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ABSTRACT: The substitution of electrons for O*~ anions in the N, <1.0x10% N, >1.0x 16+
crystallographic cages of [CayAl,30q,]*(0%7), was investigated
to clarify the correlation between the electronic properties and
catalytic activity for ammonia synthesis in Ru-loaded
[CayAlgOq ] (0*), w(e7)y (0 < x < 2). This catalyst has
low catalytic performance with an electron concentration (N,)
lower than 1 X 10*' cm™ and a high apparent activation energy
(E,) for ammonia synthesis comparable to that for conventional
Ru-based catalysts with a basic promoter such as alkali or alkaline
earth compounds. Replacement of more than half of the cage O*~
anions with electrons (N, &~ 1 X 10*' cm™) significantly changes the reaction mechanism to yield a catalytic activity that is an
order higher and with half the E,. The metal—insulator transition of [Ca,;Al,304,]*(0*7),_.(e7),, also occurs at N, ~ 1 X 10*
cm™ and is triggered by structural relaxation of the crystallographic cage induced by the replacement of O®~ anions with
electrons. These observations indicate that the metal—insulator transition point is a boundary in the catalysis between Ru-loaded
[Cay4AlLOg, " (0?7), and [Cay,AlygOg,]*(e7),. It is thus demonstrated that whole electronic properties of the support material
dominate catalysis for ammonia synthesis.

B INTRODUCTION chemisorption experiments have revealed that these promoters
are located in the vicinity of Ru catalyst,'”">'® leading to
efficient electron transfer from the promoter to the Ru. On the
other hand, some researchers have postulated that a Ba
promoter modifies the local arrangement of surface Ru atoms
and creates highly active Bs-type sites (structural promoting
effect).'”'”'® In any case, the rate-determining step for
ammonia synthesis is N, dissociation on the catalyst surface.
We have recently reported that the 12Ca0-7A1,0; electride
(C12A7:¢7)" functions as an efficient electron donor for a Ru
catalyst in ammonia synthesis.””*' The unit cell of C12A7:e”
can be expressed as [Ca,Al,3Oq]* (e7),, where the four e~

Ammonia synthesis is one of the most important catalytic
processes in chemical industry. Since the industrial Haber and
Bosch process,’ promoted iron catalysts have been used in the
practical synthesis of ammonia.” Ruthenium (Ru)-based
catalysts are viable candidates for next-generation ammonia
synthesis catalysts because they work under milder conditions
than those for the Haber—Bosch process.”* It is well-known
that ammonia synthesis on Ru catalyst is a structure-sensitive
reaction, i.e., the step sites on Ru (so-called Bs-type step site)
exhibit much higher activity in N, dissociation than the terrace
sites.” Decrease in Ru particle size increases the step sites, and ¢ )
the optimal Ru particle size has been theoretically and (extra—frame.v\{ork electrons) are mcorporaifd as counteranions
experimentally demonstrated to be in the range 1.8—3.5 for the positively charged [CayyAly;Ogy]"" lattice framework

am.S~° In addition, the catalytic activity of Ru catalyst is composed of 3-dimensionally connected subnanometer-sized

significantly enhanced by the addition of a basic promoter such cages. The theoretical maximum exchange (electron concen-

