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Effect of MgO/h-BN Composite Support on Catalytic Activity of
Ba-Ru/MgO/h-BN for Ammonia Synthesis
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Abstract: A series of MgO/hexagonal boron nitride (h-BN) composite with different mass ratio were synthesized by impregnation method
and used as supports for ruthenium catalysts in ammonia synthesis reaction. The catalysts were characterized by X-ray diffraction, N, physi-
cal adsorption, X-ray fluorescent spectrometer, scanning electron microscope, transmission electron microscope, temperature programmed
reduction of H,, and temperature programmed desorption of CO, (CO,-TPD). The activity measurements of ammonia synthesis were carried
out in a fixed-bed flow reactor with a mixture of N, and H, atomsphere under steady-state conditions (5.0 MPa, 350-500 °C, 5000 h™"). The
results showed that the rate of ammonia formation was strongly influenced by the h-BN content used in the catalysts preparation process. The
Ba-Ru[1:1] (molar ratio of Ba to Ru = 1:1)/MgO/h-BN[8:2] (weight ratio of MgO to h-BN = 8:2), Ba-Ru[1:1]/MgO/h-BN[6:4] and
Ba-Ru[1:1]/MgO/h-BN[5:5] catalysts exhibited higher activity than Ba-promoted Ru/MgO catalyst. At 425 °C, 5.0 MPa, flow rate of 5000
h™', and a Ny/H, = 1/3 atmosphere, the optimum activity of 506.9 ml/(geh) was achieved when MgO/h-BN[8:2] was used as the catalytic
support. The execllent activity was mainly attributed to the basicity of the MgO/h-BN combination-type support, especially “weak” and
“medium” basic sites. Large numbers of basic sites were observed from CO,-TPD characterization due to the interaction between MgO and
the h-BN material
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The synthesis of ammonia under catalytic condition has
played a central role in the development of the chemical
industry during the 20th century. This industrial importance
has attracted significant scientific interest in understanding
and improving the ammonia synthesis catalyst in recent
times. Ruthenium catalysts have been investigated exten-
sively as the second-generation catalysts for ammonia syn-
thesis, providing remarkably higher activity at lower tem-
perature and pressures compared with the conventional iron
catalysts under similar conditions [1-4]. Over the last dec-
ade, ruthenium catalysts supported on thermally modified,
partly graphitized carbon have already been applied indus-
trially in the Kellog Brown & Root advanced ammonia
process (KBRAAP) [2,3]. However, the methanation of the
activated carbon support of Ru catalyst is unavoidable under
the conditions of ammonia synthesis, and causes the gradual
degradation of the carbon support, limiting the lifetime of
Ru/C catalyst [1,3,4].

Various non-carbon supports have been investigated ex-
tensively as alternative stable supports for Ru catalyst.
These include MgO [5-7], Al,0;[8,9], MgAl,O, [10], zeo-
lites [11,12], and BN [13,14]. It has been stated that the type
of support greatly influences the catalytic activity of Ru
particles: the stronger the support basicity, the higher the
catalytic activity [3,15-17]. Among the aforementioned
supports, MgO is currently claimed to be the most suitable
oxide support for Ru catalysts. In contrast to carbon, MgO
is fully stable under the synthetic condition of ammonia,
even at elevated temperatures. Recently, efforts have been
devoted to identify excellent non-carbon support for
Ru-based catalysts. Jacobsen [13] and Hansen et al. [18]
have revealed that Ba promoted Ru/h-BN catalyst is the
most efficient catalytic system for ammonia synthesis.
Hexagonal boron nitride (h-BN) is isoelectronic with car-
bon, it has both crystalline and electronic structure similar
to those of graphite. It also possesses excellent chemical and
thermal stability, high thermal conductivity, and minimum
metal-support interaction [19]. Therefore, h-BN appears to
be an interesting alternative to graphite as an excellent sup-
port material for ruthenium catalyst [13,20,21]. However,
h-BN is a form of covalent ceramic material, most commer-
cial boron nitride are prepared by carbothermic reduction
grounded on high temperature synthesis principles, e.g.,
boric acid and urea at 1000 °C [19]. Hence harsh prepara-
tive conditions are necessary for the preparation of high
purity h-BN. Furthermore, h-BN is hydrophobic, which
prevents ruthenium precursor and promoter depositing on its

surface, thereby limiting its industrial application [19,22].

