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Hydroxyapatite-Supported Ruthenium Catalysts in
Ammonia Synthesis: Impact of Ba and Cs as Catalyst
Promoters
Héctor Uriel Rodríguez Vera, Christophe Coquelet, Thomas Deleau,
Armando Izquierdo Colorado, Olivier Bouchard, and Doan Pham Minh*

This work is devoted to the synthesis, the characterization, and
the evaluation of hydroxyapatite-supported ruthenium catalysts,
with or without Ba and/or Cs promotion. Thus, a series of catalysts
containing Ru, Cs, and Ba was synthesized by the incipient
wetness impregnation method. Such catalysts are characterized
by different physicochemical methods, providing insights into
their properties. These catalysts are evaluated in the ammonia
synthesis reaction at 350–500 °C and 10–25 bar. Sample 1Ru/

hydroxiapatite (HAP), without promoter, shows a negligible cata-
lytic activity, due to the formation of large Ru nanoparticles, 
which are not favorable for the formation of ammonia. On the 
other hand, the addition of Cs and Ba improves the catalytic per-
formance, and Ba is found to be better than Cs. The pretreatment 
of the barium-containing catalysts under Ar flow at 600 °C is also 
found to be crucial for the decomposition of barium nitrate into 
barium oxide, thereby enhancing catalytic activity.

1. Introduction

Ammonia (NH3) is a chemical compound with various important
applications, particularly in the production of fertilizers.[1] To date,
at the industrial scale, ammonia is mostly produced by the
well-known Haber–Bosch process, where nitrogen reacts with
hydrogen at high temperatures (450–500 °C) and high pressures
(ca. 150 bar) over promoted iron catalysts.[2] These harsh operat-
ing conditions make the Haber–Bosch process energy-intensive
(35� 103MJ per ton of produced NH3, accounting for up to 2%
of the global annual energy production).[2] Moreover, ammonia
production has a high environmental carbon footprint. Solely
the reaction generates up to 750 kg of CO2eq per ton of NH3

produced, raising to 2.4 ton of CO2eq per ton of NH3 if the envi-
ronmental impact of H2 production is included; thus, accounting
for ca. 2.5% of global greenhouse gas emissions.[3] More recently,
ammonia has become a promising alternative renewable energy
carrier, allowing efficient storage of hydrogen produced by water
electrolysis using renewable electricity.[4,5] Indeed, ammonia can
be liquefied under softer conditions in comparison to the neces-
sary conditions for hydrogen liquefaction, therefore, facilitating

its storage and its transportation.[6] Note that the critical temper-
ature of H2 is 33.1 K, whereas NH3 critical temperature is 405.6 K
and, consequently, their boiling temperatures are 20.4 K and
233.8 K, respectively. Moreover, NH3 can also be directly used
as an alternative fuel in combustion engines[7] or in electricity
generation by direct combustion in gas turbines.[8] Thus, optimiz-
ing energy efficiency and accounting for the environmental
impact of ammonia industrial production play an important role
in the context of the current ecological transition.

Current commercially available catalysts are predominantly
promoted Fe-based catalysts. Examples of commercial iron-based
catalysts are the historic BASF catalysts, such as the S6-10
(Table 1), in which iron oxides are doped with different pro-
moters. Alumina and calcium oxide are used to increase the spe-
cific surface area and to protect the active phase (α-Fe2O3 crystals)
from thermal sintering.[9] Potassium oxide and magnesium oxide
are used to promote the structural stability of the catalyst and,
more specifically, to enhance its catalytic activity. Their presence
increases the adsorption heat of molecular nitrogen of nearby
iron superficial atoms, hence lowering the activation energy
barrier for the dissociation of nitrogen.[10,11] Other commercial
catalysts employing Ru as the active phase are also available,
one such example is the KT Al2O3 Ru Type K-04502 catalyst from
Heraeus, which contains 2 wt% Ru dispersed on the surface of an
alumina support.[12]

Effort has been devoted to the quest for an efficient ammonia
synthesis catalyst that softens the industrial operation conditions
of the reaction.[3,13,14] As recently reviewed by Humphreys et al.[14]

various approaches have already been explored in order to max-
imize ammonia production rate: control of support morphology;
use of promoters; use of various kinds of nitrides, hydrides, oxy-
hydride nitrides, electrides, etc., as the active phases. Generally,
among the various active metals, ruthenium is among the most
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active phases, only after osmium.[1] B-5 sites, as previously
described,[15] have been identified as likely the most active sites
in ammonia synthesis (and also ammonia decomposition). They
are mostly present on small Ru nanoparticles of ca. 1.8–2.5 nm.
Moreover, the catalytic performance of Ru-based catalysts can
be improved by promoters, such as Ba, K, Cs, Li, etc.[16–20]