as alkali or alkaline earth compounds (Cs', K', Ba, tration (N,) = 2.3 X 1?21 cm™) results in high electrical
etc.).”'°”"* The promoter itself is completely inactive in conductivity (1500 S cm™") and a Sl?fzu work function (2.4 eV)
ammonia synthesis but boosts the reaction on Ru metal. This comparable to that of metallic K. Ru nanoparticle-loaded
promotion effect is commonly explained by the injection of [Cay4Aly306,]**(0%7), (Ru/C12A7:0™7), in which O ions
electrons from the promoter to the antibonding 7*-orbital of
N, through the Ru catalyst (electronic promoting effect).”'>"* Received: September 29, 2015
Transmission electron microscopic (TEM) observation and Published: October 24, 2015
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are incorporated in the cages instead of electrons, has catalytic
performance similar to conventional Ru-based catalysts
available for ammonia synthesis, where the dissociative
adsorption of N, molecules on Ru/C12A7:0% is the rate-
determining step, as with all heterogeneous ammonia synthesis
catalysts reported to date.’' In addition, even hydrogen
poisoning, a common drawback of Ru-based catalysts where
hydrogen adatoms prevent ammonia synthesis on Ru
surfaces,""*® is observed on Ru/C12A7:0%". In contrast, the
dissociative adsorption of N, molecules over Ru nanoparticle-
loaded C12A7:e- (Ru/C12A7:e”) requires a much smaller
activation energy (E,; approximately half) than that for
successive processes. Kinetic analyses of exchange reactions
between N, and >N, over this catalyst have indicated that the
dissociation of N, molecules is no longer the rate-determining
step on Ru/CI2A7:e".>' Ru/CI12A7:e” is also distinct from
Ru/C12A7:0%" in that the electride catalyst is not subject to
hydrogen poisoning. As a consequence, Ru/C12A7:e” exhibits
much higher catalytic activity for ammonia synthesis under
elevated H, pressures than other catalysts. These features
originate from the following two properties of C12A7:e™: (1)
the electride with a small work function (ca. 2.4 eV) donates
electrons to Ru nanoparticles, and the resulting Ru nano-
particles with higher Fermi level inject electrons into the
antibonding 7*-orbitals of N, molecules; and (2) extra-
framework electrons on the C12A7:e” surfaces react with H
adatoms generated on Ru to form extra-framework H™ ions,
and this reaction occurs reversibly by varying the partial H,
pressure and temperature.

Catalysis for most materials and molecules is discussed on
the basis of local structure and local electronic state around the
active site. However, a striking distinction in the catalysis and
electronic properties between Ru/C12A7:0*" and Ru/
C12A7:e” suggests that the total electronic state of the material
dominates the ammonia synthesis reaction. In the present
study, [Cay,Als04,]*(0%7),_.(e7),, species with various N, in
the range 0—2.0 X 10*' cm™ were prepared to clarify the
correlation of N, for ammonia synthesis Ru/
[Cay A0, 1 (0%7),_(e7),, as the catalyst. We also focus
on the difference in the electronic promoting effect between
C12A7:e” and a conventional basic promoter such as cesium
oxide.

B RESULTS

Electron Concentration and Electronic Properties of
[Cay4Al,6064]*(0%7),_(€7),y. Figure 1A shows UV—vis
absorption spectra for [Cay,AlsO,]*(0*7),_(e7),, powders
with various N,. The powders were diluted with dehydrated
MgO powder in a weight ratio of 1:10. The color of the
samples was changed from white to green, to dark brown, to
black as N, was increased from 0 to 2.0 X 10*' cm™ (Figure
1B), which is consistent with the colors of C12A7 single
crystals treated with Ca metal in a vacuum.””
[CayAl04,]*(0?*7), has no absorption band in the visible
region, and the absorption edge appears at ca. 3.5 eV, which is
due to the excitation between the energy level of encaged O*~
ions and the cage conduction band (CCB).*® In contrast,
[CayAlgOg]*(0*7), . (e7),, powders exhibit broad absorp-
tion bands at 2—3.5 eV and below 2 eV. The former
corresponds to an intracage s-to-p transition of electrons
trapped in the cages, and the latter is attributed to an intercage
s-to-s transition,”® i.e., charge transfer from an electron-trapped
cage to a vacant neighboring cage.”” The absorption band
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Figure 1. (A) UV—vis absorption spectra (obtained by Kubelka—
Munk transformation of diffuse reflectance spectra) for
[CayAlg0¢,]*(0*7),_(e7),, with various electron concentrations
of (a) N, =2.0 X 10 em™, (b) N, = 1.5 X 10* em™, (c) N, = 0.77 X
102 em™, (d) N, = 0.09 X 10 cm™ and (e) N, = 0 cm™
([CapALgOg]*(0%7),). The vertical bar indicates the absorption
peak position (Egp). (B) Photographs of the synthesized powders.