The support can influence the catalytic activity by modi-
fying the electronic properties of the active particles and by
affecting the growth and ultimately the structure and mor-
phology of the active particles that change the abundance of
the active sites of the catalyst [20]. The electronic property
of MgO as well as the unique structural properties of h-BN
indicates that the cooperation of MgO and h-BN, and their
ability not only to increase the total basicity of catalytic
system, but also to improve the efficiency of h-BN. Such
modification could help to enhance the mechanical strength
of h-BN and enhance the hydrophilicity of h-BN to immerse
support in tetrahydrofuran (THF) solution containing
Ru3(CO),, in preparing Ru catalysts. Therefore, it was an-
ticipated that it would promote the catalytic activity of the
catalyst strongly. In the present work, we reported the syn-
thesis of MgO/h-BN composite as supports for Ru catalysts
and their application in the ammonia synthesis. To our
knowledge, no other group has reported yet about the use of
MgO/h-BN support for ruthenium catalyst for ammonia
synthesis.

1 Experimental
1.1 Preparation of MgO/h-BN supports

First, 1.2 g h-BN (Alfa Aesar, AR) was mixed with 100
ml 30.8 wt% aqueous solution of Mg(NO;), (Sinopharm
Chemical Reagent Co. Ltd, China) under stirring at ambient
temperature for 1 h. Then 100 ml 9.6 wt% of aqueous solu-
tion NaOH (Sinopharm Chemical Reagent Co. Ltd, AR,
China) was added gradually into the above solution con-
taining dissolved Mg(NOs), under vigorous stirring to give
a suspension. Thus, the precipitated Mg(OH),/h-BN was
filtered and washed thoroughly with deionized water until
excess of Na" and NO; was completely removed. Finally,
the filtered mass was kept in an oven to dry at 110 °C for 12
h and then calcined at 500 °C for 6 h. The obtained white
powder was remarked as MgO/h-BN (mass ratio = 8:2) and
simplified as MgO/h-BN[8:2]. Using the same synthetic
technique  other  supports like = MgO/h-BN[6:4],
MgO/h-BN[5:5], MgO/h-BNJ[4:6], and MgO/h-BN[2:8] can
also be prepared.

1.2 Preparation of supported Ru catalysts

Ruthenium catalysts were prepared by impregnating the
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support with THF (Tianjin Chemical Reagent Co. Ltd, AR,
China) solution containing Ru3(CO);, (synthesized in our
lab). The solution was stirred under ambient conditions for
12 h, after which the THF solvent was removed by treat-
ment in a rotary evaporator under reduced pressure at room
temperature. After drying in a vacuum at 60 °C for 12 h, the
sample was reduced by flowing hydrogen (99.99%) at 300
°C for 3 h to decompose the Ru;(CO);,. Then Ba promoter
was added to the Ru/MgO/h-BN by the impregnation
method with the aqueous solution of Ba(NO;), (Experimen-
tal Factory of Shanghai Chemical Engineering College, AR,
China) [17]. The catalysts thus, obtained had a nominal Ru
content of 5.0 wt% and a calculated Ba to Ru molar ratio of
1.0. The catalysts after reduction were designated as
Ba-Ru/MgO/h-BN. For comparison with pure MgO and
h-BN supported ruthenium catalysts, Ba-Ru/MgO and
Ba-Ru/h-BN were also prepared under the same conditions.

1.3 Measurement of catalytic activity

Catalytic reaction of ammonia synthesis were carried out
in a fixed-bed stainless-steel microreactor (id = 8 mm) with
a stoichiometric H, and N, mixture (Hy/N, = 3) flowing at
temperatures ranging from 350 to 500 °C, 5.0 MPa, and
5000 h™'. The purity of the H, or N, gases was over 99.99%,
and the mixture was further purified before the reaction by
self-designed guard containers packed with palladium cata-
lyst and molecular sieves. The catalyst (2 ml) with particle
size (20—40 mesh) was activated by a gas flow of Ho/N, =3
at 450 °C for 6 h before the measurement. The ammonia
synthetic activity was measured after the catalyst was stabi-
lized at the reaction temperature at least for 2 h. The ammo-
nia concentration at the outlet mixture was determined by a
Shimadzu GC-9A with columns of Porapak QS.

