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Abstract

Barium hexaaluminate (BHA) with large surface area (49 m? g_1 ) is synthesized by microemulsion-mediated synthesis technique and examined
as a support promoting ammonia synthesis by particulate Ru. The Ru/BHA catalyst exhibits higher activity and stability than Ba-promoted
Ru/MgO, the previously most active oxide-supported catalyst system for ammonia synthesis. The rate of ammonia synthesis over Ru/BHA is

5426 pmol g;é h~1 (653 K, 1.1 MPa), more than twice of that of Ba-Ru/MgO, and no decrease in the rate is observed over reaction for 80 h at
653 K and 0.1 MPa. Characterization of this catalyst system by various techniques reveals that the electronic and structural interactions between
BHA and Ru particles are key factors responsible for the elevated activity and stability of this catalyst.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Ruthenium catalysts have been investigated extensively as
the second-generation catalysts for ammonia synthesis, provid-
ing higher activity at lower temperatures and pressures com-
pared with conventional iron catalysts [1-11]. The activity of
Ru catalysts strongly depends on the properties of the supports
as well as on the nature of the catalysis promoters [6,10,12].
Among the wide range of supports investigated for Ru catalysts,
including carbon [1,2,4,13-15], MgO [7-9,16], Al,O3 [4,5,12,
17-20], zeolite X [21-23], CeO, [24], MgAl,04 [25], and BN
[11,26], the Ru/C system exhibits the highest activity for am-
monia synthesis. Ruthenium/carbon catalysts have already been
applied industrially in the Kellog Brown & Root advanced am-
monia process (KBRAAP) [27,28]; however, carbon supports
react readily with H, (one reactant of ammonia synthesis) to
form methane in the presence of Ru under the conditions of
ammonia synthesis. Methanation in this manner causes gradual
degradation of the carbon support, limiting the lifetime of the
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Ru/C catalyst [29-31]. The combustible nature of carbon also
constrains its use in practical processes as a safe catalytic sup-
port.

It is thus desirable to develop a new oxide support for Ru
catalysts that overcomes these issues. Magnesium oxide is cur-
rently the most suitable oxide support for Ru catalysts due to
its low acidity [32], but its high reactivity to H,O and low
textural stability [28,33] inhibit its widespread use in indus-
try. As acid sites consume available Ru electrons, the high
acidity of Al;O3 and zeolite has a detrimental effect on the
activity of Ru catalysts [20]. Therefore, the development of a
suitable oxide support for Ru catalysts remains a significant
challenge.

In ammonia synthesis reactions over Ru catalysts, the rate-
determining step is the dissociation of N> molecules on the
surface of Ru particles [34], which is known to be structure-
sensitive [35]. Dahl et al. have proven that the active site for
N, dissociation is the Bjs site, which consists of five Ru atoms:
two at step edges and three on the lower terrace [35-38]. The
abundance of Bjs sites depends on the size and shape of the Ru
particles, which are influenced by the structure and morphol-
ogy of the support, as well as by the kind of Ru precursor and
Ru loading. Ruthenium is present as round particles on most
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supports, including carbon (both partially graphitized and non-
graphitized), BN, MgO, MgAl,04, Al,O3, and zeolite X [35,
39—42]. With such a round shape, the activity of Ru catalysts
for ammonia synthesis has been found to increase with the size
of Ru particles up to a saturated maximum for particles 5 nm in
diameter [41]. In addition to size tuning, changing the shape
of Ru particles also can increase the abundance of Bs sites.
Song et al. [15] have reported that flat Ru particles are more ac-
tive for the dissociative adsorption of N molecules than round
particles, due to the higher density of Bs sites on the flat par-
ticle surfaces. They thus concluded that the high activity of
the Ru/C system is attributable to the flat Ru particles grown
epitaxially on the layered structure of graphitized carbon sup-
port.

The electronic properties of Ru particles also can be mod-
ified by the support. Ruthenium catalysts supported on basic
oxides, such as MgO, are reported to be more active for am-
monia synthesis than those supported on acidic oxides, such as
y-AlL,O3 [15,19]. Moreover, the addition of a basic promoter
(e.g., alkali or alkaline earth compounds) to the Ru catalysts
has been found experimentally to result in dramatically en-
hanced activity for ammonia synthesis [4,19], likely due to
an electronic promotion effect of the support or promoter. To
explain this electronic promotion effect, Aika et al. [5] pro-
posed a detailed mechanism in which electrons are transferred
from the support or promoter to Ru metal, resulting in a de-
creased ionization potential of Ru, thereby allowing electron
transfer from the metal to the antibonding orbits of the N atom
and reducing the activation energy for the dissociative adsorp-
tion of Ny molecules. Dahl et al. [32] further suggested that
the donated negative charge might destabilize the adsorption
of NH* (the intermediate form of NH3) on Ru and relax its
competing adsorption with N». Based on density functional
theory (DFT) calculations, Logadéttir and Ngrskov also sug-
gested that the promotional effect of alkali metals results from
a combination of stabilization of the transition state of N, dis-
sociation and destabilization of NH* on Ru [43]. DFT calcu-
lations have shown that the effect of the promoter is based
on the electrostatic interaction between the adsorption-induced
dipole moment and the electrostatic field induced by the pro-
moter.

