst an attractive
alternative.

A detailed investigation of the structure, morphology, and
chemisorptive properties was conducted to understand the
key factors affecting catalyst activity. First, the actual Co
loadings were determined by ICP-MS (Table S1). The results
revealed that the Co loadings were close to the nominal
values, indicating successful Co deposition at different
loadings using the deposition–precipitation method. H2-TPR
analysis was performed to study the reductive activation of
the pre-catalysts. The TPR analyses are shown in Fig. 5.

Hydrogen consumption was monitored by the m/z of 2. The
observed peaks are associated with the reduction of the
Co3O4 oxide, as XRD and Raman analyses identified Co3O4 in
the pre-catalysts (Fig. S6–S8). The TPR curves exhibited two
maxima, one at about 300 °C and the second at 400–450 °C.
The low-temperature peak occurred at the same temperature
for all the catalysts, whereas the high-temperature peak
shifted towards higher temperatures for the high cobalt-
loaded catalysts (≥30 wt% Co) (Fig. 8). Meanwhile, for the
high-loaded cobalt catalysts, the second peak consisted of
two overlapping peaks, indicating a different reductive
process than that observed for low cobalt-loaded catalysts. In
the case of 10Co-DP and 20Co-DP, the reduction of Co3O4

occurred in two stages.46 The peak at 300 °C was assigned to
the reduction of Co3+ to Co2+, and the peak at 400 °C
corresponded to the reduction of Co2+ to Co0. For the 30Co-
DP, 40Co-DP and 50Co-DP pre-catalysts, the Co3O4 reduction
probably occurred in three stages. The peak at 300 °C was

Fig. 4 Evaluation of the ammonia synthesis activities over the 30Co-WI and xCo-DP (x = 10, 20, 30, 40, and 50) catalysts. (A) Effect of Co loading
amounts on the ammonia synthesis rate at 470 °C. (B) Temperature dependence of ammonia synthesis rate. (C) Arrhenius plots for ammonia
synthesis reaction. (D) Time dependence of ammonia synthesis rate at 470 °C. Reaction conditions: pressure, 6.3 MPa; temperatures, 400–470 °C;
synthesis gas, H2/N2 = 3 with a flow rate of 70 L h−1.
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attributed to the reduction of Co3+ to Co2+, and the two
overlapping peaks between 400 and 450 °C were due to the
reduction of Co2+ to (Co0Co2+), and Co2+ to Co0.47 These
results may suggest the presence of Co3O4 with different
particle sizes and a broader size distribution than in the low
cobalt-loaded catalysts. Indeed, in the literature, it is reported
that the reduction of Co3O4 depends strongly on particle size
and morphology, and that for larger Co3O4 particles,
reduction occurs at higher temperatures.48,49 H2

consumption during the TPR analyses increased gradually
with increasing cobalt loading (Table S6).

The thermogravimetric (TG) analysis was performed to
study the reduction and oxidation processes. The obtained
DTG curves are shown in Fig. S9, whereas the corresponding
mass losses and mass gains are shown in Table S7. The DTG
curves exhibited two sharp peaks at about 270 and 340 °C
during the reduction step, suggesting a two-step reduction
for all the pre-catalysts. Moreover, compared with the TPR
profiles (Fig. 5), the peaks occurred at lower temperatures.

This can be explained by the use of the H2-rich mixture (50%
H2/Ar) during TGA experiments. This likely resulted in no
visible overlap of the high-temperature peak in the high
cobalt-loaded catalysts. During the oxidation step, a broad
peak at about 340 °C, likely consisting of two peaks, was
observed. This suggests that Co metal oxidation occurs in
two steps: Co0 to Co2+ and Co2+ to Co3+. The recorded mass
losses increased gradually with increasing Co loadings.
During the oxidation step, a gradual increase in mass gain
was observed with increasing Co content. The differences
between the recorded mass losses and mass gains are due to
the presence of moisture in the pre-catalysts, thus
contributing to the higher mass loss. Generally, the TPR and
TGA analyses also enabled the calculation of the Co loading
in the catalysts. All three methods (ICP-MS, TGA, and TPR)
showed consistent results (Tables S1, S6, and S7).

After in situ hydrogen treatment, the BET surface areas of
the catalysts were determined (Table 1). All the catalysts
exhibited poor porosity. The BET surface areas increased with

Fig. 5 H2-TPR analyses of the xCo-DP (x = 10, 20, 30, 40, and 50) pre-catalysts.