1.4 Characterization of supports and ruthenium
catalysts

The crystalline structure of the catalysts was analyzed by
X-ray powder diffraction (XRD, X’pert, PANalytical,
Dutch) using Cu K, radiation (A = 0.154050 nm). The
chemical composition of catalyst was analyzed on an X-ray
fluorescent spectrometer (PANalytical, Magix PW2403).
Low-temperature nitrogen adsorption was carried out in a
Micromeritics ASAP 2010 instrument at liquid nitrogen
temperature to measure the surface area and pore structure
of the prepared composite. The linear range of the adsorp-
tion isotherms spanning a range of p/p, of 0.05 to 0.35 was
used to calculate the specific surface area of the samples.
The Barrett-Joyner-Halenda (BJH) pore size distribution
was calculated based on the desorption isotherm. The sur-
face morphology was observed by the scanning electronic

microscopy (SEM, JSM-6701F, JEOL). High resolution
transmission electron microscopy (HRTEM) experiments
were conducted in a JEM-2010 TEM with an accelerating
voltage of 200 kV.

H,-TPR-MS was carried out using 10% H,/Ar as a re-
ducing gas in a linear quartz microreactor equipped with an
MS detector (DM300, AMETEK, USA). Approximately 50
mg of a fresh catalyst was placed on top of glass wool in the
reactor. The outlet of the reactor was connected to a glass
column packed with molecular sieve SA in order to remove
the moisture produced from the reduction. The flow rate of
the reducing gas was kept at 30 ml/min, and the temperature
was raised from 25 to 650 °C at a rate of 10 °C/min. The
amount of consumed H, was measured by a thermal con-
ductivity detector (TCD) and calculated from the integrated
peak areas of the profiles.

CO,-TPD measurements were performed in the same ap-
paratus. The sample (100 mg) was used and heated to 700
°C (at a heating rate of 23 °C/min) for 0.5 h in Ar atmos-
phere, then cooled to room temperature. Afterwards, pure
CO, was adsorbed at room temperature for 30 min. The
physisorbed CO, was removed by a flushing with Ar for 1 h
at 120 °C. TPD was carried out in the stream of Ar at a
heating rate of 20 °C/min up to 700 °C. All the samples
were reduced at 450 °C for 6 h under H, atmosphere
(99.99%) before being characterized.

2 Results and discussion
2.1 Catalytic performance for ammonia synthesis

The mass ratio of MgO to h-BN has great influence on
the catalytic activity for ammonia synthesis. Figure 1 shows
the catalytic activity of the Ba-promoted combination-type
MgO/h-BN supported ruthenium catalysts with different
ratios of MgO to h-BN under steady-state conditions. The
catalytic activity of Ba-Ru/MgO catalyst for ammonia syn-
thesis has been compared with that of Ba-Ru/MgO/h-BN
catalysts under similar experimental conditions. It was ob-
vious that the Ba-Ru/MgO/h-BN[8:2], Ba-Ru/MgO/
h-BN[6:4], and Ba-Ru/MgO/h-BN[5:5] catalysts exhibited
higher activity than that of conventional Ba-Ru/MgO cata-
lyst, which was previously the most active Ru catalyst [3].
At 450 °C, the catalytic activity of Ba-Ru/MgO/h-BN[8:2],
Ba-Ru/MgO/h-BN[6:4], and Ba-Ru/MgO/h-BNJ[5:5] cata-
lysts were 472.5, 467.6, and 429.4 ml/(g. h), respectively.
In contrast, the conventional Ba-Ru/MgO catalyst exhibited
only 272.1 ml/(g..h) at the same experimental conditions.

2.2 XRD analysis

The XRD patterns of MgO/h-BN composite with differ-
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Fig. 1. Catalytic activity of the Ba-promoted combination-type
MgO/h-BN supported ruthenium catalysts under steady-state condi- o e b b b b
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tions (350 —500 °C, 5.0 MPa, and 5000 h™). (1) Ba-Ru/MgO/ 20(°)
h-BNJ[2:8]; (2) Ba-Ru/MgO/h-BN[4:6]; (3) Ba-Ru/MgO/h-BN[5:5]; (4
Ba-Ru/MgO/h-BN[6:4]; (5) Ba-Ru/MgO/h-BN[8:2]; (6) Ba-Ru/MgO. M v h-BN ()
A MgO
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ent MgO/h-BN mass ratio are shown in Fig. 2(a). All }
MgO/h-BN composites showed periclase (20 = 36.7°, 42.8°, A
62.2°, and 78.3°, ICDD 04-0829) and h-BN phases (26 =
26.7°,41.6°, 50.1°, and 55.1°, ICDD 34-0421), respectively. ey N
The diffraction peaks of the h-BN were sharp and strong, 5
Lo . . T b J A
which indicated that it was highly ordered crystal. = bR 4 A
The XRD patterns of the reduced Ba-Ru/MgO/h-BN[8:2] reduced Ba-Ru/MgO/h-BN
catalyst and the catalyst after the activity test (used) are _J\b
shov&{n in Fig. 2(b). According to the XRP analysis, .the dif- sed Ba RuMgO/h BN
fraction patterns of the Ru catalysts did not provide any : '2'0' i '3'0' i '4'0' i '5'0' i '6'0' i '7'0' i '8'0' :
evidence for the presence of Ru particles despite the fact 20(°)