below 2 eV is broadened, and the band tail extends to larger
energies, which is affected by the disorder of the extra-
framework species (the details of the lattice distortion induced
by extra-framework species are described in the following
sections). It was therefore confirmed that O ions
accommodated in the cages of [CayAlgOg]*(0*7), are
replaced by electrons by heat treatment with Ca or Ti metal in
a vacuum. The peak position (ESP) shifts to the lower energy
side with increasing N.. N, can be estimated from E, using the
experimentally obtained relation of N, = [—(E, — E°)/
0.199]%7%, where the low-N, limit E,°=283eVat N, ~1X
10" cm™3.”® Table 1 shows that the values obtained correspond

well with those determined by the iodometric titration
method.””

Table 1. Electron Concentration (N,) of
[Ca24A128064:|4+(02_)2—x(e_)2x

N,” (10* cm™) N.? (10" em™3)

2.00 2.06
1.50 1.87
0.77 0.88
0.09 0.09
0 0

“N, was determined by iodometric titration method. PN, was
determined by the relation of N, = [—(Esp - ESPO) /0.199]1°7%,

The electronic structures of [Ca,AlgO4,]*(0%7), (7)),
with and without electrons are illustrated in Figure 2. The top
of the framework valence band (FVB) and the bottom of the
framework conduction band (FCB) are composed of the 2p
orbitals of the framework O~ ions and the 4s orbitals of the
framework Ca®* ions, respectively.”” The 2p levels of O*~ ions
in the cages are located in an energy region at ca. 1 eV above
the top of the FVB. Furthermore, the CCB derived from
electron tunneling among the three-dimensionally connected
cages with positive charges is formed in the band gap and is
located at 1—-2 eV below the FCB. When N, is lower than 1.0 X
10*' cm™3, electrons are confined in the cages and form F'-like
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Figure 2. Schematic diagram of the electronic structures of
[CayALgOg, 17 (0%7),_(e7),, with various N,. FCB and FVB are
the framework conduction band and framework valence band,
respectively. CCB denotes the cage conduction band arising from
electron-tunneling through the monolayer oxide layers that connect
adjacent cages. Note that the Fermi level in the electride exceeds the
bottom of the CCB, which indicates the metallic state.

centers of which the energy level is located at 0.4 eV below the
CCB.”" The Fermi energies (Efs) of
[CayAlLgOq]*(0*7), .(e7),, with high electron concentra-
tions (N, > 1.0 X 10* cm™) vary from 0.15 to 0.5 eV above
the CCB minimum with increasing N, which indicates that
most of the electrons occupy the delocalized CCB states. The
red-shift of the visible absorption peak at 2—3 eV in Figure 1A
with N, is due primarily to the upshift of the Fermi level, which
is determined by the 1s level of electrons trapped in the cages.

Figure 3 shows XRD patterns of [Ca,,Al,sO¢,]* -
(0*7),_.(e7),, with various N,. All samples have mayenite-
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Figure 3. Structural information for C12A7. (A) XRD patterns for
[CayAlgOg,]*(0*7),_(e7),, with various electron concentrations of
(a) N, =2.00 X 10* cm™3, (b) N, = 1.50 X 10** em™3, (¢) N, = 0.77 X
102 em™, (d) N, = 0.09 x 10*! cm™, and (e) N, = 0 ecm™. (f)
Standard diffraction pattern (PDF 00-009-0413) for mayenite
(CapAl4053). (B) Geometrical structures of the cages and the
corresponding Ca—Ca distances for [Ca,yAl,304]* (e7), and
[CayAlOg,]**(0*7),. Note that the cage geometry distinctly
approaches a symmetric shape when extra-framework O*~ anions are
replaced by electrons.

type structure (space group 143d), and no impurity phases were
observed in these patterns, which indicates that the visible light
absorption in Figure 1 is not due to the presence of impurities.
It should be noted that the intensity ratio of the 211 diffraction
peak to the 420 diffraction peak increases with N,. Table S1
summarizes the lattice constants of