Table 1 Physicochemical properties of the xCo-DP (x = 10, 20, 30, 40, and 50) catalysts

Catalyst BET surface areaa (m2 gcat
−1) Co particle sizeb (nm) Co crystallite sizec (nm)

10Co-DP 4.5 36 29
20Co-DP 5.2 41 31
30Co-DP 6.4 42 30
40Co-DP 7.2 — 29
50Co-DP 7.0 — 30

a Determined by N2 physisorption. b Determined by STEM-EDX. For the 40Co-DP and 50Co-DP catalysts, Co agglomeration was severe, making
it difficult to determine a clear particle-size distribution. c Determined from the (111) reflection of the fcc-Co.
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increasing cobalt loading, reaching a maximum of 7.2 m2

gcat
−1 at 40 wt% Co, then slightly decreased.
X-ray diffraction (XRD) was used to evaluate the catalyst

structures, and the results are shown in Fig. 6. The strong
diffraction peaks attributable to the BaCeO3 orthorhombic
structure were seen. There were also peaks at 44.2°, 51.5°,
and 75.9°, ascribable to the face-centred cubic (fcc) Co phase
(PDF 15-0806), corresponding to the (111), (200), and (220)
lattice planes, respectively. In addition, a hexagonal close-
packed (hcp) Co phase (PDF 01-1278) was likely to be present
in high cobalt-loaded catalysts (≥30 wt% Co). However, the
peaks of hcp-Co were very weak and partially overlaid with
the reflections of other phases. This did not allow for the
unequivocal determination of the presence of this phase. It is
also observed that the intensity of diffraction reflections
varied with increasing Co loading. The intensity of the
diffraction peaks originating from the BaCeO3 phase
decreased while those originating from the Co metal
increased. The presence of metallic Co with no reflections
associated with Co oxides indicates the complete reduction
of deposited Co oxide to metallic Co. The Co crystallite size
was almost the same across all catalysts, ranging from 29 to
31 nm, as shown in Table 1 and Fig. 6B. This suggests that,
despite increased cobalt loading, the Co crystallites did not
grow and remained stable.

X-ray photoelectron spectroscopy (XPS) was used to
examine the surface composition. The elements detected at
the catalyst surface were barium, cerium, cobalt, and oxygen.
Trace amounts of samarium as well as “adventitious carbon”
were also observed. It is particularly significant that only
trace amounts of samarium atoms are present on the surface
of the catalysts. Rare-earth element (REE) atoms sometimes
tend to accumulate on the surface of materials.50 Therefore,
the negligible presence of samarium in the spectra observed
for the studied catalysts confirms the earlier conclusion,

based on XRD studies, that these atoms have incorporated
into the BaCeO3 structure (Fig. 6). Due to the presence of
both cobalt and barium in the catalysts, it was not possible
to use the main cobalt spectral line, Co 2p, to determine the
chemical state of cobalt atoms located on the catalyst surface.
This is because of the overlap of the Ba 3d and Co 2p lines.
For this reason, the XPS Co 3p line was used to determine
the surface chemical state of cobalt. The results recorded for
three catalysts are presented in Fig. 7. The intensity of the Co
3p line increased with increasing cobalt loading in the
catalysts. This indicates that as cobalt loading increases, the
catalyst surface becomes progressively enriched with cobalt.
Analysis of the XPS Co 3p spectra indicates that after the
reduction process, cobalt oxide initially present in the catalyst

Fig. 6 (A) XRD patterns of the xCo-DP (x = 10, 20, 30, 40, and 50) catalysts. The orange dot ( ) indicates BaCeO3, and the red dot ( ) indicates
fcc-Co. (B) The dependence of Co loading amount on Co crystallite size.

Fig. 7 X-ray photoelectron spectra of Co 3p line of the selected xCo-
DP (x = 10, 30, 40) catalysts.
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precursor is reduced to metallic cobalt. This is evidenced by
the position of the XPS Co 3p line maximum at 59–60 eV,
characteristic of metallic cobalt.51 For oxidised cobalt species,
these lines would be shifted to approximately 61 eV.52

HAADF-STEM images and EDX elemental mapping of the
main catalyst components (Co, Ba, Ce) are shown in Fig. 8.

For all the catalysts, the EDX maps of Ba overlap with Ce,
showing no distinct particles containing separate Ba or Ce
phases. For the catalysts with low Co loadings, 10Co-DP and

20Co-DP, the Co nanoparticles were relatively spherical and
evenly distributed across the support. With further increasing
Co loading, a pronounced agglomeration of Co particles was
observed. The Co NPs consisted of dense agglomerates of
various shapes, with particle size increasing with Co content
and ranging from 50–150 nm for 10Co-DP to 150–500 nm for
50Co-DP. Due to significant Co agglomeration, only for
catalysts loaded with 10–30 wt% Co was it possible to
calculate a clear particle size distribution (Fig. 8). The thus-

Fig. 8 HAADF-STEM image and corresponding EDX maps of the xCo-DP (x = 10, 20, 30, 40, and 50) catalysts.
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determined average Co particle sizes are also displayed in
Table 1.