that 5 wt% Ru was loaded on the support, revealing either
that the Ru particles were smaller in diameter than the de-
tection limit of the diffractometer, or that large Ru particles
(> 4 nm) were too scarce to produce detectable diffraction
signals [3]. The absence of Ru peaks in the XRD charac-
terizations could also be attributed to the Ru precursor em-
ployed. Ru;(CO);, can be easily decomposed to Ru’ metal
at low temperature, avoiding the increased crystalline size
because of heat treatment that result in the elimination of
anionic ligands, such as chlorine [23]. Furthermore, the
XRD analysis of reduced Ba-Ru/MgO/h-BN[8:2] catalyst
gave signals due to BaCO; (ICDD 41-0373). It can be at-
tributed to the reaction of BaO generation after the reduc-
tion process and CO, of air in the process of XRD charac-
terization. Two consecutive steps occurred for the precursor
of promoter: Ba(NO;), can be reduced to Ba’ (Ba(NO;), +
9H, = Ba + 2NH; + 6H,0, AG = —610.7 kJ [2]) or to BaO
(Ba(NO;), + 8H, = BaO + 2NH; + 5H,0, AG = -911.4 kJ
[2]); such Ba species were amorphous, BaO would easily
react with CO, (BaO + CO, = BaCO;, AG = -216.7 kJ [2])

Fig. 2. XRD patterns of MgO, h-BN, and MgO/h-BN composite (a)
and the reduced and used Ba-Ru/MgO/h-BN[8:2] catalyst (b).

to form the stable state of barium species in air. In contrast,
BaCO; phase cannot be detected as shown in the XRD pat-
tern of the Ba-Ru/MgO/h-BN[8:2] catalyst after the activity
test. It indicated that some changes happened to Ba pro-
moter in the ammonia synthesis. The Ba species might exist
as amorphous phases after the activity tests.

2.3 Morphology of Ru particles supported on various
supports

Figure 3 shows the typical morphology of Ru particles
obtained  from  Ru/h-BN,  Ba-Ru/MgO/h-BN[8:2],
Ba-Ru/MgO/h-BN[6:4], and Ba-Ru/MgO/h-BN[5:5], re-
spectively. The images were obtained after reduction by
exposure to H, at 450 °C for 6 h. It can be observed that the
Ru particles deposited on h-BN material were irregular, flat
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Fig. 3. TEM images of catalysts. (a, b) Ru/h-BN; (c) Ba-Ru/MgO/

h-BN[8:2]; (d) Ba-Ruw/MgO/h-BN[6:4]; (¢) Ba-Ru/MgO/h-BN[5:5].

polygon as shown in Fig. 3(a). The HRTEM image (Fig.
3(b)) shows a lattice spacing of Ru particles of 0.2107 nm,
corresponding to the (101) plane of Ru crystals [18]. Song
et al. [20] confirmed the structural promotion effect of
graphitized carbon by scanning tunneling microscopy, re-
vealing that flat Ru particles were grown epitaxially on the
surface of graphitized carbon hosted more Bs-sites and ex-
hibited more surface strain than round particles. The struc-
ture of h-BN was analogous to the graphitic carbon, with
strong bonding within the atomic layers and weak bonding
between layers [19]. Therefore, based on our observation it
was reasonable to conclude that the layered structure of
h-BN could induce the epitaxial growth of flat Ru particles
in a similar way to graphitized carbon as well. The
MgO/h-BN composite supported Ru catalysts exhibited
very different morphologies than the Ru/h-BN sample. Ru-
thenium particles deposited on MgO/h-BN[8:2], MgO/
h-BN[6:4], and MgO/h-BN[5:5] all appeared round in shape
(Figs. 3(c), 3(d), and 3(e)). It was clearly noticed that
MgO/h-BN[8:2] supported Ru particles were equidimen-
sional in size and had the smallest average size.

