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The ammonia synthesis process produces millions of tons of ammonia annually needed for the production

of fertilisers, making it the second most produced chemical worldwide. Although this process has been

optimised extensively, it still consumes large amounts of energy (around 2% of global energy

consumption), making it essential to improve its efficiency. To accelerate this improvement, research on

catalysts is necessary. Here, we studied the role of potassium in ammonia synthesis on cobalt catalysts

and found that it was detrimental to the catalytic activity. It was shown that, regardless of the amount of

introduced K, the activity of the K-modified catalysts was much lower than that of the undoped catalyst.

K was found to be in the form of oxide; however, it was unstable and reducible to metallic K, which

easily volatilised from the catalyst surface under activation conditions. In addition, potassium doping

resulted in the sintering of the catalyst, the decrease in the surface basicity, and contributed to the loss

of the active sites, mainly due to the coverage of Co surface by residual K species.
1. Introduction

Ammonia is the second most produced chemical worldwide,
reaching 200 million tons per year. Over 80% of ammonia is
used as a fertiliser in crop production. Ammonia has recently
been considered as a hydrogen carrier for renewable energy.1–3

The Haber–Bosch process has been successfully employed for
industrial ammonia synthesis; however, it requires both very
high temperatures (>400 °C) and pressures (>20 MPa), leading
to high energy consumption (around 2% of global energy use)
as well as a large amount of CO2 released into the atmosphere
(420 million tons of CO2).1–3 Therefore, developing an efficient
catalyst for ammonia synthesis is of major importance. The
rate-determining step (RDS) of ammonia synthesis is a cleavage
of the nitrogen triple bond, owing to its large energy bond
(945 kJ mol−1).4 Transition metals, such as Fe, Co, or Ru, are
essential to the promotion of N2 dissociation, as are the
promoters that provide electrons to the transition metals.
Therefore, electron donation from appropriate promoters is key
to improving the performance of the ammonia synthesis
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catalysts.5–9 The current commercial ammonia synthesis cata-
lyst is the Fe-based catalyst frequently promoted structurally
(with Al2O3) and electronically (with K2O).4 Al2O3 plays an
essential role in stabilising and preventing aggregation of Fe
particles.10 K2O, in turn, accelerates the N2 chemisorption and
dissociation on the surface of Fe.11,12

Over the last decades, Ru-based catalysts using, e.g. carbon,
rare-earth oxides, perovskites as supports and potassium,
cesium, and barium as promoters have been developed and
applied in ammonia synthesis.13–16 Although they can work
under mild conditions compared to iron-based catalysts, the
scarcity of ruthenium and its high price limits the commercial
application of these catalysts. Recently, cobalt catalysts have
emerged as a cost-effective alternative to ruthenium-based
catalysts. Cobalt is an active metal in the ammonia synthesis
reaction and, compared to ruthenium, is more abundant and
less expensive.17–19 However, the activity of pure Co is low
because of the low adsorption energy of N2 on Co.20 Several
strategies have been employed to enhance the activity of cobalt
catalysts, for example, using appropriate supports and adding
alkaline earth metal promoters.9,17,19,21,22 Rare-earth oxides have
been found to be good support materials as they stabilise Co
particles (preventing their aggregation) and provide electrons to
Co, resulting in electron-rich Co sites. Among the alkaline earth
metals, barium has been found as an effective promoter of Co.
Lin et al. have reported that the addition of Ba improves the
activity of Co/CeO2 by increasing the number of adsorption sites
for H2 and N2.17 Similar conclusions have been drawn from
works on Co/C catalysts.9 However, unlike in the Fe- and Ru-
RSC Adv., 2024, 14, 23095–23108 | 23095
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based catalysts, the alkali metals have been found to be detri-
mental to the activity of Co catalysts.9,17 Hagen et al. have sug-
gested that for Co catalysts, alkaline earth metals are better
promoters than alkali metals.9 Lin et al., in fact, have reported
that Ba is the effective promoter, while K is found to be detri-
mental to the cobalt catalyst performance. Specically, the
ammonia synthesis rate of the Ba-doped Co was about 1.3 times
that of the undoped Co and about 4 times that of the K-doped
Co catalyst.17 The poor activity of the K-doped Co catalyst was
attributable to the decrease in the number of adsorption sites
for H2 and N2 due to the coverage of the Co surface with K
species. However, despite these efforts, the effect of K doping on
Co catalysts have not been fully elucidated.

Herein, we investigate the effect of K addition on the phys-
icochemical and catalytic properties of the cobalt ammonia
synthesis catalyst. To this end, cobalt supported on mixed
magnesium–lanthanum oxide was impregnated with different
amounts of potassium nitrate (K content of 0–9 wt%). As already
mentioned, potassium has been selected as an additive since it
has been reported to be an effective promoter for iron- and
ruthenium-based catalysts. However, compared to the undoped
Co catalyst, the K-doped Co catalysts exhibited poorer perfor-
mance, regardless of the amount of K. To clarify how K doping
affected the catalyst, the detailed characterisation studies using
thermogravimetry (TGA), X-ray powder diffraction (XRD), scan-
ning transmission electron microscopy (STEM) coupled with
energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron
spectroscopy (XPS), and temperature-programmed desorption
(TPD) experiments were conducted.

2. Experimental section
2.1. Chemicals

All chemicals used were from Merck and Acros Organics, or
Chempur, with the highest possible purity unless otherwise
stated. Distilled water was used for the preparation of all
aqueous solutions.