More specifically, Cs can improve the activity of Ru catalysts
by forming hot ring promotion zones around Ru crystals,[18] while
BaO may have an electron-donor effect, and BaCO3 may act as a
high melting compound, preventing the aggregation of small Ru
particles.[21] About the catalyst supports studied for the dispersion
of Ru nanoparticles, carbonaceous materials seem to be the most
intensively investigated. This is attributed to their low cost and
interesting physicochemical properties, such as high specific
surface area and a broad spectrum of possible structural
morphologies, which typically result in a high initial catalytic
activity.[17,21–31] For example, the catalyst 3.4 wt%Ru–3.4 wt%
Ba/CNT displayed a specific ammonia production rate of
110 000 μmolNH3 gcat�1 h�1 at 450 °C, 100 bar.[32] However, under
the typical operation temperatures of the ammonia synthesis,
carbon supports can react with hydrogen, that is, catalyzed by
Ru nanoparticles, causing catalyst deactivation and surface loss.
The treatment of these supports with promoters such as Na, Cs,
Ba, La, etc., may improve the performance of carbon-supported
ruthenium catalysts.[17,26,27,29,33,34] Various metal oxides, such as
MgO, CeO2, ZrO2, Al2O3, La2O3, Pr2O3, etc., with or without the
presence of promoters, have also been largely investigated as
supports of Ru catalysts.[14,35] Lanthanides seemed to be the
most efficient supports by comparing the specific ammonia
production rate: 60 200 μmolNH3 gcat�1 h�1 over 5wt%Ru/
La0.5Pr0.5O1.75 at 400 °C, 10 bar and a WHSV of 72 L gcat

�1 h�1, or
64 000 μmolNH3 gcat�1 h�1 over 5 wt%Ru/Pr2O3 at 400 °C, 10 bar
and a WHSV of 72 L gcat

�1 h�1[14]. However, lanthanide availability
is limited and may present competition with other applications.

In recent decades, hydroxyapatite (Ca10(PO4)6(OH)2, called
thereafter hydroxiapatite (HAP) has garnered growing attention
in its use as a catalyst material.[36] This is due to its physicochemi-
cal properties such as the possibility of showing a high specific
surface area, good thermal stability, tailorable acidity/basicity, as
well as good ion exchange capacities,[36] HAP has been studied as
catalysts or catalyst supports in different chemical processes,
such as reforming of methane and other hydrocarbons, selective
oxidation of alcohols and alkanes, selective hydrogenation and

dehydrogenation of hydrocarbons, organic synthesis, etc.[36].
However, to-date and according to our knowledge, there are still
very few studies on HAP-based catalysts in ammonia synthesis.
Only a preprint (submission under review) was found at the
moment of the writing of this article, wherein Ru/HAP catalysts
containing 2–4 wt%Ru showed the specific ammonia production
rate of 49–329 μmolNH3 gcat�1 h�1 at 300–400 °C and 1 bar.[37] This
result seems to be very promising since the studied catalysts
show good performance at 1 bar.

The present work is devoted to the investigation of
HAP-supported Ru catalysts, with and without the addition of
Ba and Cs as catalyst promoters. The objective is to design a per-
forming catalyst that can work under mild conditions of
temperature (up to 500 °C) and pressure (up to 25 bar).

2. Results and Discussion

As mentioned in the experimental section, Ba(NO3)2 is not easy to
decompose under air,[38] while CsNO3 may decompose and/or
volatilize above 700 °C.[39] Thus, the thermal behavior of
Ba- and Cs-containing catalysts was investigated under air
(Figure 1a,c) and under Ar (Figure 1b,d). Before the thermogravi-
metric analysis (TGA), both the precursors of Ba and Cs were only
dried at 105 °C after their deposition on Ru/HAP.

Under the air flow (Figure 1a,c), the HAP support shows a con-
secutive mass loss within the investigated temperature range,
which is characteristic of this material.[40,41] This mass loss could
be due to the elimination of free water and carbonate species
adsorbed or inserted in the apatitic structure of HAP. The HAP-
based catalysts show thermogravimetry (TG) profiles, which
are more or less similar to that of the HAP support. No further
distinct mass loss due to the decomposition of residual metal
precursors could be observed up to 700 °C under the air atmo-
sphere, as highlighted by the differential thermogravimetry
(DTG) curves in Figure 1c.

Under Ar, the thermal behavior of these materials is different
(Figure 1b,d). All four materials show an initial mass gain at the
beginning of the TGA analysis (DTG peaks below 100 °C). Two
materials containing CsNO3 show a second broad mass gain
within ca. 100–300 °C, which needs further investigation for
understanding. Above 300 °C, HAP and 1Ru2Cs/HAP do not dis-
play significant DTG peaks,while 1Ru2Ba/HAP and 1Ru1Cs1Ba/
HAP (both containing Ba(NO3)2) displayed net DTG peaks,
suggesting a possible decomposition of barium nitrate
under Ar.[38] For this reason, two Ba-containing catalysts pre-
treated under Ar (1Ru2Ba/HAP_Ar and 1Ru1Cs1Ba/HAP_Ar) were
investigated in the ammonia synthesis reaction, in order to evi-
dence the impact of this thermal pretreatment on their catalytic
performance (see the catalyst list in Table 2).