Previous studies have clearly shown that the support influ-
ences the activity of Ru particles both structurally and electron-
ically. Therefore, an ideal support for Ru catalysts should pro-
mote the catalytic performance of Ru particles both electron-
ically and structurally. Our group recently synthesized Ba- or
Cs-modified alumina using a reverse-microemulsion-mediated
synthesis technique; the resulting supports exhibited both im-
proved thermal stability (due to the presence of large Ba>*t
or Cs™ cations [44-46]) and modified acid properties [47].
These results indicate that Ba- or Cs-modified alumina may
be a promising support for Ru catalysts. In the present re-
port, Ru on a Ba-modified alumina composite, barium hexa-
aluminate (BHA), is demonstrated to exhibit superior activity
and stability for ammonia synthesis, and the factors respon-
sible for this enhanced catalytic performance are examined at
length.

2. Experimental
2.1. Preparation of BHA support

BHA was prepared by a reverse microemulsion-mediated
synthesis technique reported previously [44,46], to obtain a
product with high surface area. This technique involved prepar-
ing a stable and transparent microemulsion system by mixing
70 mL of distilled water, 30 mL of polyethylene glycol 200
(PEG 200, Wako), ca. 360 mL of n-propanol (Wako), and
190 mL of isooctane (2,2,4-trimethylpentane, Aldrich). To this
emulsion was added a precursor solution prepared by dissolv-
ing 2.571 g of aluminum isopropoxide (Aldrich) and 0.268 g
of barium isopropoxide (Aldrich) (Ba/Al = 1/12 by mol) in
20 mL of ethyl acetoacetate at 353 K, followed by the addi-
tion of 20 mL of isooctane. After hydrolization of the alkoxides
by stirring under ambient conditions for 20 h, the hydrolyzed
mixture was transferred into an autoclave and treated hydrother-
mally at 423 K for 20 h. The nanocomposite thus produced was
recovered by evaporating the solvents and then decomposing
the surfactant at 773 K for 2 h. The sample was finally calcined
at 1373 K for 24 h to obtain the BHA support with a typical
surface area of 49 m? g~ 1.

2.2. Preparation of supported Ru catalysts

Ruthenium catalysts were prepared by impregnating the cal-
cined BHA support using a tetrahydrofuran (THF) solution
containing Ru3(CO)1,. The solution was stirred under ambient
conditions for 6 h, after which the THF solvent was removed
by treatment in a rotary evaporator under reduced pressure at
room temperature. After drying in air at 383 K for 12 h, the
sample was treated in a vacuum (ca. 1074 Pa) at 673 K for 3 h
to decompose the Ruz(CO);;. The catalyst thus obtained (“as-
prepared”) had a nominal Ru content of 8 wt% and a calculated
Ba-to-Ru molar ratio of 1.6.

For comparison with other oxide supports, Ru/y-Al,O3
(Aerosil, Japan) and Ru/MgO (Soekawa Chemicals, Japan)
were also prepared at a Ru content of 8 wt% using the same
impregnation and calcination procedures. Parts of the Ru/y-
Al,O3 and Ru/MgO catalysts were also impregnated with Ba
promoter by immersion in an aqueous solution of Ba(NO3)»
and then dried at 383 K to give catalysts with a Ba-to-Ru molar
ratio of 1.6 (as for RW/BHA).

2.3. Ammonia synthesis

Ammonia synthesis reactions were carried out in a fixed-
bed flow system under computer control. Before reactions, all
samples were pelletized, crushed, and sieved. The 300-600 um
fractions were collected and loaded into a stainless steel tubular
reactor. Before activity tests, the samples were treated under H,
flow at 473 K for 1 h to reduce Ru to the metallic state, and then
for a further 3 h at 773 K to decompose Ba(NO3),.

Catalytic activity tests were performed at a synthesis gas
(Hp/N, = 3/1) flow rate of 60 mLmin~! (STP) over 0.20 g
of catalyst. The reaction temperature was varied from 588 to
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653 K, and the pressure was varied from 0.1 to 1.1 MPa. The
ammonia thus produced was trapped by a 2 x 1073 N solu-
tion of sulfuric acid, and the rate of ammonia formation was
determined from the decrease in the conductivity of the sul-
furic acid solution. During the activity tests, the product gas
flow was introduced to the sulfuric acid solution for measure-
ment after a 30-min stabilization at each condition. The rate of
ammonia synthesis reported herein is an average of three con-
secutive measurements over 60 min.

The stability of Ru/BHA was evaluated by conducting an
extended reaction at 653 K and 0.1 MPa for 80 h.

2.4. Characterization

Several techniques were used to characterize the catalysts.
The crystalline structure of the samples was analyzed by X-
ray powder diffraction (XRD) (Multiflex S, Rigaku, Japan) us-
ing CuK, radiation (A = 1.54050 A). All diffraction patterns
were recorded in a 260 range of 20°-70° at a scanning rate
of 2° min~! in steps of 0.02°. Brunauer—Emmett—Teller (BET)
surface areas were measured on an automatic specific surface
area/pore size distribution measurement apparatus (BELSORP-
mini; BEL, Japan). Before adsorption tests, the samples were
treated under a N3 (99.9999%) flow at 423 K for 2 h.