2.1.1. Support preparation. Mixed magnesium–lanthanum
oxide was chosen as the support for the preparation of the
undoped and K-doped Co catalysts. The composition of the
support has been previously optimised by our group.23,24 Mixed
magnesium–lanthanum oxide with Mg/La molar ratio of 7 was
prepared by co-precipitation.24 Briey, a mixture of magnesium
nitrate hexahydrate and lanthanum nitrate hexahydrate was
dissolved in distilled water under stirring at 30 °C. Then,
a mixture of potassium carbonate and potassium hydroxide was
added dropwise to adjust the pH to 11. The precipitate was aged
for 18 h at 65 °C without further pH control. Aer cooling to
room temperature, the precipitate was collected by ltration
and washed with distilled water. Finally, the powder was dried
overnight at 120 °C and then calcined at 450 °C for 18 h. The
sample obtained was denoted as MgLa1. The residual K content
was∼0.15 wt%, determined by XRF. To study if the residual K in
the MgLa1 support affected the catalyst activity, mixed magne-
sium–lanthanum oxide was synthesised using the same proce-
dure above but with the use of ammonium carbonate and
ammonia mixture as precipitating agent. The thus-obtained
23096 | RSC Adv., 2024, 14, 23095–23108
powder was denoted as MgLa2. Basic characteristics of the ob-
tained supports are given in the ESI (Table S1, Fig. S1 and S2).†

2.1.2. Catalyst preparation. Cobalt catalysts were prepared
by wet impregnation.25 A Co content was xed at 40 wt%, as it
has been reported to be optimal for this catalyst.25 Briey, cobalt
nitrate hexahydrate was dissolved in distilled water under stir-
ring at room temperature. Then, the mixed magnesium–

lanthanum oxide support was added, and the slurry was stirred
for 15 min to obtain a homogeneous slurry and then kept at
room temperature overnight. The water solvent was removed
using a rotary evaporator, and the obtained powder was dried
overnight at 120 °C. Finally, the powder was calcined at 450 °C
for 18 h. The samples obtained were denoted as Co1 and Co2.
Co1 was the catalyst supported on MgLa1, whereas Co2 was the
catalyst supported on MgLa2.

K-doped Co catalysts with different K doping amounts were
prepared by wet impregnation. The Co1 sample was used for the
preparation of this series of catalysts. The K content was xed at
0.5, 1, 3, 5, 7, and 9 wt%. Briey, potassium nitrate was dis-
solved in distilled water under stirring at room temperature.
Then, the powdered Co1 sample was added, and the slurry was
stirred for 15min to obtain a homogeneous slurry and then kept
at room temperature overnight. The water solvent was removed
using a rotary evaporator, and the obtained powder was dried
overnight at 120 °C. The thus-obtained powders were denoted
as xK–Co1, where x denotes the nominal K content in the nal
catalyst. The exact amount of K in the as-prepared catalysts was
determined by XRF, and the results are shown in Table S2.† For
comparison purposes, three catalysts doped with Cs, Ca, and Ba
were prepared using the same procedure. The dopant concen-
tration was set at 5 wt%. The samples obtained were denoted as
5Cs–Co1, 5Ba–Co1, and 5Ca–Co1.

The as-prepared catalysts were reduced at 600 °C in
hydrogen before the catalytic reaction and characterisation
studies. The activation temperature was chosen based on the
TGA-TPR studies (Fig. S3†). Unless otherwise specied (e.g. as-
prepared catalyst, catalyst precursor, spent catalyst), the cata-
lysts mentioned in this paper refer to the reduced catalysts.
2.2. Catalyst characterisation

2.2.1. Thermogravimetric analysis in temperature pro-
grammed reduction (TGA-TPR). TGA-TPR experiments were
carried out on a NETZSCH STA449C thermal analyser. The as-
prepared catalyst (0.1 g) was heated up to 600 °C with a ramp
of 3 °C min−1 under H2/Ar (50/50 vol%) ow of 100 mL min−1

and held under isothermal conditions for 20 h.
2.2.2. N2 physisorption. N2 physisorption was performed

on aMicromeritics ASAP2020 instrument at−196 °C. Before the
experiment, the as-prepared catalyst (0.5 g) was reduced in situ
at 600 °C for 10 h under H2 ow (40 mL min−1) and purged at
620 °C for 2 h under He ow (40 mL min−1). Then, the sample
was degassed at 200 °C under a high vacuum for 2 h. The
surface area was calculated using the Brunauer–Emmett–Teller
(BET) method in the relative partial pressure range (P/P0) from
0.05 to 0.3. The surface area was expressed per unit mass of the
reduced catalyst.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2.3. X-ray powder diffraction (XRD). X-ray diffraction
(XRD) was carried out on a Bruker D8 Advance diffractometer
using Cu-Ka radiation (l = 0.15418 nm) operated at 40 kV and
40 mA. XRD patterns of the supports were collected without any
pretreatment, whereas XRD patterns of the catalysts were
collected aer the ex situ reduction at 600 °C for different time
durations (18, 36, 54, and 108 h) under H2 ow (40 mL min−1).
The diffraction data were collected in the Bragg–Brentano (q/q)
horizontal geometry between 10° and 80° (2q) in a continuous
scan using 0.03° steps, 10 s per step. The diffractometer inci-
dent beam path was equipped with a 2.5° Soller slit and a 1.14°
xed divergence slit, while the diffracted beam path was
equipped with a programmable anti-scatter slit (xed at 2.20°)
and a Ni b-lter and a 2.5° Soller slit. The diffraction patterns
were analysed by the Rietveld renement method, conducted
using TOPAS 5 soware (Bruker AXS).