Figure 2a shows the Fourier transform infrared (FTIR) spectra
of the HAP support and the 1Ru/HAP catalyst calcined under air at
300 °C. Characteristic peaks of phosphate groups in the apatitic
structure of the HAP support can be observed within the wave-
length ranges of 650–500 cm�1 and 1200–900 cm�1.[42,43] Some
trace amounts of carbonate groups and nitrate groups were still

Table 1. Atomic composition (wt%) of the commercial catalyst BASF S6�10
used for ammonia production.[9,11]

Bulk composition (atomic %)

Fe K Al Ca O

Fresh catalyst 40.5 0.35 2.0 1.7 53.2

Superficial composition (atomic %)a)

Unreduced catalyst 8.6 36.1 10.7 4.7 400

Reduced catalystb) 11.0 27.0 17.0 4.0 41.0

a)by Auger electron spectroscopic analysis; b)analysis performed after the
sample has been exposed to normal atmospheric conditions.



present on the surface of the Ru/HAP catalyst. The presence of
carbonate groups and nitrate groups could be confirmed by anal-
ysis of carbon, hydrogen, nitrogen and sulfur (CHNS) analysis
(Figure 2b) for the HAP support for other catalysts. The presence
of carbonate groups can be explained by their possible incorpo-
ration into the apatitic structure during the contact of the HAP
support and the Ru/HAP catalyst with the air. The smoothness

around the OH� band at around 3500 cm�1 indicates that the
trapped water is almost nonexistent. These observations were
similar for the other catalysts (results not shown). By CHNS
analysis (Figure 2b), nitrogen was well present in the Ba- and
Cs-containing catalysts, since these analyses were done with
the dried materials, while hydrogen was present in the form
of free water and hydroxyl groups in the HAP structure.

Figure 3a–e shows the nitrogen adsorption/desorption iso-
therms of the support and the dried catalysts, while Figure 3f,g
shows the nitrogen adsorption/desorption isotherms of 1Ru2Ba/
HAP_Ar and 1Ru1Cs1Ba/HAP_Ar. In all cases, the form of these
isotherms is similar for all the materials studied. According to
the IUPAC classification,[44] isotherms of type V, which are char-
acteristic of mesoporous materials, are observed. All the materials
show likely a H2 type hysteresis. From these isotherms, the
Barret–Joyner–Halenda (BJH) model could be applied to deter-
mine the distribution of pore volume of the materials. In compari-
son with the initial HAP support, the deposition of the active
phases seemed to limit the fraction of small mesopores
(Figure 3h).

X-ray diffraction (XRD) patterns of the HAP support, 1Ru/HAP
catalyst (calcined under air flow at 300 °C), and Ba- and
Cs-containing catalysts, which were dried or pretreated under
flowing Ar at 600 °C, are displayed in Figure 4 (more details
on XRD results are available in Figure S1, Supporting
Information). In comparison with the initial HAP support, the
deposition of the active phases did not affect the crystalline

Table 2. List of catalysts prepared in this work and their specific surface area
(BET surface).

Catalyst Targeted metal loading [wt%] BET surface [m2 g�1]

HAP 0 75

1Ru/HAP Ru: 1 60

1Ru2Ba/HAP Ru: 1 53

Ba: 2

1Ru2Cs/HAP Ru: 1 52

Cs: 2

1Ru1Cs1Ba/HAP Ru: 1 51

Cs: 1

Ba: 1

1Ru2Ba/HAP_Ar Ru: 1 40

Ba: 2

1Ru1Cs1Ba/HAP_Ar Ru: 1 51

Cs: 1

Ba: 1

(a) (b)

(c) (d)

Figure 1. TGA of the HAP support and the prepared catalysts: a) TGA curves under air flow; b) TGA curves under argon flow; c) DTG curves under air flow;
and d) DTG curves under Ar flow.



phases of the support, since all the diffraction peaks of the support
were found again in all the prepared catalysts. As expected, the
presence of RuO2 (main peaks at 28.019°, 35.066°, and 54.267°) is
confirmed for all the prepared catalysts investigated. The first peak
of RuO2 at 28.019° is superposed but shows higher intensity in com-
parison with the peak of the HAP support. The second and the third
peaks of RuO2 at 35.066° and 54.267°, which are practically far from
the peaks of the HAP support, are well visible in the prepared
catalysts that confirms the formation of RuO2 (see also Figure S1a,
Supporting Information). For the dried Cs-containing catalysts
(1Ru2Cs/HAP and 1Ru1Cs1Ba/HAP), the presence of CsNO3 is
confirmed by the peak corresponding to the plane (111) at
19.86° (see also Figure S1b, Supporting Information). No diffraction
peak belonging to Cs2O was observed in these dried Cs-containing
catalysts (see also Figure S1d, Supporting Information). For the dried
Ba-containing catalysts (1Ru2Ba/HAP and 1Ru1Cs1Ba/HAP), the dif-
fraction peaks of Ba(NO3)2, which correspond to the planes (111),
(131), and (222) at 18.919°, 36.686°, and 38.88°, are well-visible
(see also Figure S1c, Supporting Information). On the other hand,
the diffraction peaks of Ba(NO3)2 are no more visible in the
Ba-containing catalysts pretreated under Ar flow at 600 °C
(1Ru2Ba/HAP_Ar and 1Ru1Cs1Ba/HAP_Ar (see also Figure S1c,
Supporting Information). Thus, the thermal decomposition of
Ba(NO3)2 was successfully achieved, and it is believed to have most
probably led to the formation of BaO. However, the main diffraction
peaks of BaO overlap with the peaks of HAP; therefore, its presence
cannot be satisfactorily confirmed through XRD (see also Figure S1e,
Supporting Information).