The acidity of the supports was evaluated by temperature-
programmed desorption (TPD) of ammonia in a laboratory-
made glass vacuum system connected to a gas chromatograph
(GC) (GC-8A, Shimadzu, Japan) equipped with a thermal con-
ductivity detector (TCD). Before the desorption test, the sample
(100 mg) was evacuated to 10~* Paat 973 K for 3 h, then cooled
to 373 K under vacuum, and finally exposed to ammonia at ca.
1.3 x 10* Pa for 30 min, to allow the sample to reach adsorption
equilibrium. The physically adsorbed ammonia molecules were
then removed by evacuating to 10™* Pa at 373 K for 30 min. In
the desorption test, the sample was heated from 373 to 973 K at
10 Kmin~!, and the desorbed ammonia was carried in He flow
(50 mL min~!) into the GC for quantification.

The number density of exposed Ru atoms on the catalysts
was analyzed by an Hj-pulse titration method performed at
323 K assuming chemisorption stoichiometry of H:Ru = 1:1
[28,48,49]. Before measurements, the catalyst (50 mg) was
heated under an Ar (99.9999%) flow at 25 mL min~! for 30 min
at 393 K, and then under a H, flow at 25 mL min~! for 1 h at
473 K and a further 1 h at 723 K. The adsorbed H atoms on re-
duced samples were removed by purging with Ar (99.9999%)
at 723 K for 10 min. After cooling to 323 K under Ar, Hp-pulse
measurements were performed by repeatedly injecting 0.20 mL
of 5 vol% Hj in Ar (one pulse) at 323 K until a constant TCD
response was achieved.

After Hp-chemisorption tests, the samples were observed
by high-resolution field-emission transmission electron mi-
croscopy (HRTEM) (JEM-2010F, JEOL, Japan) at an accel-
erating voltage of 200 kV. The highest resolution achievable
with this instrument was 0.19 nm. TEM samples were finely
ground in an agate mortar, dispersed in isopropanol by soni-
cation, and finally suspended on a carbon-coated copper grid.
The composition of TEM samples was analyzed by energy-

dispersive spectroscopy (EDS) (Noran Instruments, USA) as
part of the TEM instrumentation. The smallest probe beam di-
ameter achievable by this spectrometer was 0.5 nm.

The infrared (IR) spectra of adsorbed N, were collected by
Fourier transform IR (FTIR) spectroscopy (Valor-III; JASCO
Co., Japan) using a mercury—cadmium—tellurium detector. IR
samples were pressed into self-supported disks (20 mm diam-
eter) and then set in the center of a quartz IR cell [17]. The
temperature of the samples was monitored using a thermocou-
ple in a quartz tube mounted near the disks. The NaCl windows
of the cell were sealed using Viton O-rings attached to alu-
minum flanges adhered to the cell with epoxy resin. The cell
was connected to a closed gas circulation system. The samples
were heated under vacuum at 723 K for 3 h, exposed for 12 h to
circulated H, (27 kPa) purified using a liquid nitrogen trap, and
then evacuated at the same temperature for 2 h to remove H».
After pretreatment, the samples were cooled to 300 K under
vacuum for acquisition of background spectra, then exposed to
27 kPa of N, for acquisition of IR spectra for N, adsorbed on
the catalyst. The IR beam was adjusted to transmit through the
center of samples. All spectra were scanned 64 times over a
wavenumber range of 800-4200 cm ™! with 2 cm™! resolution.
Pure N3 (99.9999%) and H; (99.9999%) were supplied to the
system through a liquid nitrogen trap. Glass-bottled isotopic ni-
trogen (N3, 99.8%) was used without purification.

3. Results
3.1. Catalytic performance of Ru/BHA

Table 1 compares the rates of ammonia synthesis over Ru
catalysts supported on BHA, y-Al,O3, and MgO. Among these
samples, Ru/BHA achieved the highest rate of ammonia synthe-
sis. At atmospheric pressure, the activity of Ru/BHA was more
than twice that of either Ba—Ru/y-Al, O3 or Ru/MgO, the latter
of which was previously the most active known oxide support
for Ru catalysts [32]. Although the 8 wt% Ru loading is some-
what higher than the optimum loading reported for the MgO
support, the present rates are comparable to those reported for
5 wt% Ru/MgO [28].

The superiority of Ru/BHA was even more remarkable at
higher pressure (Table 1). At 1.1 MPa, the activity of Ru/BHA
was nearly three times of that of Ba—Ru/MgO, the second most-
active catalyst among the samples tested. Such an increase in
activity with pressure is contrary to the typical variation in am-
monia synthesis rates over oxide-supported Ru catalysts, which
decrease with increasing total reaction pressure. The decrease
in activity, probably due to the stronger inhibition of Hy at
high pressures [20,24], was observed for Ru/y-Al,O3, Ba-
Ru/y-Al>03, and Ru/MgO (Table 1). The Ru/BHA system thus
appeared to exhibit dissimilar behavior to previous Ru/oxide
systems and generally higher activity for synthesis of ammo-
nia.