2.2.4. Scanning transmission electron microscopy with
energy-dispersive X-ray spectroscopy (STEM-EDS). The micro-
scopic observations were performed in STEM mode using the
high-angle annular dark-eld (HAADF) detector and energy-
dispersive X-ray spectroscopy on a Bruker BD4 spectrometer.
Before imaging, the as-prepared catalyst (0.5 g) was reduced ex
situ at 600 °C for 18 h under H2 ow (40 mL min−1) and next
crushed and powdered. The powdered sample was dispersed in
ethanol under ambient conditions, and several drops of the
resulting dispersion were dropped on a carbon-coated copper-
mesh TEM grid and dried overnight at room temperature.

2.2.5. X-ray photoelectron spectroscopy (XPS). X-ray
photoelectron spectroscopy (XPS) analyses were conducted
using Al Ka (hn = 1486.6 eV) radiation in a Prevac system
equipped with a Scienta SES 2002 electron energy analyser
operating at constant transmission energy (Ep = 50 eV). The
pressure in the analysis chamber was kept under 10−9 mbar.
The reduction of precursors was conducted in a High-Pressure
Cell (HPC) of an ultra-high vacuum (UHV) system. Before the
experiment, a small tablet of the as-prepared catalyst, about
10 mm in diameter, was placed on a sample holder and intro-
duced into the HPC. H2 (99.999 vol%) was passed through the
sample with a ow rate of 20 mL min−1 to obtain the reduced
catalyst. The reduction was carried out for 5 h at 550 °C due to
the instrument limitation. Aer that, the HPC was evacuated,
and the sample was transferred under UHV to the analysis
chamber of the electron spectrometer.

2.2.6. H2 temperature-programmed desorption (H2-TPD).
H2 temperature-programmed desorption was performed on
a Micromeritics AutoChem II 2920 instrument. Before the
experiment, the as-prepared catalyst (0.5 g) was reduced in situ
at 600 °C for different time durations (18, 36, 54, and 108 h)
under H2 ow (40 mL min−1) and then purged at 620 °C for 2 h
under argon ow (40 mL min−1). Aer cooling to 150 °C,
hydrogen was introduced at a ow rate of 40 mL min−1 for
15 min, then cooled to 0 °C and kept at that temperature for
15min. Next, the sample was purged with argon at 0 °C until the
baseline was stable. H2-TPD was carried out under argon ow
(40 mL min−1) with a ramp of 5 °C min−1 up to 600 °C, and the
TCD signal was recorded continuously. The amount of H2
© 2024 The Author(s). Published by the Royal Society of Chemistry
desorbed per unit mass of the reduced catalyst was calculated.
The experimental error in the determination of the amount of
H2 desorbed was ±3%.

2.2.7. CO2 temperature-programmed desorption (CO2-
TPD). CO2 temperature-programmed desorption was carried
out on a Micromeritics AutoChem II 2920 instrument. Before
the experiment, the as-prepared catalyst sample (0.5 g) was
reduced in situ at 600 °C for 18 h under hydrogen ow (40
mL min−1) and then purged at 620 °C for 2 h under helium ow
(40 mL min−1). Aer cooling to 40 °C, carbon dioxide was
introduced at 40 mL min−1

ow and kept at that temperature
for 2 h. Next, the sample was purged with helium at 40 °C until
the baseline was stable. CO2-TPD was carried out under helium
ow (40 mLmin−1) with a ramp of 5 °C min−1 up to 600 °C, and
the TCD signal was recorded continuously. The amount of CO2

desorbed per unit mass of the reduced catalyst was calculated.
The experimental error in the determination of the amount of
CO2 desorbed was ±3%.
2.3. Catalytic activity tests

Ammonia synthesis activity was evaluated in a tubular ow
reactor. A detailed description of the experimental setup can be
found elsewhere.26 Before the catalytic test, the as-prepared
catalyst (0.5 g) was activated using the following temperature
program: 470 °C for 72 h, 520 °C for 24 h, 550 °C for 48 h and
600 °C for 24 h. The activation was performed by H2/N2 mixture
(75/25 mol%) at a ow of 70 L h−1. Then, the system was pres-
surised to 6.3 MPa and heated to the target reaction tempera-
ture (400–470 °C). The resulting NH3 gas was analysed
interferometrically. The ammonia synthesis rate was calculated
from the mass balance for a plug-ow differential reactor.26 The
ammonia synthesis rate was expressed per unit mass of the
reduced catalyst. The experimental error in the determination
of the reaction rate was ±1%. The TOF was calculated from the
ammonia synthesis rate divided by the number of surface cobalt
atoms. The number of surface cobalt atoms was estimated on
the basis of H2 chemisorption value (amount of H2 desorbed
from the H2-TPD analysis), assuming the stoichiometry of H/
Co = 1.27

A thermal stability test was performed by repeating the
catalytic test at 470 °C and 6.3 MPa for 28 days. The catalysts
were overheated at 600 °C at atmospheric pressure during the
intervals between measurements.
3. Results and discussion
3.1. Different potassium dopant content studies

First, the effect of the K content on the performance of Co
catalysts for ammonia synthesis was examined (Fig. 1).