Figure 5 presents scanning electron microscopy (SEM) images
of the HAP support and the catalysts, which were dried under air or
pretreated under Ar at 600 °C. In general, no significant change was
observed for the HAP surface after the deposition of the active
phases, except for the addition of these new phases. In
Figure 5b1,b2, the 1Ru/HAP catalyst, calcined at 300 °C under air
flow, clearly shows the formation of large RuO2 nanoparticles
(size up to dozens nm as indicated by green arrows). These particles
are relatively large in comparison with those reported in the litera-
ture for other catalyst supports.[45–48] The dried multimetallic cata-
lysts, 1Ru2Cs/HAP (Figure 5c1–c3), 1Ru2Ba/HAP (Figure 5d1–d3),
and 1Ru1Cs1Ba/HAP (Figure 5e1–e3), show similarly shaped

(a) (b)

Figure 2. FTIR spectra a,b) CHNS results of the HAP support and Ru-based catalysts.

(f)

(g)

(e)

(d)

(c)

(b)

(a)

(h)

Figure 3. a–g) Nitrogen adsorption/desorption isotherms, and h) BJH pore
volume distributions of the HAP support and Ru-based catalysts.



RuO2 nanoparticles (green arrows) in comparison with the 1Ru/
HAP catalyst. Large agglomerates of Ba(NO3)2 and CsNO3 (red
arrows) are also observed and confirmed by energy-dispersive
X-ray spectroscopy (EDX) analysis (results not shown). In the case
of the catalysts pretreated under Ar flow, the observations are dif-
ferent. On sample 1Ru2Ba/HAP_Ar (Figure 5f1), the shape of RuO2

nanoparticles (green arrow) is similar to those in the dried catalysts,
but BaO particles of much larger sizes are also observed (yellow
arrows). Similarly, for 1Ru1Cs1Ba/HAP_Ar (Figure 5g1,g2), RuO2

nanoparticles are still present; however, it was not possible to
observe Ba- or Cs-based particles. Several punctual spot EDX analy-
ses were performed, but these elements (Ba and Cs) were not
detected. Nonetheless, a long EDX analysis on a large zone of
the catalyst surface demonstrated Ba and Cs to be present in
amounts close to the theoretical values (see Table S1,
Supporting Information). Thus, the hypothesis is that, for the catalyst
1Ru1Cs1Ba/HAP_Ar, Ba and Cs existed under a very dispersed form
due to the Ar pretreatment, i.e., their incorporation into the apatitic
structure of the HAP support, rendering them invisible to SEM.

TEM images and metal particle size distribution of the cata-
lysts, which were calcined under air flow at 300 °C ((a1), (a2)),
dried under air ((b1), (b2), (c1), (c2), (d1), (d2)), or pretreated
under Ar flow at 600 °C ((e1), (e2), (f1), (f2)) are displayed in
Figure 6. On 1Ru/HAP catalyst (Figure 6a1,a2), the largest
RuO2 nanoparticles were observed up to ca. 110 nm. This con-
firms SEM results observed in Figure 5b1,b2. In the case of the
multimetallic catalysts, it was not possible to distinguish Ba and
Cs nanoparticles. Therefore, the particle size distribution curves
only describe particles majorly or entirely composed of RuO2.
For the dried catalysts, because the Ba and Cs precursors were
not decomposed, the particle size distribution curves describe
only RuO2 nanoparticles. Indeed, these dried catalysts had
roughly similar mean particle diameters when compared with
that of the monometallic catalyst. For the catalyst 1Ru2Ba/
HAP_Ar (Figure 6e1e2), despite the fact that large BaO particles

exist, as evidenced by SEM analysis (Figure 5f1), the mean par-
ticle diameter was estimated (19.5 nm) to be smaller than that of
the monometallic catalyst (22.1 nm). Finally, the catalyst
1Ru1Cs1Ba/HAP_Ar had a smaller mean particle diameter
(16.7 nm) in comparison with that of the monometallic catalyst
(22.1 nm). The hypothesis is that the Ar pretreatment influenced,
although in a limited fashion, on promoting the dispersion of all
the metal particles. Further characterization will be needed to
better understand the effect of thermal treatment under Ar
on RuO2 nanoparticle size.