The turnover frequencies (TOFs) for ammonia formation
at active sites, calculated from the Ru dispersion expressed
in terms of molar ratio of chemisorbed H to total Ru atoms,
are summarized in Table 2. The apparent Ru dispersions of
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Table 1

Rate of ammonia synthesis and BET specific surface area of 8 wt% Ru catalysts supported on various supports

Catalyst BET surface NH3 synthesis rate at 0.1 MPa (umol g;ll h—1 NHj3 synthesis rate at 1.1 MPa (umol g;i: h—1
area (m” g~ 1) 588 K 623 K 653 K 588K 623 K 653 K
Ru/BHA 47 (45) 827 2267 3497 1202 3141 5426
Ru/y-Al, O3 80 <100 <100 <100 <100 <100 <100
Ba-Ru/y-Al, 03 64 446 1097 1897 328 895 1700
Ru/MgO 46 (24) 429 1109 2017 340 928 1920
Ba-Ru/MgO 57 (15) 293 735 1197 483 1326 2567

Ammonia synthesis conditions: 0.20 g catalyst, 60 mL min~! (STP) synthesis gas (N + 3Hj). Ba/Ru molar ratio is 1.6 for all the Ba-containing catalysts. Each
rate of ammonia synthesis is determined as an average of three consecutive measurements over 60 min after 30-min stabilization under given conditions. Parentheses

denote values for catalysts after reaction.

Table 2
Apparent dispersion of Ru and TOF for ammonia formation

Catalyst H/Ru TOF (x10%) at 0.1 MPas™! TOF (x10%) at 1.1 MPas™!

(%) 588 K 623K 653 K 588 K 623 K 653 K
Ru/BHA 26.7 10.9 29.7 45.9 15.8 41.2 71.2
Ru/y-Al, 05 335 1.0 1.0 1.0 1.0 1.0 1.0
Ba-Ru/y-Al,O3 (33.5) 4.7 11.5 19.9 3.4 9.4 17.8
Rw/MgO 32.0 4.7 12.1 2.1 3.7 10.2 21.0
Ba-Ru/MgO (32.0) 3.2 8.1 13.1 53 14.5 28.1

Note. Chemisorbed Hy was zero for Ba-promoted catalysts. Dispersion values are thus calculated assuming that addition of Ba-promoters does not influence the

size of Ru particles.

Ba-Ru/y-Al,O3 and Ba—Ru/MgO could not be measured di-
rectly by the H,-chemisorption method, because no Hy was
adsorbed by these catalysts at 323 K. We considered the Ru par-
ticles on these two samples to be completely covered by BaO
species at 323 K. Thus, we used the Ru dispersion of the cor-
responding unpromoted catalysts (Ru/y-Al,O3 and Ru/MgO)
to calculate the TOF values for the Ba-promoted samples. The
obtained results are considered reasonable because it has been
reported that Ru dispersions are maintained on the addition of
promoters when the catalysts are reduced under mild conditions
[29,50,51]. The TOF for ammonia formation over Ru/BHA dis-
played generally the same trend as for the other catalyst sys-
tems, suggesting that the elevated activity of Ru/BHA was not
due to a larger number density of exposed Ru atoms.

The stability of the catalyst system as another practically im-
portant factor can be determined from the change in the BET
specific surface area of the catalysts during activity tests. The
surface areas of the two MgO-supported catalysts decreased
by >50% (Table 1) as a result of the activity tests for a time
on steam of 20 h, consistent with previously reported results
that MgO undergoes severe sintering under ammonia synthesis
conditions [28,33]. The weight-specific activity of the MgO-
supported catalysts indeed decreased with increasing time on
stream. In contrast, the Ru/BHA catalyst exhibited a surface
area decrease of <5%, from 47 to 45 m? g’l, indicating that
Ru/BHA is morphologically more stable than Ru/MgO. This
substantially improved morphological stability is further sup-
ported by the experimental results indicating that even after
reaction for 80 h at 623 K and 0.1 MPa, the specific surface
area of Ru/BHA remained as high as 44 m? g~ !.

The change in the rate of ammonia synthesis over Ru/BHA
with time is shown in Fig. 1. Catalyst deactivation was not
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Fig. 1. Rate of ammonia synthesis over Ru/BHA vs time on stream. Reaction
conditions: 0.20 g Ru/BHA, 60 mL min~! (STP) synthesis gas (N> + 3Hjp),
0.1 MPa, 653 K.

observed during the 80-h test, whereas in our previous work,
Ba-promoted Ru catalysts supported on active carbon exhibited
a significant activity decrease with increased time on stream
under conditions similar to those used in the present study [52].
The apparent Ru dispersion of the aged Ru/BHA obtained by
Hj-chemisorption tests was ca. 37%, higher than that of the as-
prepared sample (26.7%; Table 2). This noticeable increase in
apparent Ru dispersion may be ascribed to the decreased cov-
erage of Ru particles by Ba-rich species, as we discuss later.
Nevertheless, the enhanced Ru dispersion demonstrates that the
sintering of Ru particles did not occur in extended reactions,
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Fig. 2. Ammonia TPD profiles obtained over BHA, y-Al,03, and MgO. Sam-

ples (100 mg) were exposed to 13 kPa NHj3 at 373 K, and desorption was
measured during heating at 10 Kmin~! (He carrier gas, 50 mL min~1),

Table 3
Ammonia adsorption by BHA, y-Al;03, and MgO
Support BET surface area Adsorbed NH3

m?g~1h (umolg—1) (umol m~2)
BHA 49 5.4 0.11
y-Al,O3 96 253.4 2.64
MgO 56 27.3 0.49

confirming the strength of the interaction between Ru particles
and the BHA support.