The K-doped catalysts showed much poorer ammonia
synthesis performance compared to the undoped Co catalyst
across the examined K content range. The NH3 synthesis rate
gradually decreased from 2.08 to 0.02 gNH3

g−1 h−1 when the K
content in the catalysts was increased from 0 to 9 wt%. Even
a small addition of K (0.5 wt%) caused a signicant decrease in
the ammonia synthesis rate from 2.08 to 1.23 gNH3

g−1 h−1. Next,
RSC Adv., 2024, 14, 23095–23108 | 23097
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Fig. 1 Effect of the K content on the (a) reaction rate (rNH3
) and (b) TOF of the Co catalysts for ammonia synthesis at 470 °C and 6.3 MPa.

Table 1 The K content in the catalysts after the ammonia synthesis
reaction measured by ICP-OES and XRF

Catalyst Co content (wt%)

K content (wt%)

ICP-OES XRF

Co1 38.4 n.d.a 0.11
0.5K–Co1 37.7 0.23 0.21
1K–Co1 37.9 0.23 0.20
3K–Co1 36.9 0.22 0.23
5K–Co1 39.0 0.26 0.26
7K–Co1 36.0 0.26 0.26
9K–Co1 38.8 0.26 0.24

a n.d. = not detected.
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the catalytic activity per active site was evaluated by calculating
the turnover frequency (TOF). As given in Fig. 1, the TOF follows
the same trend as the reaction rate, where the TOF values
decreased from 0.170 to 0.015 s−1. However, the decrease in
TOF values with the increasing K content in the catalysts was
not as prominent as that of the ammonia synthesis rate. For
example, with the increasing K doping concentration from 0 to
7 wt%, the ammonia synthesis rate decreased by about 48-fold
(from 2.08 to 0.04 gNH3

g−1 h−1), whereas the TOF decreased by
only about 6-fold (0.170 to 0.027 s−1). These results indicate that
the activity of K-modied Co catalysts was more dependent on
the availability of the active sites rather than the intrinsic
activity of each cobalt site.

From the activity results, it is observed that the K doping had
a detrimental effect on ammonia formation. This is in contrast to
earlier studies on the Fe- and Ru-based catalysts, which showed
increased activity when doped with potassium.12,13 In either case,
the role of K in promoting the ammonia synthesis rate has been
generally well understood; K accelerates the chemisorption and
dissociation of N2, thereby enhancing ammonia synthesis effi-
ciency. However, for the Co-based catalysts, Hagen et al. sug-
gested that the alkali promoters are not optimal.9 When
promoted with alkaline earth promoters, these kinds of catalysts
have been found to have a high activity for ammonia synthesis.9

Similar observations were made when Co1, 5K–Co1, 5Ca–Co1,
and 5Ba–Co1 catalyst activities were compared (Fig. S4†). The
activity follows an order of 5Ba–Co1 > 5Ca–Co1 z Co1 [ 5Cs–
Co1 > 5K–Co1. Moreover, Lin et al.17 reported a deterioration of
catalyst performance when doped with potassium; the K-doped
Co/CeO2 catalysts showed much poorer performance compared
to Co/CeO2. However, the state and effect of K doped on Co
catalysts have not been elucidated fully.

Having in mind that alkali promoters, such as K, are not
thermally stable (pure metallic K volatilises at around 400 °C)
and are prone to separate from the catalyst in the ammonia
synthesis conditions,11 the K content in the catalysts aer the
ammonia synthesis reaction was determined (Table 1).

The results are surprising: the K content calculated from ICP
and XRF deviated signicantly from the nominal values. For all
the K-doped Co catalysts, the determined K content was almost
23098 | RSC Adv., 2024, 14, 23095–23108
the same, about 0.2 wt%. This is particularly interesting since
the introduced amount of K salt varied strongly from sample to
sample (Table S2†). This suggests that, although K2O is
considered thermally stable in ammonia synthesis condi-
tions,11,28 its reduction with hydrogen to metallic K with
subsequent evaporation is possible at around 600 °C.29 The
transformation of KNO3 salt to K2O and then to K, with subse-
quent K evaporation, was conrmed by the TGA-TPR study
(Fig. S5†). The TGA-TPR analysis revealed that the reducibility of
the as-prepared 5K–Co1 was notably more hindered compared
to the as-prepared Co1 (Fig. S3†). This was caused by the
potassium addition. It was revealed that the reduction of Co
metal species was completed at around 600 °C, and further
heating at 600 °C for 10 h made it possible to reduce the K2O to
metallic K, which was subsequently evaporated. Therefore, this
shows that the potassium oxide was unstable and reducible to
metallic K, which was easily volatilised at high temperatures.
Meanwhile, there were signicant differences in the catalyst
activity when varying the amount of introduced K salt (Fig. 1).
H2-TPD studies were performed to shed more light on this
matter (Fig. 2).

There were two overlapping peaks: the low-temperature
(<100 °C) and medium-temperature (at 250 °C) peaks associ-
ated with the desorption of H2 that was weakly and intermedi-
ately bound to the Co surface.18,30 This shows that the addition
of K did not affect the nature of active sites, but it affected the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) H2-TPD profiles of the Co1 and K–Co1 catalysts with different K content. (b) The dependence of the amount of desorbed H2 with
respect to the K content.