For the chemisorptive properties, the basic character was
first evaluated using CO2-TPD (Fig. S10). Since CO2

adsorption on metallic Co particles is rather weak,53 the CO2

desorption peaks corresponded mainly to the surface basicity
of the support. The resultant profiles revealed desorption
peaks at low temperatures (<150 °C), corresponding to weak
basic sites, and broader desorption peaks in the 300–600 °C
range, corresponding to medium- and strong-basic sites.
However, only the 10Co-DP catalyst exhibited a pronounced
desorption peak at (300–600 °C). With further increasing Co
loading, the medium- and high-temperature desorption
features were diminished and eventually disappeared,
suggesting that excessive cobalt leads to partial coverage of
the support surface and a reduction in the accessible basic
sites. However, these sites may still contribute to electron
donation to Co, even though they were not accessible to the
CO2 probe molecules.

The interactions between the hydrogen and cobalt were
investigated by H2-TPD. The m/z = 2 signal, attributed to
hydrogen, was continuously monitored during the desorption
step. The hydrogen TPD profiles were measured for catalysts
reduced at 550 and 600 °C to study the evolution of active
sites during reductive activation, as well as for spent catalysts
to evaluate changes induced under reaction conditions
(Fig. 9A, S11, and S12). First, for the catalysts reduced at 550
°C, two distinct desorption peaks were observed in the
temperature ranges of 100–200 °C and 400–600 °C, indicating
the presence of hydrogen adsorption sites with weak and
strong binding strengths to the Co sites, respectively42,43 (Fig.
S11). As the catalyst reduction temperature increased to 600
°C, the hydrogen desorption behaviour changed (Fig. 9A).
Still, two desorption peaks were observed in similar
temperature ranges; however, the proportion of weak to
strong hydrogen-binding sites changed. Generally, the
observed effects in surface heterogeneity might be related to

differences in the size and structure of the cobalt. Indeed, as
reported by Weststrate et al.,54 the hydrogen concentration
under reaction conditions may vary significantly for the
different cobalt facets. They revealed that hydrogen
desorption on fcc-Co(100) occurs at lower temperatures than
from hcp-Co(0001), with an estimated desorption barrier of
around 70 kJ mol−1. For hcp-Co(0001), the desorption barrier
of about 98 kJ mol−1 was found. Moreover, depending on the
structure, the desorption behaviour varied. For fcc-Co(100), a
single desorption peak was observed, whereas for hcp-
Co(0001), two desorption peaks were observed.54 Taken
together, these results indicate the strong dependence of the
chemisorption properties on the size and structure of Co. For
the catalyst reduced at 600 °C, a more diverse surface
landscape was observed, as indicated by LT/HT ratios ranging
from 0.58 to 1.58, whereas for the catalyst reduced at 550 °C,
the LT/HT ratio ranged from 0.53 to 1.06 (Tables S3 and S8).
This pleasurably implied changes in the structure of Co sites,
thereby altering the chemisorptive properties. As already
mentioned, the presence of weak and strong binding sites in
a similar proportion can facilitate dissociative hydrogen
adsorption and subsequent reaction with nitrogen to form
ammonia.24 Indeed, when comparing catalyst performance
after activation at 550 and 600 °C, the latter was favourable,
leading to an increase in the ammonia synthesis rate (Table
S9). It is also observed that the H2 desorption increased with
increasing Co loading, reached a maximum at 40 wt% Co,
and then decreased as the loading increased to 50 wt% Co
(Tables S3 and S8, Fig. S13). Compared to the catalyst
reduced at 600 °C, the spent samples exhibited a similar H2

desorption behaviour, featuring adsorption sites in the low-
and high-temperature regions (Fig. S12). Although the peaks
retained their positions, a decrease in the intensity of the
high-temperature peak could be observed. Furthermore, as
shown in Fig. S13, the amount of desorbed hydrogen from
the spent catalyst was lower than that from the catalyst
reduced at 550 and 600 °C, respectively, confirming partial,

Fig. 9 (A) H2-TPD and (B) N2-TPD analyses of the xCo-DP (x = 10, 20, 30, 40 and 50) catalysts.
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but not extensive, sintering. If extensive sintering had
occurred, a much more pronounced decrease in H2

desorption would be expected. Instead, the relatively high H2

desorption indicates that the Co sites remained greatly
present even after prolonged overheating. The results
correspond well with the observed stable catalyst
performance (Fig. 4D). It also suggests that SMSI can
effectively mitigate severe particle agglomeration and
preserve catalytic activity over time. Indeed, similar
observations were made for Co- and Ru-based catalysts
supported on BaCeO3.