3.2. Acidity of BHA

The strong acidity of oxide supports is known to be detri-
mental to the activity of Ru catalysts for ammonia synthesis.
The surface acidity of the present supports determined by TPD
of ammonia is shown in Fig. 2, and the amount of chemisorbed
ammonia on these supports is given in Table 3. The amount of
ammonia adsorbed on BHA was approximately 0.11 umol m~2,
only 1/4 of that adsorbed on MgO (0.49 umol m~?2), indicat-
ing that the number density of acid sites was much lower on
BHA than on MgO. The acid strengths of these two supports,
reflected by the desorption temperatures, were also very differ-
ent. The NH3 molecules bound to BHA desorbed at 400-550 K,
approximately 400 K lower than for MgO. This difference sug-
gests that the acid sites are much weaker on BHA than on MgO.
Among the supports examined, y-Al,O3 adsorbed the largest
amount of ammonia (2.64 umol m~2) over a wide temperature
range (400-950 K), consistent with the high density of strong
acid sites known to be a characteristic of y-Al,O3 [20,53]. In
terms of acidity, BHA resembles alkaline earth oxide (i.e., BaO)
instead of y-Al,03, although the content of Ba>* is approxi-
mately 1/12 that of AI’* in BHA, suggesting that the acidity
of mixing oxides is more strongly related to structures than to
compositions.
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Fig. 3. XRD patterns for as-prepared Ru/BHA (fresh) and that after reaction
tests (used) and extended reaction for 80 h (aged). Reaction conditions: 0.20 g
Ru/BHA, 60 mL min~! (STP) synthesis gas (N» + 3H»), 0.1 MPa, 653 K.
(V) Bag 75A111017.25.

3.3. Crystalline structure of BHA

Fig. 3 shows the XRD patterns of the as-prepared Ru/BHA
catalyst and the catalysts after the activity test (used) and the
extended reaction test (aged). All of the observable diffrac-
tion peaks can be assigned to the Bag75A111017.25 phase. The
diffraction patterns of the used and aged Ru/BHA catalysts re-
mained the same as that for the fresh catalyst, indicating that
the BHA structure was stable under these reaction conditions.
The diffraction intensity of the used catalyst was slightly lower
than for the as-prepared catalyst, suggesting minor degradation
of crystallinity or superficial enrichment of heavy Ba atoms,
which absorb incident X-rays and weaken the diffraction sig-
nals. However, no further decrease in diffraction intensity was
observed after the extended reaction, demonstrating that the
BHA support was structurally stable over long reactions. De-
spite the fact that the support was loaded with 8 wt% Ru, no
diffraction peaks ascribed to Ru species were detected. This
indicates either that the Ru particles were smaller in diame-
ter than the detection limit (ca. 4 nm) of the diffractometer, or
that large Ru particles (>4 nm) were too scarce to produce de-
tectable diffraction signals. We discuss this result in more detail
later.

The crystalline structure of BHA has been widely investi-
gated [54-59]. According to Kimura et al. [58,59], the com-
pound BaAl;;019 exists only as a mixture of two distinct non-
stoichiometric phases, phase I (Bag75Al11017.25) and phase 11
(Baz33Al21.33034.33). The ideal structure of both phases is char-
acterized by hexagonal symmetry with space group P63/mmc.
The XRD results (Fig. 3) suggest that the microemulsion-
derived BHA formed only the Ba-deficient phase I, consist-
ing of spinel blocks of composition [Al;;O16]" intercalated
by mirror planes containing [BaO]. One unit cell of BHA
consists of two spinel blocks and two mirror planes. Fig. 4a



326

Z. You et al. / Journal of Catalysis 251 (2007) 321-331

Fig. 4. (a) TEM image taken with incident electron beam oriented perpendicular to the c-axis of BHA crystal (calculated layer thickness: 11 A), and (b) corresponding
electron diffraction pattern.

Fraction / %

5 10 15 20 25
Diagonal size of Ru crystallites / nm

Fig. 5. (a) TEM image of Ru/BHA taken with incident electron beam oriented perpendicular to the (001) facet of BHA. (b) HRTEM image of Ru particle anchored
on the edge of BHA support. EDS analysis was conducted for the encircled point. (¢c) TEM image of Ru/BHA taken with incident electron beam oriented parallel to
the (001) facet of BHA. (d) Distribution of diagonal lengths of hexagonally shaped Ru crystallites (>500 Ru particles counted) on BHA.

shows the layered BHA structure formed by the present mi- 3.4. Morphology of Ru particles supported on BHA
croemulsion synthesis. The thickness of one layer along the

[001] direction of BHA, calculated from the electron diffrac- Fig. 5a shows the typical morphology of Ru particles on
tion pattern in Fig. 4b, was 1.1 nm, corresponding to half aunit =~ BHA after reduction by exposure to Hp at 723 K for 2 h.
cell. Hexagonal-shaped ruthenium particles were uniformly de-
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Fig. 6. TEM images of (a) Ru/y-Al,03 and (b) Ru/MgO, and (c, d) size distribution of Ru particles supported on (c) y-Al,O3 and (d) MgO (>500 Ru particles

counted).