Table 2 The specific surface area of the catalysts determined by the
BET method

Catalyst Specic surface area (m2 g−1)

Co1 31.5
0.5K–Co1 25.9
1K–Co1 18.8
3K–Co1 11.6
5K–Co1 9.7
7K–Co1 8.6
9K–Co1 8.4
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number of active sites for H2 adsorption (expressed as the
amount of hydrogen desorbed). Even a small addition of K in
the catalyst decreased the number of active sites (Fig. 2b). With
further increasing the K content, the number of active sites
decreased gradually; for the catalyst with the highest K content
(9K–Co1 sample), only 8 mmol of H2 was desorbed, whereas, for
the undoped catalyst (Co1 sample), it was 100 mmol of H2 des-
orbed (∼13-fold decrease). Also of note, the introduction of K
caused the deterioration of the porous structure, as reected in
the decrease in the surface area (Table 2). A 3-fold decrease in
the BET surface area was observed with increasing K content
from 0 to 9 wt%. This decrease is lower than the ∼13-fold
decrease in the number of adsorption sites, indicating that the
sintering of the catalyst was not the main reason for the loss of
the active sites. Therefore, it clearly indicates that the addition
of K was detrimental to the adsorption of hydrogen onto the
catalysts. Meanwhile, the loss of the active sites was reected in
the deterioration of the activity of K-doped catalysts; the trend
of catalyst activity agrees well with the trend of the number of
active sites (Fig. 1 and 2b).

To further study the potassium doping effect, the Co1 and
5K–Co1 samples were selected as representative and intensively
studied.
Fig. 3 Time-on-stream performance of the Co1 and 5K–Co1 cata-
lysts. The data points indicate the ammonia synthesis rate measured at
470 °C and 6.3 MPa. The catalysts were overheated at 600 °C during
the intervals between measurements.
3.2. Catalyst analysis

One important aspect to consider is the catalyst stability during
the ammonia synthesis reaction. Co1 and 5K–Co1 showed
© 2024 The Author(s). Published by the Royal Society of Chemistry
rather stable activity, as demonstrated by the 28 day tests
(Fig. 3). Aer 28 days of overheating, Co1 and 5K–Co1 showed
even better performance compared to the initial activity. The
NH3 formation rates increased by almost 15% in 28 days for
both catalysts, which may be due to the surface rearrangement
under reaction conditions. However, the activity difference
between the Co1 and 5K–Co1 catalysts was the same on day 1
and day 28; Co1 reached an 11 times higher reaction rate than
that for 5K–Co1.

These results are in contrast to those reported in ref. 31. It
has been reported that, although the time-on-stream perfor-
mance of the K–Co/Al2O3 catalysts depended on the K content,
aer 24 hours of the ethanol steam reforming (ESR) process, all
the K–Co/Al2O3 catalysts showed the same activity, regardless of
the initial K content. Within 24 hours, ethanol conversion over
all the K-doped catalysts was higher (∼60%) than that measured
for the undoped catalyst (∼50%). The authors indicated that at
a certain K content (∼0.3 wt%), potassium does not evaporate
from the surface of the Co catalyst, while at higher K contents, K
segregation and evaporation occur during the ESR process. In
RSC Adv., 2024, 14, 23095–23108 | 23099
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other words, the activity of the K-doped samples with the initial
K content between 0.5 and 4 wt% was the same as for the K-
doped sample with the K content of 0.3 wt% aer K segrega-
tion and evaporation from the surface of the Co catalysts at
500 °C. In our study, although the segregated K evaporated from
the surface of the Co catalysts during the ammonia synthesis
process, the activities of all K-doped Co catalysts varied strongly
(Fig. 1). Moreover, even aer 28 days of testing, the activity of
5K–Co1 remained almost unchanged (Fig. 3). The properties of
the catalysts were then characterised.

Powder X-ray diffraction (XRD) was used rst to examine the
catalyst structure, and the XRD patterns are presented in Fig. 4.
The XRD patterns were recorded for the catalysts at different
reduction times. As shown in Fig. 4a, the diffraction peaks
assigned to the metallic fcc Co phase (PDF 15-0806) were visible,
indicating that the loaded Co metal species were completely
reduced to the metallic Co. In addition, the peaks of the MgO
(PDF 45-0946) and La2O3 (PDF 05-0602) phases were detected.
Further prolonging the reduction time did not lead to any
signicant differences in the structural properties of the cata-
lysts. Also, although prolonging the reduction time, the Co1
catalyst was resistant to sintering, as indicated by the similar
crystallite sizes (Fig. 4a). Meanwhile, for the 5K–Co1 catalyst,
the peaks assigned to the metallic fcc Co and hcp Co (PDF 01-
Fig. 4 XRD patterns (left) and the dependence of crystallite size with resp
catalysts reduced for different times.

23100 | RSC Adv., 2024, 14, 23095–23108
1278) were identied. The peaks of the MgO and La2O3 phases
were also detected. No diffraction peaks related to K species
were found due to the low content. With the prolonging of
reduction time, the strong sintering of all phases present
(except MgO) was observed, as indicated by the increasing
crystallite size (Fig. 4b). Most importantly, the crystallite sizes
were much larger than those determined for Co1. This obser-
vation is consistent with literature reports on the effect of K-
modied Co catalysts, where potassium doping leads to sin-
tering and crystallite growth.17,32

The STEM-EDS mapping was further conducted to study the
element distribution in the catalysts. As displayed in Fig. 5, in
Co1, the Co nanoparticles were uniformly dispersed on the
support, with an average particle size of 29.4 nm. By contrast, in
5K–Co1, the Co nanoparticles were not uniformly dispersed on
the support, with an average particle size of 82.5 nm. The K
species were not observed due to the low content (Fig. 6). This
demonstrates that the K-modication caused the sintering of
Co nanoparticles (NPs), which diminished Co exposure. These
observations agree well with the XRD results mentioned above.