[CayAl,g04,]*(0*7),_(e7),,. The lattice constant of
[Cay,AlO4, ]* (0%7), was determined as 11.986 A, which is
in agreement with that reported.’’ In contrast, the
[CayAlgOgy) " (0%7),_(e7),, samples have slightly larger
values, which suggests that the cage structure is expanded by
the replacement of O*~ with e~ (Figure 3B). This is due to the
stronger interaction between encaged O’ jons and axial Ca?*
ions than that with electrons.’”™ As a consequence, the
separation between two Ca’* ions in the cage poles (D,,)
increases from 4.22 A ([CayAlOq]*(0%),) to 5.64 A
([CapALgO4]* (e7),), as demonstrated by electron density
analysis with application of the maximum entropy Rietveld
method.*”

Catalysis of Ru-Loaded [Cay,Al,504,1*"(0%7),_,(e7),,.
Figure 4 shows scanning TEM (STEM) images of Ru-loaded

100 _nm

Figure 4. High angle annular dark field (HAADF) STEM images of
(A, B) Ru(2 wt %)—Cs/MgO and (C, D) Ru(2 wt
9%)/[CayyAlLsO4,]* (e7),, These samples are reduced under N, and
H, flow (N,:H, = 1:3) at 400 °C before observation.

[CayALOq,]*(e7),, and Ru—Cs/MgO catalysts. Small Ru
nanoparticles (<S nm) are dispersed on Ru—Cs/MgO. This
particle size is close to those in the previous literature.'>'"'¢
On the other hand, large round-shaped Ru particles are
deposited on Ru/[CayAlLgOq]* (e7),,. Although small Ru
nanoparticles (3—5 nm) are also observed on the electride
catalyst, most of the Ru particles are much larger than 10 nm.
Because of the small surface area of [Ca,,Al,sO4]**(e7),,, Ru
particles easily aggregate with each other on the surface during
the deposition process or reducing treatment under hydrogen
atmosphere. Ru particle sizes observed by STEM images are
consistent with average Ru particle sizes estimated by CO
chemisorption (Table 2) for Ru—Cs/MgO and Ru/
[CayAlgOgy)* (e7),.. The optimum Ru particle size for
ammonia synthesis has been reported to be in the range 1.8—
3.5 nm because the relative number of the active sites (Bs-type
step sites) increases with decreasing Ru particle size, reaching a
maximum at ~2 nm.%”’ Therefore, it can be considered that
large Ru particles on [Cay,Al,sOg,]*(e7),, are not suitable for
eficient ammonia synthesis. However, Ru/
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Table 2. Characterization and Activity of Various Ru (2 wt %)-Loaded Supports for Ammonia Synthesis

N.* SQETZ’ particle s ES
catalyst (10*! cm™3) (m*g™") dispersion® (%) size® (nm) (mmol g™ h™") TOF® (s!) (K mol™)
Ru/[Cay,Alg06,]*(0*7), (7)1 2.00 1.0 47 28.7 3.02 0.10 50
1.50 1.0 4.6 29.3 2.61 0.09 59
1.00 1.0 49 26.5 3.02 0.10 48
0.77 1.0 4.1 329 111 0.04 83
0.50 1.0 4.6 29.4 027 0.01 113
0.09 0.7 3.5 37.5 0.15 0.01 97
Ru/[Cay,AlLgOg,]* (0*7), 0 1.0 3.9 349 023 0.01 104
Ru—Cs/[CayAlLO4, ] (077), 0 1.0 3.9 34.9 0.60 0.02 113
Ru—Cs/MgO 12 254 2.5 2.66 0.01 100

“Electron concentration of [CayAlLgOg]* (077),_(e7),s bSurface area. “Dispersion and particle size were calculated on the basis of CO
chemisorption values, assuming spherical metal particles and the stoichiometry of Ru/CO = 1. “NH; synthesis rate: synthesis gas (H,/N, = 3/60 mL
min~"), reaction temperature (360 °C), pressure (0.1 MPa). “TOF (turnover frequency) was calculated from the reaction rate divided by the
number of CO atoms chemisorbed on the Ru surfaces.”Activation energy was calculated from Arrhenius plots of the reaction rate in the temperature

range 340—400 °C.