Figure 7a displays the temperature programmed reduction
(TPR) profiles of the different materials. The HAP support has
no significant TPR signal within 30–900 °C. The 1Ru/HAP catalyst
shows multimodal peaks within 140–320 °C, which correspond to
the reduction of Ru species. These temperatures are found to be
slightly smaller than those reported in the literature,[47,48] which
might be due to large RuO2 nanoparticles in the 1Ru/HAP catalyst,
being easier to be reduced. All three multimetallic catalysts with-
out Ar treatment (i.e., 1Ru2Ba/HAP, 1Ru2Cs/HAP, and 1Ru1Cs1Ba/
HAP) also show multimodal TPR peaks within 140–320 °C.
However, the peaks around 240–320 °C are much larger than
those of the monometallic catalyst (1Ru/HAP), suggesting that
the reduction of Cs(II) and Ba(II) species should also take place.
Two catalysts pretreated under Ar (i.e., 1Ru2Ba/HAP_Ar and
1Ru1Cs1Ba/HAP_Ar) show two reduction peaks: the first multi-
modal peak at around 200 °C, which might be attributed to
the reduction of Ru species, and the second large and weak peak
at around 680 °C, which might be due to Ba and Cs species incor-
porated in the apatitic structure. In all cases, TPR profiles justify
the choice of the in situ reduction temperature of 350 °C before
doing catalytic tests, since this reduction temperature allows
reducing most of Ru, Ba, and Cs species. The CO2-temperature
programmed desorption (TPD) profiles in Figure 7b show only
very weak desorption peaks, meaning that all the investigated
materials should contain a low density of basic sites. On the other

Figure 4. XRD patterns of the HAP support and the Ru-based catalysts.



hand, NH3-TPD in Figure 7c displays two large desorption peaks
centered at around 150 and 420 °C, suggesting the presence of at
least two types of acidic sites. However, the second peak centered
at around 420 °C is much weaker for 1Ru2Ba/HAP_Ar and

1Ru1Cs1Ba/HAP_Ar, suggesting a lower density of acidic sites
in these materials, in comparison with other materials.

Table 3 shows the catalytic performance of the catalysts in
ammonia synthesis. The HAP support did not present any

Figure 5. a) SEM images of HAP support; b1,b2) 1Ru/HAP; c1–c3) 1Ru2Cs/HAP; d1–d3) 1Ru2Ba/HAP; e1–e3) 1Ru1Cs1Ba/HAP; f1) 1Ru2Ba/HAP_Ar; and
g1,g2) 1Ru1Cs1Ba/HAP_Ar. The images were obtained at a magnification of 12,000� (c3,d1,d3,e1,e3, f1,g2); 13,000� (a,c1,b1); and 50,000� (b2,c2,d2,e2,g2).



measurable activity under all the conditions of temperature and
pressure investigated. The monometallic catalyst, 1Ru/HAP (#1),
had only very low catalytic activity around 450–500 °C and 25 bar.

The addition of Cs (#3, 1Ru2Cs/HAP) improved the catalytic
activity of the monometallic catalyst, which shows the forma-
tion of ammonia even at 350 °C and 10 bar (the 1st reaction
step). By keeping the pressure unchanged at 10 bar, the aver-
age ammonia production rate progressively increased as the
reaction temperature increased from 350 to 400 and 450 °C
(the 2nd and the 3rd reaction steps). However, increasing
the total reaction pressure to 25 bar led to a decrease in the
average ammonia production rate. Consequently, turnover fre-
quency (TOF) values also followed the same trend. This may be
due to the following raisons: i) the catalyst might suffer from
deactivation; and/or ii) the increase of the pressure favors the
adsorption of basic molecules of NH3 on the surface of acidic
alumina support, which was used in each test to keep the cat-
alyst bed at the center of the reactor tube (see section 2.4). The
first reason could be confirmed by Figure S2, Supporting
Information, where progressive loss of the catalytic activity
is shown at each condition of temperature and pressure (green
and red arrows showing the decrease of the ammonia
production rate). The first preliminary results of SEM analysis
of used catalysts suggested that sintering phenomena might
take place during the reaction (Figure S3, Supporting
Information), but this would be further confirmed by other
characterizations, such as high resolution transmission electron
microscopy (HR-TEM). For the second reason, it has been
reported in the literature that ammonia could be effectively
adsorbed on activated alumina.[49] To confirm the NH3 adsorp-
tion by the sintered alumina powder used in the present
work, an NH3-TPD analysis was performed with this material.
Figure S4, Supporting Information, shows a small desorption
peak centered at ca. 150 °C that confirms the adsorption of
NH3 on this support. Also, it can be observed in Figure S2,
Supporting Information, that the deactivation is more
pronounced at 450 °C and 25 bar (red arrow) than those at
340–450 °C and 10 bar (green arrows), and when the total pres-
sure is already at 25 bar, the deactivation is less pronounced
(500 °C and 25 bar by the blue arrow against 450 °C and
25 bar by the red arrow).

The addition of the second promoter (#2 in Table 3,
1Ru1Cs1Ba/HAP) improved the catalytic activity of the bimetallic
1Ru2Cs/HAP catalyst (#3 in Table 3). Thus, Ba seems to be better
than Cs as a promoter for Ru/HAP catalysts. Thus, by doping the
monometallic catalyst with only Ba (#4 in Table 3, 1Ru2Ba/HAP),
the highest catalytic performance was achieved between all
those catalysts nonthermally treated for the decomposition of
Ba(NO3)2 (#1 to #4 in Table 3). It is worth noticing that the
phenomenon of the decrease of the average ammonia produc-
tion rate when the total pressure was increased to 25 bar was
systematically observed.