The chemisorptive properties of the catalysts were studied by
hydrogen TPD. Fig. 7 shows the H2-TPD proles of Co1 and 5K–
Co1 reduced for different times. Both Co1 and 5K–Co1 dis-
played similar proles consisting of two overlapping peaks
ect to the catalyst reduction time (right) of the (a) Co1 and (b) 5K–Co1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) HAADF-STEM image at low magnification and EDS elemental mapping of (b) Mg, (c) La, (d) Co, and (e) overlay of La, Co, and Mg
elements of the Co1 catalyst.

Fig. 6 (a) HAADF-STEM image at low magnification and EDS elemental mapping of (b) Mg, (c) La, (d) Co, and (e) overlay of La, Co, and Mg
elements of the 5K–Co1 catalyst.
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occurring in the low-temperature (<100 °C) and medium-
temperature (at 250 °C) regions. These were associated with
the desorption of H2 that was weakly and intermediately bound
to the Co surface.18,30 As already observed (Fig. 2), the K addition
strongly affected the surface Co adsorption properties. It was
revealed that the K-modication did not affect the nature of
adsorption sites, but it considerably affected (decreased by ∼5-
fold) the number of active sites for H2 adsorption (Fig. 7).
Meanwhile, a ∼3-fold decrease in the BET surface area and Co
particle size was observed (Table 2, Fig. 5 and 6), indicating that
the loss of active sites was the result of the sintering of the
catalyst as well as excessive coverage of the Co surface by the K
species. With the prolonging of reduction time, no signicant
differences in the adsorption behaviour of Co1 and 5K–Co1
© 2024 The Author(s). Published by the Royal Society of Chemistry
were observed (Fig. 7). The good stability of 5K–Co1 implies that
the catalyst surface was still rich in K, and further overheating
under reductive conditions did not lead to further K evapora-
tion from the catalyst surface and unblocking of the active sites.
This strongly suggests that the layer of K species on the Co NPs
was stable; thus, no further changes in the surface composition
were to be expected. This is reasonable since the 5K–Co1 cata-
lytic activity was stable for at least 28 days (Fig. 3).

The results derived from the hydrogen TPD studies corre-
spond well with those obtained from the XPS. The XPS analysis
indicated that the surface of 5K–Co1 was enriched with K
compared to the bulk, whereas the surface was depleted from
cobalt (24.9 vs. 2.7 at%). Such a low Co surface concentration
prevented the access of reagents to the catalytic active sites.
RSC Adv., 2024, 14, 23095–23108 | 23101
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Fig. 7 (a) H2-TPD profiles and (b) the dependence of the amount of desorbed H2 with respect to the catalyst reduction time of the Co1 and 5K–
Co1 catalysts.

Table 3 The surface content of Co and K in the Co1 and 5K–Co1
catalysts determined from XPS analysis

Catalyst

Surface content (at%)

Co K

Co1 18.3 6.0
5K–Co1 2.7 24.9

Fig. 8 CO2-TPD profiles of the Co1 and 5K–Co1 catalysts.
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Most importantly, the XPS analysis indicated that K was present
as an oxide on the catalyst surface. The Co surface concentra-
tion in Co1 was found to be ∼3 times higher than that of 5K–
Co1, which features a higher availability of active sites.
However, although the Co1 sample was not modied with K, the
surface was enriched with K (6 at%) (Table 3). This is because
the K2CO3 and KOH were used as precipitating agents for the
support preparation, and the residual potassium ions were
found to be not completely washed out (Table 1). Later, the
effect of the residual K element was studied.

The carbon dioxide TPD was measured to study the surface
basicity, particularly the nature and strength of basic sites.33

Since CO2 adsorption on metallic Co is rather weak,34 the CO2

desorption peaks in the TPD proles (Fig. 8) were ascribed to
the basic sites on MgO and La2O3 oxides. As seen in Fig. 8, both
samples exhibited overlapping desorption peaks in the
temperature ranges of 50–150 °C, 150–450 °C and 450–600 °C.
The low-temperature (50–150 °C) and medium-temperature
range (150–450 °C) desorption peaks were ascribed to the
weak and medium basic sites, whereas the desorption peak at
the high-temperature (450–600 °C) was ascribed to the strong
basic sites.35,36 It has been conrmed that the medium and
strong basic sites are of paramount importance in the ammonia
synthesis reaction.16 The role of these basic sites is to be the
electron donation to the transition metal active sites, thus
promoting the activation of N2. Most importantly, the number
of basic sites wasmuch larger for Co1 than for 5K–Co1 (Table 4).
However, when analysing the density of basic sites, there were
no signicant differences (Table 4); therefore, it could be
concluded that the decreased number of basic sites observed in
23102 | RSC Adv., 2024, 14, 23095–23108
5K–Co1 compared to that in Co1 was the result of the decreased
surface area of 5K–Co1 (Table 2). The weak basicity and reduced
number of basic sites in 5K–Co1 were deduced to be responsible
for the observed decrease in the intrinsic activity of the active
sites (TOF) (Fig. 1), probably due to a change in the electronic
structure of active sites.