The morphology of the pure h-BN material and as syn-
thesized Ba-Ru/MgO/h-BN catalysts are shown in Fig. 4.
The h-BN phase existed as aggregated sheets, the sheets
were arranged in stacks and appeared flaky and had an ir-
regular shape (Fig. 4(a)). The addition of h-BN to MgO
support leaded to the formation of aggregates when the
mass ratio of MgO/h-BN was 5:5 as shown in Fig. 4(b),
similar to Ba-Ru/MgO/h-BN[5:5], h-BN support platelets
remained partially uncovered for Ba-Ru/MgO/h-BN[6:4]
(Fig. 4(c)). In contrast, the MgO material was well dis-
persed on the h-BN surface, and the resulting coating of the
h-BN support was the best of the three combination-type
supported ruthenium catalysts when the MgO/h-BN weight
ratio was 8:2 (Fig. 4(d)). Such observation could be related
to the reactivity of the prepared catalysts (see Fig. 1) [22].

Fig. 4. SEM images of h-BN material (a), Ba-Ru/MgO/h-BN[5:5]
(b), Ba-Ru/MgO/h-BN[6:4] (c), and Ba-Ru/MgO/h-BN[8:2] (d) cata-
lysts.

2.4 H,-TPR-MS analysis

The H,-TPR-MS profiles of Ru/MgO and Ba-Ru/MgO/
h-BN [6:4] catalysts are displayed in Fig. 5. The H, con-
sumption during TPR measurements was ascribed to the
reduction of RuO, phase because no other stable ruthenium
oxide was known to exist in the solid state. Sharp signals
from Ru/MgO and Ba-Ru/MgO/h-BN[6:4] catalysts were
detected at the temperature (7,,) of 300-370 °C, which can
be attributed to reduction of large oxide aggregates (bulk
oxide). The T, of these TPR peaks was similar to those of
the temperatures reported for the complete reduction of
Ru/Al,O; and Ru/MgO samples (300 °C, [24,25]). How-
ever, they were higher than that of the bulk RuO, located at
217 °C [26]. Li et al. [27] proposed that this phenomenon
attributed to strong interactions formed at the interface be-
tween the ruthenium species and the support. On the other
hand, the low reducibility of Ru species over MgO can be
also attributed to the low dispersion of Ru over low surface
area support of MgO, as reported by Seetharamulu et al.
[25,28].

In addition, desorption peaks attributed to m/z = 16, m/z =
18, and m/z = 44 were observed in the H,-TPD-MS profiles.
The reasons can be summarized as follows [29]:

MgCO; — MgO+CO,+ AH,  AH®| = 1006 kI/mol 1)
BaCO; — BaO+CO,+AH,  AdH'y=171.5 kl/mol 1))
CO,+H, — CO+H,0 +AH; AHy =4 Kl/mol 3)
CO,+4H, —> CH,+2H,0+AH,  AH’y=-1¢5 kl/mol “
CO+3H, = CH,+H,0+AHs  AH5= -y ki/mol ©)

(1), (3), (4), and (5) reactions would happen on the surface
of Ru/MgO catalyst, while all the reactions would happen
over the surface of Ba-Ru/MgO/h-BN[6:4] catalyst.
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Fig. 5. H,-TPR-MS profiles of Ru/MgO (a), Ba-Ru/MgO/h-BN[6:4]
(b) catalysts.

2.5 CO,-TPD analysis

The strong basicity of oxide support was known to be
conductive to the activity of Ru catalysts for ammonia syn-
thesis [3,15]. The CO,-TPD method was used to measure
the number and strength of the basic sites. The strength and
amount of basic sites were reflected in the desorption tem-
perature and the peak area, respectively, in a TPD profile.
The surface basicity of the Ba-Ru/MgO, various
Ba-Ru/MgO/h-BN and Ba-Ru/h-BN catalysts determined by
the CO,-TPD technique are shown in Fig. 6, and the peak
area of chemisorbed CO, on these samples is listed in Table
1. The TPD profile of Ba-Ru/MgO sample contained four
partially separated desorption peaks, indicating that a vari-
ety of basic sites with different strengths were presented on
the surface. The basic sites of MgO was divided into three
large groups exhibiting weak (CO, desorption between 27
and 147 °C), medium (CO, desorption between 147 and 377
°C), and strong (CO, desorption above 377 °C) basicity
[30,31]. The weak basic sites were probably associated with
Bronsted basicity and most likely with lattice-bound OH
groups, while the medium and strong sites were probably
associated with Lewis basicity, with the three- and