23,55 Li et al.55 reported that Ru/BaCeO3

is highly efficient for ammonia synthesis due to the strong
electron-donating ability associated with surface basic oxygen
species and the presence of oxygen vacancies, which facilitate
electron transfer to the active metal and promote N2

dissociation. Moreover, the formation of strong interfacial
bonds (e.g., metal–O–Ce) was shown to enhance electronic
metal–support interactions and stabilise the active phase
against sintering.

To further evaluate the chemisorptive properties, nitrogen
TPD analyses were performed (Fig. 9B). This is important for
investigating the interaction between Co and N2. The m/z =
28 signal, attributed to nitrogen, was continuously monitored
during the desorption step. Broad N2 desorption peaks were
observed for the catalysts in the intermediate-to-high
temperature region (300–600 °C). The peak shape changed as
the Co loading increased. For low loadings, a peak centred
around 400 °C was observed, whereas for higher loadings, a
desorption feature resulting from two overlapping signals at
∼370 and ∼450 °C, corresponding to two different
adsorption sites, was observed. Generally, the peaks were of
low intensity, as is known, because cobalt binds nitrogen
weakly.18,42,56,57 Furthermore, similar to the hydrogen TPD
results, the amount of desorbed nitrogen increased with the
increasing Co loading, reaching a maximum at 40 wt% Co,
and then slightly decreased as the loading increased to 50
wt% Co (Table S10). These indicate that the increase in
cobalt loading led to a greater number of nitrogen adsorption
sites and differences in N2 adsorption strength. This suggests
that the structure-sensitive nature of nitrogen activation on
cobalt surfaces, as reported in,18,56,57 where N2 activation
strongly depends on size, surface structure, and the
coordination of Co.

This heterogeneity in surface adsorption sites for H2 and
N2 in high cobalt-loading catalysts (≥30 wt% Co) could
contribute to their high intrinsic activity (TOF) values,
resulting in lower apparent activation energies (Fig. 4).
Moreover, the presence of high-temperature desorption
features (∼400–500 °C) in the H2-TPD and N2-TPD profiles
suggests that strong adsorption sites may be common to both
species (Fig. 9). Although it might imply potential
competition between H2 and N2 for these sites under reaction
conditions, this temperature range coincides with ammonia
synthesis conditions, suggesting that these sites are likely
catalytically relevant to the reaction. These results also
allowed us to conclude that the high hydrogen and nitrogen

chemisorption capacities, along with the diverse surface
landscapes featuring various adsorption sites, were
responsible for the enhanced rate of ammonia synthesis over
the high cobalt-loaded catalyst.