Based on the presented results, the mechanism of surface
enrichment with K was proposed. K in the as-prepared catalysts
existed in the form of KNO3. Because KNO3 has a low melting
point (Tm z 334 °C), it was liqueed and migrated easily across
the surface, but due to the high surface energy of Co, the KNO3

salt preferably migrated to the Co surface, where it was
decomposed to K2O, and then the majority of K2O was reduced
to metallic K, which was subsequently evaporated.11 Meanwhile,
the Co oxide was reduced to Co and Co NPs moved across the
support, came into contact with each other and became sin-
tered. The residual K2O interacted strongly with the Co surface,
forming a thin layer (without many voids) that blocked and,
therefore, reduced the availability of Co sites (Fig. 2); the more
KNO3 salt was introduced, the more enriched in K (in the form
of oxide) the surface was. The schematic representation of the
proposed surface structures is presented in Scheme 1.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The basicity of the Co1 and 5K–Co1 catalysts determined by
CO2-TPD

Catalyst

Basicity

Number of basic
sites (mmol g−1)

Density of basic
sites (mmol m−2)

Co1 153 4.9
5K–Co1 47 4.8

Scheme 1 Schematic illustration of the proposed surface structures of
the K–Co1 catalysts.

Table 5 Physicochemical properties of the Co2 catalyst

Catalyst Co2

Co contenta (wt%) 38.6
Co particle sizeb (nm) 31.2
Specic surface areac (m2 g−1) 29.3
Number of basic sitesd (mmol g−1) 143
Density of basic sitesd (mmol m−2) 4.9

a Co content was determined by XRF. b Co particle size was determined
by STEM-EDS. c Specic surface area was determined by BET method.
d Basicity was determined by CO2-TPD.
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To sum up, this part of the study revealed that potassium
had a tendency to segregate on the surface of the Co nano-
particles during the high-temperature reduction, forming a thin
K2O overcoat (Scheme 1). Moreover, potassium modication
contributed to the sintering of the catalyst, as reected in
decreased surface area and increased Co particle size. There-
fore, it can be concluded that the ammonia synthesis rate
Fig. 9 XRD patterns (left) and the dependence of crystallite size with resp
different times.

© 2024 The Author(s). Published by the Royal Society of Chemistry
decreased due to the sintering of the catalyst and excessive
coverage of the Co surface by the K2O species.
3.3. Effect of precipitating-agent

As already mentioned, potassium has a detrimental effect on
ammonia formation. Keeping in mind that residual K was
present in the MgLa1 support used for the preparation of the
Co1 catalyst (K ions were not completely washed out), there was
a necessity to investigate how the residual K affected the catalyst
properties. To this aim, the mixed magnesium–lanthanum
oxide support was synthesised using ammonium carbonate and
ammonia mixture (MgLa2). The basic characteristics of the
support addressed in the ESI† demonstrated that MgLa1 had
a better-developed porous structure compared to MgLa2; the
BET surface area of MgLa1 was 96.7 m2 g−1, which was almost
twice that of MgLa2 (53.9 m2 g−1) (Table S1 and Fig. S1†). This
clearly shows that the type of precipitating agent affected the
porous structure of the solids, which correspondingly inu-
enced the catalyst properties, including the distribution of the
active sites, as shown later. The XRD patterns of the supports
were recorded in their calcined state and are shown in Fig. S2.†
The XRD results indicated that the supports were highly crys-
talline, with the characteristic peaks corresponding to MgO and
La2O3. The low-intensity peaks related to La(OH)3 (PDF 36-1481)
and La2O2CO3 (PDF 25-0424) were also observed, indicating that
La2O3 was sensitive to moisture and CO2 content in air.37

Catalyst characteristics were then evaluated, and the basic
physicochemical properties are shown in Table 5.

Fig. 9 shows the XRD patterns of the Co2 catalyst collected at
different reduction times. The XRD patterns showed that,
besides the diffraction peaks assigned to MgO and La2O3, the
peaks related to the metallic fcc Co phase were observed, indi-
cating that the loaded Co metal species were completely
reduced to the metallic Co. Meanwhile, further prolonging the
reduction time did not lead to any signicant changes in the
catalyst crystallinity. Co2 was resistant to sintering, as indicated
by similar crystallite sizes for identied phases (Fig. 9, right).
Compared to the counterpart Co1 (Fig. 4a), similar structural
characteristics were found. Most importantly, the determined
ect to the catalyst reduction time (right) of the Co2 catalyst reduced for

RSC Adv., 2024, 14, 23095–23108 | 23103
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Co crystal size for Co1 and Co2 was similar (Fig. 4a and 9),
indicating that the type of support did not affect the Co size and
structure.

As seen in Fig. 10 and 11, the STEM-EDS mapping images
revealed the uniform distribution of Co nanoparticles on the
support. There were no visible changes in the morphology and
most Co nanoparticles had a relatively small size distribution.
The average Co particle size for Co2 was 31.2 nm, which was
comparable to that of Co1 (29.4 nm). This indicates that the
differences in the support surface area did not signicantly
affect the particle size and distribution of Co. This was sup-
ported by similar catalyst surface areas (Tables 2 and 5).

Fig. 12 shows the hydrogen TPD proles of the Co2 catalysts
reduced for different times. There was one desorption peak in
Fig. 10 (a) HAADF-STEM image at high magnification and EDS element
elements of the Co1 catalyst.

Fig. 11 (a) HAADF-STEM image at high magnification and EDS element
elements of the Co2 catalyst.