posited on the (001) facets of the BHA substrate. The HRTEM
image (Fig. 5b) shows a lattice spacing of Ru particles of
0.21 nm, corresponding to the (101) planes of Ru crystals
[15,60]. The hexagonal shape and lattice spacing of Ru crys-
tallites imply a (001) surface orientation of Ru particles on the
BHA (001) facets. The TEM image in Fig. 5c, obtained with
the incident electron beam oriented perpendicular to the [001]
direction of BHA crystals, shows that all of the Ru crystal-
lites grown on the (001) facets of the BHA substrate rose to
a height of ca. 2 nm. Because the lattice parameter ¢ of the
Ru unit cells was 0.427 nm, the 2-nm height of the Ru par-
ticles corresponded to 5 unit cells or 11 hexagonally closely
packed Ru (001) planes. The section of Ru particles projected
normal to the [001] direction was trapezium-shaped, with par-
allel laterals approximately 4.4 and 7.3 nm long. Based on the
projected shapes of Ru particles in the two perpendicular di-
rections (Figs. 5a and 5c¢), most of the Ru particles on the BHA
had a truncated hexagonal pyramid shape. The diagonal lengths
of >500 Ru particles deposited on the (001) facets of the BHA
measured from the TEM images are plotted in Fig. 5d. The di-
agonal lengths were bimodally distributed around 3 and 9 nm,
indicating the presence of two types of Ru particles on the BHA
support. The large particles are thought to form through the co-

alescence of smaller particles. The average diagonal length of
Ru particles on the BHA was 7.45 nm.

The above TEM results also provide an explanation for the
XRD results of Ru/BHA. Most Ru particles grown on BHA
rose to a height of ca. 2 nm from the surface (Fig. 5c). Because
this is smaller than the detection limit of the diffractometer, no
diffraction peaks belonging to Ru could have been detected (see
Fig. 3).

Fig. 5b shows that the Ru particles are surrounded by the
BHA support. A similar partial coverage of Ru particles by sup-
ports has been observed for partially graphitized carbon [61,62]
and BN [60] supports. The material in the region indicated by a
circle in Fig. 5b was determined by EDS to have a Ba/Al ratio
of 0.098, 44% greater than the value for bulk Bag75A111017.25
(0.068). Thus, it appears that Ba>t cations are enriched in this
support material covering the edges of Ru particles. The EDS
results are considered to reflect the appropriate composition
of the covering material, because the selected Ru particle was
anchored at the edge of the support and laid directly over a
carbon-coated copper grid (not BHA).

The y-Al,O3- and MgO-supported Ru catalysts exhibited
very different morphologies than the Ru/BHA catalyst. Ruthe-
nium particles on y-Al,O3 were irregularly shaped, with an
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Fig. 7. Infrared spectra of N, molecules adsorbed on (a) Ru/y-Al,O3 (14N2),
(b) Ba—Ru/y-Al,03 (14Nj), (c) RwBHA (#Ny), and (d) Rw/BHA (1ONj).
Spectra were collected under 27 kPa of N; at 300 K.

average size of ca. 4.6 nm (Figs. 6a and 6c). Similar to
Ru/BHA, the Ru particles supported on MgO appeared hexag-
onal in shape, but were equidimensional in size (Fig. 6b).
MgO-supported Ru particles were more uniform than those on
y-Al» O3, although they had a similar average size of ca. 4.6 nm
(Figs. 7c and 7d).

3.5. IR spectra of N> molecules adsorbed on Ru/BHA

The IR spectra of N, adsorbed on Ru/y-Al,O3, Ba—Ru/
y-Al>03, and Ru/BHA are shown in Fig. 7. In all spectra, noise
peaks were present near 2340 cm™!, attributed to the insta-
bility of atmospheric CO;, concentration in the optical path.
Ru/y-Al,O3 exhibited a prominent IR absorption peak at
2274 cm™! with a small shoulder at 2290 cm™"! (Fig. 8a). This
main peak can be ascribed to N—N stretching at a frequency ca.
60 cm™! higher than that observed for 2 wt% Ru/y-Al,O3 [17].
According to Kubota and Aika [17], the frequency of the N-N
stretching mode on Ru/y-Al,O3 varies with the Ru particle size
and pretreatment temperature. The Ru particles at the present
loading (8 wt%) would be much larger than those at 2 wt% Ru,
and samples in this study were also pretreated at lower temper-
ature (723 K). Thus, both of these factors likely influenced the

Fig. 8. Model of exposures of BaO-containing mirror planes on BHA surface.