Finally, in order to improve the catalytic activity of the
Ba-containing catalysts, the decomposition of Ba(NO3)2 was also
performed at 600 °C under Ar (see section 2.2). As expected, both
the catalyst pretreated under Ar (#5 and #6 in Table 3 for
1Ru2Ba/HAP_Ar and 1Ru1Cs1Ba/HAP_Ar, respectively) shows
much higher average ammonia production rates in comparison
with their counterparts (#4 and #2 in Table 3 for 1Ru2Ba/HAP

(a2)

(a1)

(b2)

(c2)

(d2)

(e2)

(b1)

(c1)

(d1)

(e1)

(f2)
(f1)

Figure 6. TEM images and particle size distribution of: a1,a2) 1Ru/HAP;
b1,b2) 1Ru2Ba/HAP; c1,c2) 1Ru2Cs/HAP; d1,d2) 1Ru1Cs1Ba/HAP; e1,e2)
1Ru2Ba/HAP_Ar; and f1,f2) 1Ru1Cs1Ba/HAP. All these TEM images were
obtained at a magnification of 15,000�.



and 1Ru1Cs1Ba/HAP, respectively). Their TOF values are much
higher than those of other catalysts. This is explained through
the higher availability of Ba on the surface of the catalysts
pretreated under Ar.

Figure 8 compares the cumulative ammonia production
over the different investigated catalysts. As expected, the
1Ru2Ba/HAP_Ar catalyst (#5 in Table 3) shows the highest
amount of accumulated ammonia produced. However, this cat-
alytic performance is still far from those of the best Ru-based
catalysts reported in the literature under similar operation con-
ditions of temperature, pressure, and contact time. For

example, Sato et al.[50] obtained the specific ammonia produc-
tion rate of 90,000 μmol g�1 h�1 over a Ru/Ba/LaCeOx at 400 °C,
10 bar and WSHV of 70,000 mL gcat

�1 h�1. A possible reason
might be related to the large size of Ru-based nanoparticles
in the present work (more or less 20 nm). It is important to
reduce the size of Ru nanoparticles on the surface of HAP
support by using other synthesis method, such as cation
exchange.[51] This may improve the dispersion of Ru, which
in turn is expected to improve the catalytic performance of
the HAP-supported Ru catalysts. This will be investigated in
future work.

(a)

(b) (c)

Figure 7. a) TPR, b) CO2-TPD, and c) NH3-TPD of the HAP support and the prepared catalyst catalysts; 1Ru/HAP was calcined at 300 °C under air flow, while
other multimetallic catalysts were dried at 105 °C.

Table 3. Catalytic performance of the prepared materials in ammonia synthesia.

Entry Catalyst Catalyst mass
[mg]

Average Production Rate
[μmol h�1 gcat�1]

Average N2 conversion� 102 [%] Average TOF value� 104 [s�1]

#1 1Ru/HAP 297 0 0 0 4 14 0 0 0 0.1 0.2 0 0 0 0.1 0.4

#2 1Ru1Cs1Ba/HAP 301 �0 24 92 30 70 0 �0 1 0.7 1.6 0.7 2.5 2.8 0.3 0.2

#3 1Ru2Cs/HAP 317 �0 17 55 14 48 0 �0 0.6 0.3 1.1 0 0.5 0.2 0.1 1.4

#4 1Ru2Ba/HAP 303 2 83 265 96 134 0 �0 0.3 2.1 2.9 0.1 2.3 7.5 2.7 3.8

#5 1Ru2Ba/HAP_Ar 303 88 517 1038 687 975 0.01 5.7 11.4 14.5 20.6 2.5 14.6 29.3 19.4 27.6

#6 1Ru1Cs1Ba/
HAP_Ar

306 0 129 323 335 575 0 1.4 3.6 7.2 12.4 0 3.6 9.1 9.5 16.2

Conditionsa) Reaction temperature (°C) 350 400 450 450 500 350 400 450 450 500 350 400 450 450 500

Total reaction pressure (bar) 10 10 10 25 25 10 10 10 25 25 10 10 10 25 25

Feed volume ratio H2/N2 75/
50

75/
50

75/
50

75/
25

75/
25

75/
50

75/
50

75/
50

75/
25

75/
25

75/
50

75/
50

75/
50

75/
25

75/
25

Reaction step order 1st 2nd 3rd 4th 5th 1st 2nd 3rd 4th 5th 1st 2nd 3rd 4th 5th

a)The plateau reaction time was kept for more or less 24 h at each condition of temperature and pressure (see section 2.4). TOF: Turnover frequency.