23104 | RSC Adv., 2024, 14, 23095–23108
the low-temperature region (at around 115 °C) associated with
the desorption of H2 that was weakly bound to the Co surface.
With the prolonging of reduction time, no signicant differ-
ences in the adsorption behaviour were observed, indicating
that the catalyst was stable and did not lose the active sites due
to particle sintering (Fig. 12). Compared to the counterpart Co1
(Fig. 7), slight differences in the hydrogen adsorption properties
were found. For Co1, two types of adsorption sites (weak and
medium) were present, whereas for Co2, only weak adsorption
sites were present. Moreover, the Co1 catalyst possessed more
adsorption sites than the Co2 catalyst; aer reduction for 108 h,
the total hydrogen uptake of Co1 was 100 mmol g−1, whereas, for
Co2, it was 77 mmol g−1. This might suggest that the type of
support modulated the electronic state of active sites, affecting
al mapping of (b) Mg, (c) La, (d) Co, and (e) overlay of La, Co, and Mg

al mapping of (b) Mg, La (c), (d) Co, and (e) overlay of La, Co, and Mg

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) H2-TPD profiles and (b) the dependence of the amount of desorbed H2 with respect to the catalyst reduction time of the Co2 catalyst.

Fig. 13 CO2-TPD profile of the Co2 catalyst.
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their adsorption properties. This is reasonable since the loading
and size of Co were similar in Co1 and Co2 (Tables 1 and 5).
Indeed, it has previously been reported that the hydrogen
adsorption properties are modulated by the surface basicity.38,39

Most importantly, the H2-TPD analysis revealed that the
residual K in Co1 did not have a detrimental effect on the
Fig. 14 (a) Temperature dependence of NH3 synthesis rate of the Co1 and
and Co2 catalysts. The data points indicate the ammonia synthesis rateme
during the intervals between measurements.

© 2024 The Author(s). Published by the Royal Society of Chemistry
hydrogen adsorption properties. Thus, it seems that the
residual K in Co1 interacted stronger with the support rather
than the cobalt surface.

Next, the basicity was evaluated, and the CO2-TPD prole is
presented in Fig. 13. The CO2-TPD prole is similar to that of
Co1, featuring overlapping desorption peaks belonging to the
weak basic sites at 50–150 °C, medium basic sites at 150–450 °C
and strong basic sites at 450–600 °C. Notably, the basic prop-
erties of Co2 are similar to that of Co1 (Tables 4 and 5). This
indicates that the residual K in the support oxide did not
deteriorate the surface basicity. It seems that the residual K
species was even benecial in enhancing the support basicity.
Indeed, it has been reported that K-modied MgO can show
increased basicity if an appropriate amount of K is introduced.40

The authors suggest that K+ can be doped into MgO to form
stable K+/MgO surface species with medium basic strengths.40

The same benecial effect of K+ doping into ZrO2 on the surface
basicity was reported.41 However, when K salt was introduced to
Co1, a pronounced decrease in the number of basic sites was
observed; the basic sites decreased from 153 to 47 mmol g−1

(Table 4). However, as previously discussed, this effect was
associated with the catalyst sintering and loss of surface area.
Co2 catalysts at 6.3 MPa. (b) Time-on-stream performance of the Co1
asured at 470 °C and 6.3 MPa. The catalysts were overheated at 600 °C

RSC Adv., 2024, 14, 23095–23108 | 23105
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Next, the ammonia synthesis activity of the Co1 and Co2
catalysts was examined. Fig. 14a shows the ammonia synthesis
rate of the catalysts at 400–470 °C. The results disclose that the
ammonia synthesis rates of Co1 were higher than those of Co2.
For example, at 400 °C, the NH3 synthesis rate of Co1 (0.92 gNH3

g−1 h−1) was about 1.3 times higher than that of Co2 (0.73 gNH3

g−1 h−1). In addition, the ammonia synthesis rate over Co1 and
Co2 remained stable for 28 days, demonstrating the long-term
stability of the catalysts. Fig. S6† shows that the apparent acti-
vation energies (Ea) derived from the slopes of the Arrhenius
plot are 52.0 kJ mol−1 for Co1 and 54.8 kJ mol−1 for Co2, indi-
cating that the presence of K in Co1 did not affect the activation
energy to any signicant degree.

Based on the results, it is suggested that the enhancement of
the ammonia synthesis rates over the Co1 catalyst was attrib-
utable to its increased basicity, which was proved by the TPD-
CO2 analysis. The increased basicity could be explained by the
presence of K+/MgO surface species, which can be formed if an
appropriate amount of K is introduced.40 Thus, the main
conclusion from this part of the study is that using K2CO3 and
KOH as precipitating agents for the support preparation is not
detrimental to the cobalt catalyst activity, even if residual K is
present. It could even be benecial, as already shown.

4. Conclusions

In summary, it was demonstrated that there was a strong
correlation between the modulation by K doping and the
performance of ammonia synthesis reaction for the Co cata-
lysts. The K addition was found to be detrimental to the catalyst
activity; with the increase of K content from 0 to 9 wt%, the NH3

synthesis rate decreased gradually from 2.08 to 0.02 gNH3
g−1

h−1. Through TGA-TPR, it was found that the potassium oxide
was unstable and reducible to metallic K under activation
conditions. K was then volatilised from the catalyst surface. ICP
and XRF conrmed that all the catalysts contained ∼0.2 wt% K.
The residual K, in the form of oxide, had a tendency to segregate
on the surface of the Co NPs, forming a thin layer that reduced
the availability of Co sites. In addition, the presence of K caused
the catalyst sintering, which was reected in the decrease in
surface area and the increase in Co particle size. All these led to
the irreversible loss of the active sites, which contributed to the
poor performance of the K-doped catalysts. Thus, it is suggested
that potassium is not a good additive for promoting ammonia
synthesis rate over the cobalt-based catalysts.
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