four-fold-coordinated O~ anions representing the strongest

among these sites [30]. Following h-BN combination with
MgO support, several changes can be observed in the TPD
profiles. First, the peak corresponding to the weak basic
sites which most likely were associated with hydroxyl
groups was detectable from the profiles of Ba-Ru/MgO/
h-BN. Furthermore, the peak areas of all catalysts increased
in the following order as listed in Table 1: Ba-Ru/h-BN <
Ba-Ru/MgO/h-BN[2:8]< Ba-Ru/MgO/h-BN[4:6] < Ba-Ru/
MgO < Ba-Ru/MgO/h-BNJ[5:5] < Ba-Ru/MgO/h-BN[6:4] <
Ba-Ru/MgO/h-BN[8:2]. Finally, in the case of Ba-Ru/h-BN
catalyst there was only one small peak corresponding to
weak sites, whereas the other two sites (medium and strong
basic sites) completely disappeared. Activity of the Ru
catalysts was explained by electron donation theory that
electrons were transferred from the support or promoter to
Ru metal, leading to a decreased ionization potential of Ru,
thus allowing electron transfer from the metal to the
anti-bonding orbits of the N atom and reducing the activa-
tion energy for the dissociative adsorption of N, molecules

Table 1 Peak area of CO,-TPD measurement for Ba-Ru/MgO, vari-
ous Ba-Ru/MgO/h-BN and Ba-Ru/h-BN catalysts

Catalyst Peak area
Ba-Ru/MgO 5468.9
Ba-Ru/MgO/h-BN[8:2] 7614.8
Ba-Ru/MgO/h-BN[6:4] 6337.6
Ba-Ru/MgO/h-BN[5:5] 5498.8
Ba-Ru/MgO/h-BN[4:6] 5099.3
Ba-Ru/MgO/h-BN[2:8] 3286.5
Ba-Ru/h-BN 339.3
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[15]. Aika group [3,15] proposed that the stronger the ba-
sicity of the support, the greater the catalytic activity of
ruthenium catalysts for ammonia synthesis. MgO is known
to be one of the most effective oxide supports, which can
make ruthenium surface more electron rich and enhance the
dissociation of N, molecules due to its electron-donating
property. It can be seen clearly from the CO,-TPD results
(Fig. 6) that few weak basic sites existed over the
Ba-Ru/MgO sample, while all the Ba-Ru/MgO/h-BN sam-
ples showed a sharp desorption peak assigned to weak basic
sites. In addition, it was obvious that the total basic sites of
Ba-Ru/MgO/h-BN[8:2], Ba-Ru/MgO/h-BN[6:4], and
Ba-Ru/MgO/h-BN[5:5] were much larger than that of
Ba-Ru/MgO sample as shown in Table 1. Therefore, the
superior performance of Ba-Ru/MgO/h-BN[8:2], Ba-Ru/
MgO/h-BN[6:4], and Ba-Ru/MgO/h-BN[5:5] catalysts can
be attributed primarily to the strong basicity of combina-
tion-type of MgO/h-BN support, especially weak and me-
dium basicity, which was conductive to enhance the electron
density of Ru active sites and further increase the electron
donation from its d orbital to the anti-bonding orbital of N,,
thus accelerating the dissociation of N, at the active site of
ruthenium [8,15,17,25,28].

3 Conclusions

A series of MgO/h-BN combination-type supports were
prepared by precipitating MgO on the surface of h-BN and
further examined as supports for Ru catalysts for ammonia
synthesis. The Ba-Ru/MgO/h-BN[8:2], Ba-Ru/MgO/
h-BN[6:4], and Ba-Ru/MgO/h-BN[5:5] systems exhibited
remarkable higher activity for ammonia synthesis compared
with Ba-Ru/MgO, which was previously considered the
most active catalyst for ammonia synthesis. The superior
performance of Ba-Ru/MgO/h-BN can be attributed primar-
ily to the large number of basic sites as well as appropriated
Ru crystal size. Thus, our results indicate that MgO/h-BN
composite would be an effective new type of support for
ruthenium catalysts for ammonia synthesis. For the special
interaction between MgO and h-BN, such combination-type
composite supported ruthenium catalysts require further
theoretical research.
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