3. Conclusion

For the first time, HAP-supported Ru catalysts, with and without
Ba and/or Cs promotion, have been developed for the ammonia
synthesis reaction. By using the conventional incipient wetness
impregnation (IWI) method, large Ru, Ba, and Cs nanoparticles
were formed on the surface of HAP support. In ammonia syn-
thesis, an unpromoted 1Ru/HAP catalyst showed negligible
activity because of the large size of Ru nanoparticles. The addi-
tion of Cs and Ba as catalyst promoters enhanced the catalytic
activity of the 1Ru/HAP catalyst, and Ba was found to be better
than Cs. This could be related to the fact that the addition of Ba
and/or Cs decreased the acidity of the HAP-supported Ru cata-
lysts, as highlighted by NH3-TPD results, which may favor the
desorption of NH3 species formed on the catalyst surface. It
is also worth noticing that the decomposition of the Ba precur-
sor (Ba(NO3)2) needs a specific pretreatment condition (under Ar
flow at high temperature of 600 °C). Thus, the catalyst 1Ru2Ba/
HAP_Ar pretreated under these conditions showed the highest
catalytic activity with the average ammonia production rate
reaching 1038 mmol h�1 g cat�1 at 450 °C and 10 bar with an
estimated TOF of 0.0029 s�1. However, this is still far from the
performances of other Ru-based catalysts reported in the litera-
ture, especially those involving lanthanides under similar
conditions.[52]

Further work would focus on the improvement of Ru and Ba
deposition on HAP surface by employing other deposition meth-
ods, such as cation exchange or deposition-precipitation, hope-
fully, minimizing particle sizes to single digit nanometers. The
resulting catalysts would also be tested at higher pressures, which
favor the ammonia synthesis reaction.

4. Experimental Section

Chemicals

A commercial stoichiometric HAP with the theoretical Ca/P
molar ratio of 1.67 (information provided by industrial
producer) and a surface area (SBET) of 75 m2 g�1 was used as the
support material. Ruthenium nitrosyl nitrate (CAS 34513-98-9), bar-
ium nitrate (CAS 10022-31-8), and cesium nitrate (CAS 7789-18-6)
were purchased from Thermo Scientific to be used as metal
precursors.

Catalyst Synthesis

The deposition of the active phases on the HAP support was per-
formed by the standard IWI method, which is the simplest and most
widely employed method in catalysis research and the industry.[53]

Thus, the wettable volume of HAP was determined. Then, aqueous
solutions of the precursors were prepared and used to impregnate
adequate amounts of HAP. The mixtures were dried at 105 °C for
24 h and then heated to 300 °C (10 °C min�1) under flowing air
and kept at this temperature for 2 h, leading to the formation of
the monometallic catalyst (1Ru/HAP). For the preparation of bime-
tallic catalysts, Ba(NO3)2 or CsNO3 was deposited on 1Ru/HAP by the
IWI method. Then, the mixture was dried at 105 °C for 24 h, and the
resulting material is called 1Ru2Ba/HAP or 1Ru2Cs/HAP, respec-
tively. Finally, the trimetallic catalyst (1Ru1Cs1Ba/HAP) was obtained
by depositing Ba(NO3)2 onto 1Ru1Cs/HAP by the IWI method, and
then dried at 105 °C for 24 h. Table 2 shows the list of the catalysts
prepared in this work, where the order of the appearance of metals
indicates the order of their impregnation, while the number
indicates the targeted mass percentage of the active metal. As
an example, 1Ru1Cs1Ba/HAP means the deposition of 1 wt%Ru,
1 wt%Cs, and 1 wt%Ba at the first, the second, and the third impreg-
nation step, respectively.

Figure 8. Comparison of the cumulative ammonia production. Θ represents a nondimensional, standardized time such that all experiment stages and the
all tests have equal durations.



In order to facilitate the decomposition of Ba(NO3)2 into BaO, two Ba-
containing catalysts were also pretreated at 600 °C under Ar flow
(1Ru2Ba/HAP_Ar and 1Ru1Cs1Ba/HAP_Ar in Table 2).[38] It is also
worth noticing that high-temperature treatments (above 700 °C)
would preferably be avoided on Cs-containing samples as Cs com-
pounds tend to decompose and volatilize.[39] This is discussed in
the results section. Elemental analysis was attempted using the
inductively coupled plasma-atomic emission spectroscopy tech-
nique, but the complete dissolution of Ru-based nanoparticles was
not possible regardless of the concentrated acid mixtures used.

Catalyst Characterization

CHNS analysis was performed on fresh catalysts employing a FLASH
2000 CHNS/O analyzer (Thermo Scientific). This analysis is used to
determine the presence of nitrated species on the catalyst samples
and to corroborate the decomposition of the metal precursors.

Nitrogen adsorption/desorption isotherms were carried out at 77 K
with a Micromeritics TriStar II 3020 and the Micromeritics 3FLEX.
Previous outgassing of the samples was performed at 105 °C under
vacuum for 48 h. Around 300mg was employed for each analysis. The
Brunauer–Emmet–Teller (BET) model was used to calculate the spe-
cific surface area, and the BJH model to determine the mesoporosity
of the samples.