frequency of this absorption peak. The small shoulder located
at 2290 cm~! presumably is associated with N, molecules
adsorbed on positively charged Ru atoms [17]. After the Ba pro-
moter was added to Ru/y-Al,O3, the two IR absorption bands
shifted to lower frequencies (the main band to 2202 cm™! and
the shoulder to 2253 cm™!), revealing weakening of the N-N
bonds by the Ba promoter. In the case of Ru/BHA, three IR
bands were observed at 2240, 2197, and 2084 cm~—!. The main
peak at 2197 cm™! is attributed to the stretching mode of on-top
N-N, and the shoulder at 2240 cm™! is assigned to N, mole-
cules adsorbed on positively charged Ru atoms. The occurrence
of these two peaks at slightly lower frequencies compared with
Ba-Ru/y-Al,03 suggests that the Ba>* cations in the lattice
of BHA exhibited the same or even stronger promoter effects.
A more interesting result is that Ru/BHA gave a third broad ab-
sorption peak located at 2084 cm™!, which was not observed
for Ba—Ru/y-Al»,03. This peak was too broad and weak to al-
low clear identification. To clarify this ambiguous peak, the IR
spectrum of >Ny on Ru/BHA was obtained (Fig. 8d). By the
isotopic effect, where the frequency of this peak was shifted
to 2015 cm™!, in good agreement with the theoretical value of
2084/(15/14)'2 = 2013 cm™!, the presence of the third peak
undoubtedly represents N molecules three-fold adsorbed on
Bs sites at the side facets, as we discuss later.

4. Discussion
4.1. Electronic promotion effect of BHA

The ideal surface for an ionic oxide is a plane exposed by
cutting a larger crystal, where the plane is constituted by co-
ordinately unsaturated metal and oxygen centers. Such centers
are labile due to their high free energy, causing the surface to
reorganize and react with environmental molecules (e.g., water
and CO;) until the surficial free energy reaches a minimum.
Thus, the real surface of an ionic oxide is likely to contain
cationic centers (potentially acting as Lewis acid sites), ox-
ide anionic species (potentially acting as basic sites), hydroxyl
groups formed from dissociative adsorption of water (poten-
tially acting as Brgnsted acid sites or basic sites), and other sur-
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face species arising from reactions with environmental mole-
cules, such as carbonate. Theoretically, any ionic oxide has both
acidic and basic sites at its surface. The nature of oxide surfaces
is ultimately governed by the relative strength of all of these ex-
posed acidic or basic centers.

Among these sites, Lewis acid centers are the most detrimen-
tal to ammonia synthesis due to the consumption of electrons
of Ru atoms as an interaction between the support and the Ru
particles. The strength of Lewis acid sites is related to the po-
larization power (cationic charge/ionic radius) of cations. Small
cations with high valence, such as AI’*, have high polarization
power and strong Lewis acidity, whereas large cations with low
valence, such as Mg>t and Ba”*, have low polarization power
and weak Lewis acidity. Busca [53] has reported that the po-
larization power of BaO is 1.48, 40% of that for MgO (3.7)
and 20% of that for y-Al,O3 (7.7). The strength of Lewis acid-
ity should thus decrease in the order y-Al,O3 > MgO > BaO
(BHA), which is in good agreement with the present ammonia
TPD results.

BHA has a layered structure (see Fig. 4), in which alu-
mina spinel blocks are intercalated by mirror planes containing
[BaO] [55]. y-Al,O3 also constitutes defective spinel blocks,
and in this respect the structures of BHA and y-Al,O3 bear
some resemblance. However, during formation of the BHA
phase, the exposed surface consists of [BaO]-containing mir-
ror planes [54], which constrain growth in the c-axis direction
of the BHA crystals to afford an anisotropic layered structure.
This anisotropic growth feature endows BHA with high thermal
stability, contributing to the textural stability of the Ru/BHA
observed in this work.

Besides having a stabilizing effect, the [BaO]-containing
mirror planes also form a shield for the spinel blocks in the
BHA. Such a structural configuration provides BHA with simi-
lar surface acidity to that of BaO, very different from the case of
y-Al>,O3, which explains the low density and strength of acid
sites on BHA compared with MgO and y-Al,O3 (Fig. 2 and
Table 3). Thus, BHA would be expected to exhibit a strong
electron-donation capacity comparable to that of BaO, which
has proven to be a very active promoter for Ru catalysts. This
effect must be one of the main factors responsible for the supe-
rior catalytic performance of Ru/BHA.

4.2. Structural promotion effect of BHA

The peculiar layered structure of BHA contributes to the
elevated activity of Ru/BHA not only in terms of electronic in-
teractions, but also by structural effects. The Ru/C catalyst is
known to be the most active catalyst for ammonia synthesis,
due primarily to the effect of the graphitization and texture of
the carbon support. Song et al. [15] confirmed the structural
promotion effect of graphitized carbon by scanning tunneling
microscopy (STM), revealing that flat Ru particles grown epi-
taxially on the surface of graphitized carbon hosted more Bj
sites and exhibited more surface strain than round particles. In
this work, we found that the layered structure of BHA also
induced the epitaxial growth of flat Ru particles in a manner
similar to graphitized carbon. As revealed by XRD measure-

ments (Fig. 3), the microemulsion-derived BHA is composed
mainly of Ba-deficient phase I (Bag75Al11017.25), which has
a B-alumina structure (NaAlj;Oy7) with Na™ cations replaced
by Ba?*. Substitution of monovalent Na*™ with divalent Ba>*
resulted in replacement of 1/4 of the Ba®t in mirror planes
(Beevers—Ross sites) with 0%~ (Reidinger defects) to maintain
electroneutrality [58]. The exposed mirror planes of BHA con-
stitute mainly hexagonally close-packed oxide anions and some
Ba cations in the interstices, as illustrated in Fig. 8. The hexag-
onally close-packed oxygen anions can induce the epitaxial
growth of Ru crystallites in a manner similar to the hexago-
nally close-packed carbon atoms of graphite reported by Song
et al. [15]. Given the nearest-neighbor atom distance on the Ru
(001) surfaces (0.271 nm) and on the mirror planes of BHA
(0.256 nm), the mismatch of the Ru (001) lattice with respect
to the hexagonal structure of the oxygen lattice is 5.9%.