These results, together with those for the metal deposition
effects (section 3.1), highlight the crucial roles of the metal
deposition method and metal loading in tailoring the size
and distribution of Co NPs. This, in turn, significantly affects
the chemisorptive properties of the Co sites, thereby tuning
their reactivity. This clearly demonstrates that the ammonia
synthesis over Co-based catalysts is a structure-sensitive
reaction, and its activity depends on the cobalt structure,
which is known to be size-dependent.35 Any small change in
catalyst structure could result in a change in performance.
Kitakami et al.37 reported a close relationship between the
size and structure of cobalt. They revealed that Co particles
of <20 nm size are of fcc structure, 20–30 nm are a mixture
of fcc and hcp structures, and >40 nm are of hcp structure.
Meanwhile, as revealed by Rambeau et al.,35 the ammonia
synthesis reaction occurs on metallic Co at different rates
depending on the structure. It was found that the hcp-Co
exhibits higher activity (8 × 10−4 s−1) on ammonia formation
than the fcc-Co (4 × 10−4 s−1). However, at about 700K, Co
undergoes a phase transition from the hcp to fcc.36 Although
bulk XRD indicates a predominantly fcc-Co phase (Fig. 6), it
was revealed that for high cobalt-loaded catalysts, it was
likely that the domains of the hcp-Co structure were also
present. These may be stabilised to a limited extent even at
elevated temperatures due to local defects or surface effects,
particularly at steps and kinks, as revealed by Weststrate
et al.54 Meanwhile, the specific support or promoter may
further stabilise hcp-Co domains in the individual Co NPs.
Metal–support interactions or electronic effects induced by
promoter addition can stabilise hcp-Co domains at
temperatures where bulk Co would normally adopt the fcc
structure. Indeed, previous studies on ammonia synthesis
catalysed by cobalt nanoparticles (NPs) have shown that it is
sensitive to size and structure. Zybert et al.34 studied the Ba-
promoted Co/C catalysts in which the Co size varied from 3
to 45 nm. They revealed a correlation between the reactivity
of the cobalt surface in ammonia synthesis and cobalt
particle size. The dependence of intrinsic activity (TOF) on
cobalt particle size indicates that there is an optimal size for
cobalt particles (20–30 nm), ensuring the highest activity of
the cobalt catalyst in the ammonia synthesis reaction. The
observed effect is mainly ascribed to changes in the Co
structure. For particles with a diameter of 20–30 nm, except
for the fcc-Co phase, the hcp-Co phase also appears, which,
along with still a high Co dispersion, leads to the high
catalyst activity. Notably, despite the harsh ammonia
synthesis reaction conditions, which typically favour the
formation of the thermodynamically stable fcc-Co phase, the
authors observed the co-existence of the hcp-Co phase for
particles with diameters of 20–30 nm, suggesting that an
appropriate support and promoter can stabilise the hcp-Co
structure under ammonia synthesis conditions. Similar
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observations were also made for Co/C catalysts used in
Fischer–Tropsch synthesis (FTS). Herold et al.58 revealed that
support properties and Co phase composition are likely
interconnected, and differences in Co phase composition
after reduction likely arise from the properties of support.
They found that Co NPs consist of intergrown fcc and hcp
domains, even though the Co nanoparticle sizes determined
by STEM were about 7.5 nm.58 This phenomenon of structure
sensitivity in ammonia synthesis was also observed for other
catalysts, including Fe- and Ru-based ones.59–62 Jacobsen
et al.61 reported that the support type plays a decisive role in
controlling the Ru structure and the resulting changes in the
abundance of B5-type sites, which are often considered the
most active for N2 activation in ammonia synthesis. These so-
called B5 sites consist of a specific geometric arrangement of
five Ru atoms, exposing three-fold hollow and bridge sites
that strongly facilitate NN bond cleavage.62 The authors
demonstrated that differences in support properties
influence the morphology and size distribution of Ru, leading
to pronounced variations in the availability of B5-type sites
even when overall dispersion is similar; this structural
sensitivity, rather than simple metal dispersion, was
identified as the primary cause of variations in catalytic
activity across different supported Ru systems.61,62

Taking all these results together, we showed that by
modulating the Co loading amounts, different dispersed
catalysts with distinct nanoparticle sizes were obtained. This,
in turn, affected the Co properties, resulting in an increase in
intrinsic activity with increasing Co loading, reaching a
maximum at 40 wt% Co, and then slightly decreased. We
attribute the superior activity of the catalyst loaded with 40
wt% Co to its highest hydrogen and nitrogen chemisorption
capacities, as well as to its most diverse surface landscape,
featuring various adsorption sites. This favourable surface
heterogeneity is supposedly related to the Co structure and
size, which are interconnected, as discussed previously.

4. Conclusions

In the present study, we investigated the effects of the cobalt
deposition method and cobalt loadings on the
physicochemical properties and catalytic performance in
ammonia synthesis. The cobalt catalysts supported on
samarium-doped barium cerate were prepared using different
deposition methods, that is, deposition–precipitation (DP),
wet impregnation (WI), and physical mixing (PM). It has been
revealed that, depending on the method used, the catalyst
properties vary in terms of chemisorptive properties and
catalytic activity. High activity observed for the catalysts
obtained by the DP and WI methods is mainly due to the
diverse surface landscape, facilitating the hydrogen and
nitrogen activation. A series of catalysts with different Co
loadings, ranging from 10 to 50 wt%, was then prepared
using the DP method. A clear dependence of the catalytic
activity on the amount of deposited Co was observed.
Specifically, the reaction rate and the intrinsic reaction rate

increased with increasing Co loading, reached a maximum at
40 wt% Co, and then slightly decreased. The favourable
catalytic properties of high cobalt-loading catalysts (≥30 wt%
Co) are mainly attributed to the structural sensitivity of
ammonia synthesis over Co sites rather than to dispersion
effects. The catalyst loaded with 40 wt% Co was particularly
active, exhibiting the highest hydrogen chemisorption
capacity and the most diverse surface landscape, featuring
various adsorption sites. The findings also underscore the
superior performance of the developed catalysts, as revealed
by comparison with industrial iron ammonia synthesis
catalysts, highlighting the prospects for further development.
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