TGA was conducted with a DT Q600 apparatus (TA Instruments)
under air flow (100mLmin�1), and with a LABSYS evo (Setaram)
under Ar flow (100mLmin�1) from 30 °C up to 900 °C at a heating
rate of
10 °Cmin�1. All TG analyses were performed employing Pt crucibles.
The dried samples were analyzed by TGA to determine the decom-
position temperatures of the metal precursors to form metal oxide
nanoparticles. For Ba-containing catalysts, samples were also ana-
lyzed under the Ar atmosphere to determine the temperature of
decomposition of Ba(NO3)2 as described by Bardwell et al.[38]

All temperature programmed analyses (TPX) were performed on an
AutoChem II/HP from Micromeritics. Masses around 160mg were
employed in all TPX analyses. A flow rate of 50mLmin�1 was set
for all employed gas mixtures. A cooling trap made from ethylene gly-
col was prepared to condensate any H2O and said trap was integrated
in all TPX measurements. All heating ramps were set to 5 °Cmin�1. The
TPR analysis starts with a cleaning procedure at 105 °C for 1 h employ-
ing an Ar flow, followed by the saturation of the system with 5 vol.%
H2/Ar at 50 °C and the subsequent measurement of its consumption as
the temperature rises up to 900 °C. The TPD analysis starts with a TPR
procedure to prepare the sample, where the maximum temperature is
set to 350 °C and maintained for 2 h. After the sample was saturated
with the respective gas mixture, followed by the measurement of the
desorption of the probe gas as temperature rises up to 900 °C. Mixtures
of 5 vol.% NH3/He and 5 vol.% CO2/N2 are employed in the TPD-NH3

and TPD-CO2, respectively. Using ammonia (NH3-TPD) and carbon
dioxide (CO2-TPD) as probe molecules, the density, and the strength
of the acidity and basicity, respectively, can be determined.[54]

SEM coupled with EDX analysis was performed on fresh and used
catalyst samples, using a Quattro ESEM (Thermo Fisher Scientific)
model S equipped with a field emission gun operating at an acceler-
ation voltage of 6 kV. The samples were dispersed on a double-faced,
fixed, adhesive carbon-based support for direct observation of the
sample under low vacuum (0.48 mbar). The mode of operation
was backscattered electron.

TEM coupled with EDX analysis was performed on fresh samples, using
a JEM-2100F Field Emission Electron Microscope (JEOL) operating at a
potential difference of 200 kV. Similarly, scanning transmission electron

microscopy analysis was performed at 200 kV. All images were cap-
tured employing a CMOS Rio 16IS camera (Gatan). EDX analysis was
performed using an 80 m2 EDX UltimMax (Oxford Instruments).

XRD analysis was performed on fresh catalysts using a Malvern
PANalytical Empyrean X-Ray Powder Diffractometer operating in
reflection (Bragg–Brentano geometry) and θ–θ mode. X-rays
are generated by a tubular anticathode of Cu Kα radiation
(λ= 0.15418 nm) and measured by 1Der detector. Data were col-
lected by operating at 45 kV, 40 mA within the angular range 2θ
from 7° to 80° with a measurement step size of 0.0167° (2θ) at a
rate of 160 s/step.

FTIR spectra of the fresh catalysts were recorded with a Thermo
Scientific NicoletTM iS10 FTIR spectrometer employing the Smart
iTX ATR (Attenuated Total Reflectance) attachment equipped with
a Ge crystal. The OMNICTM software package was employed for data
retrieval. Samples were studied at mid-IR, i.e., from 4000 to 500 1/cm
(650 cm�1 for some samples), with 64 averaged measurements.

Catalytic Experiments

The reaction of ammonia synthesis was performed using a fixed-bed
reactor. For each experiment, the reactor was loaded with ca.
300mg of powder catalyst, which was diluted twice with an alumina
powder sintered at 1000 °C for 5 h (specific surface area smaller than
3m2 g�1). For this loading step, the reactor tube was first filled with
around 4 g of the sintered alumina powder, followed by the catalyst
which was located at the center of the reactor tube, and finally around
6 g of the sintered alumina powder. After an in situ reduction at 350 °C
(10 °Cmin�1) for 2 hr under pure H2 (100mL min�1), the reactor was fed
with a mixture of H2 (75mL) and N2 (50mL) to start the ammonia syn-
thesis reaction at 350 °C reaction temperature and 10 bar total reaction
pressure. The gasmixture at the reactor outlet was analyzed by an inline
μ-GC. For each catalyst, details on the conditions of reaction tempera-
ture and pressure are as follows:

1) The first reaction step: The reaction was kept at 350 °C, and the
total pressure was raised to 10 bar (from atmospheric), the flow of
H2 (75 mL) and N2 (50 mL) are set and these conditions were main-
tained for 22 h. 2) The second reaction step: The temperature was
increased to 400 °C (10 °C min�1), the other conditions remained
unchanged and were kept for 22 h. 3) The third reaction step: The
temperature was increased to 450 °C (10 °C min�1), the other condi-
tions remained unchanged and were kept for 22 h. 4) The fourth reac-
tion step: The temperature was maintained at 450 °C, the flow of H2

(75 mL) and N2 (25 mL) was altered, the total pressure was raised to
25 bars and this operation regime was kept for 16 h. 5) The fifth reac-
tion step: The temperature was increased to 500 °C (10 °C min�1), the
other conditions remain unchanged and unaltered for 16 h.

The inlet molar ratio of H2 to N2 was kept at 3/2, which is smaller than
the stoichiometry of ammonia synthesis. This is because previous
works have identified that inlet mixtures rich in H2 to poison
Ru-based catalysts.[28]
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