Fig. 5a, a TEM image obtained with the incident electron
beam oriented perpendicular to the (001) surface, clearly shows
that most of the Ru particles on the (001) surface of BHA
are hexagonal. Unlike STM, obtaining three-dimensional in-
formation on objects by TEM is not easy. Thus, in this study,
the heights of the Ru particles were determined by observing
the sample with the incident electron beam oriented parallel to
the (001) surface (Fig. 5c¢), which revealed trapezium-shaped
particles ca. 2 nm in height. Although these TEM results are
insufficient evidence to indicate that most Ru particles on the
BHA are flat, the lack of XRD peaks assignable to Ru species
in Ru/BHA (indicating a particle height of <4 nm) and the large
average projected diagonal length (7.3 nm) of Ru particles on
the (001) surface of BHA suggest that the Ru particles are con-
siderably flat.

Based on these results, the proposed model of the morphol-
ogy of Ru particles grown epitaxially on the BHA support is
shown in Fig. 9a. The calculated Ru dispersion for this model
is ca. 30%, 3% greater than the measured value obtained by H»
chemisorption (Table 2). Taking into account the coverage of
Ru atoms by Ba-rich species (Fig. 5b), the Ru dispersion cal-
culated from the proposed model can be considered reasonable,
indicating that the proposed model accurately reflects the aver-
age situation of Ru particles supported on BHA.

The average height of particles is ca. 2 nm, equivalent to
11 layers of Ru atoms. Thus, the surface Ru atoms on flat Ru
particles are closer to the BHA surface than the thicker Ru
particles on MgO and y-Al,O3 (Fig. 6), allowing stronger elec-
trostatic interactions with the support. These structural features
may be responsible for the downward shift in the frequency of
N-N stretching for Ru/BHA compared with Ba—Ru/y-Al,03
(Figs. 8b and 8&c).

The six side facets of the Ru particles with a truncated
hexagonal pyramidal shape are composed of steps (Fig. 9b).
Thus, the density of Bs sites on these side facets is likely to be
substantially greater than that for round particles. The adsorp-
tion of N, molecules at Bs sites is considered to be threefold
adsorbed [37], resulting in weaker N—N bonds than those for
onefold adsorbed N> molecules. Thus, IR photons absorbed by
such weakened N—N bonds will appear at lower frequency. It
seems reasonable to ascribe the broad IR absorption band at
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Fig. 9. (a) Proposed model of flat Ru crystallites with truncated hexagonal pyra-
mid shape on BHA. (b) Ball model illustrating the many steps and Bjs sites on
the side facets of flat Ru crystallites grown epitaxially on the BHA (001) sur-
face.

2084 cm~! in Fig. 7c to N3 molecules threefold adsorbed at
Bs sites on the side facets. If this assignment is correct, then
the percentage of Bj sites relative to the total sites that adsorb
N> molecules can be calculated as ca. 40%. The area of the
2084 cm~! peak is ca. 40% of the total area after deconvolution
of the three Gaussian-type IR peaks shown in Fig. 7c, corre-
sponding to the areal proportion of Bj sites to total exposed Ru
atoms on the catalyst surface.

Similar to the situation described by Song et al. [15], dis-
locations should exist on the surface and in the bulk of the flat
Ru particles on BHA, and such dislocation could induce surface
strain. Nitrogen coverage in the stretched area of a strained sur-
face is known to be much higher than in unstrained areas [63],
and this effect is considered responsible for the elevated activity
of flat Ru particles for N, dissociative adsorption.

5. Conclusion

Barium hexaaluminate with a large surface area was pre-
pared by microemulsion-mediated synthesis and examined as
a support promoting ammonia synthesis catalyzed by particu-
late Ru. The Ru/BHA system exhibited markedly higher ac-
tivity and stability for ammonia synthesis compared with Ba-
promoted Ru on an MgO support, which was previously con-
sidered the most active oxide support for this reaction. The
superior performance of Ru/BHA can be attributed primarily
to the peculiar layered structure of BHA, which has a simi-
lar structural promotion effect to that of graphitized carbon,
whereby the (001) facet of BHA induces the epitaxial growth
of flat Ru particles with truncated hexagonal pyramid shape.
The microemulsion-derived BHA has been found to consist of
the Bap75A111017.25 phase, which has a structure comprised of
spinel blocks intercalated by [BaO]-containing mirror planes.
The surficial layer of BHA is a [BaO]-containing mirror plane,
which endows BHA with an electronic-promoting effect simi-
lar to that BaO. Thus, BHA combines the electronic advantages

of alkaline earth oxides and the structural advantages of graphi-
tized carbon to provide an excellent support for Ru as a catalyst
for ammonia synthesis.
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