[Cay4ALOq,]**(e7),, exhibits high catalytic performance for
ammonia synthesis. This result is attributable to strong
electron-donation capability as described below.

The catalytic performance of Ru/[Ca,,Al,304,]%-
(0*7),_4(e7),, with various N, was evaluated according to
ammonia synthesis at atmospheric pressure. Figure S shows the
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Figure S. (A) Ammonia synthesis rate and (B) activation energy with
Ru-loaded [Cay,AlgOg,]*(0*7),_(e7),, catalysts as a function of
electron concentration. Reaction conditions: catalyst (0.1 g), synthesis
gas (H,/N, = 3/60 mL min™"), reaction temperature (360 °C), and
total pressure (0.1 MPa).

catalytic activity and the E, of Ru/[Ca,;Al,304,]*-
(0*7),_.(e7),, for ammonia synthesis. The surface area, Ru
dispersion, mean Ru particle diameter, turnover frequency
(TOF), and E, are also summarized in Table 2. The catalytic
activity for ammonia synthesis remains unchanged with
increasing N, up to 0.5 X 10*' cm™. N, beyond 0.5 x 10*
cm ™ largely increases the ammonia synthesis rate and reaches a

14520

plateau at ca. 1.0 X 10*' cm™. Ru/[CayAl304,]*-
(0*7),_.(e7),, with N, = 2.0 X 10* cm™3, which is very
close to the theoretical maximum N, (2.3 X 10* cm™,
corresponding to the total positive charge of the cage walls),
exhibits catalytic activity an order higher than Ru/
[CayAlLOg, 14 (0%7),_(e7),, with N, < 0.5 X 10*! cm™ at
360 °C, comparable to that of Ru—Cs/MgO catalyst. From a
consideration of TOF, Ru/[Ca,,AlL04,]*(0?7),_.(e7),, at N,
> 1.0 X 10*' cm™ has much higher catalytic performance, even
compared with Ru—Cs/MgO. There is no significant difference
in surface area, Ru particle size, and dispersion among the Ru/
[CayAlgOq]*(0*7),_.(e7),, samples, as shown in Table 2,
which suggests that the correlation of catalysis with N, in Ru/
[CayAlgOq]*(0*7),_i(e7),, is not due to morphological
reasons, but to the electronic properties of
[CayAlLyOg, 14 (0%7),_(e7),, itself. It should be noted that
the correlation of E, with N, in Figure SB is similar to that
between the ammonia synthesis rate and N, where N, above
1.0 X 10*' cm™ results in a halving of E, for ammonia synthesis
with Ru/[Ca,,Al,g04,]1* (0*7),_.(e7),,. This observation
suggests that the reaction mechanism over Ru/[Ca,,AlLO4,]*-
(0*7),_,(e7),, changes at approximately N, = 1.0 X 10*' cm™.
Ru/[Cay,AlyOg ¥ (0*7),_.(e7),, at N, = 0.09-0.5 x 10*
cm ™ has E, in the range 100—110 kJ mol ™', which is equivalent
to that for Ru/[Ca,Al,g04,]*(0*7), (104 kJ mol™). While
the rate-determining step for ammonia synthesis over Ru/
[Cay,AlyOg,]*(0*), is still the dissociative adsorption of N,
molecules, which is similar to other heterogeneous catalysts
reported to date for ammonia synthesis,‘?’3 this process is not
the rate-determining step for Ru/[Cay,Al,sO¢,]* (e7),. Highly
efficient electron donation of [Ca,,Al,sO¢,]* (e7), through Ru
facilitates the cleavage of N, molecules, which results in a small
E, for N, cleavage below 30 k] mol™.*" As a result, this process
becomes immaterial for the entire ammonia synthesis process,
and E, with Ru/[Cay,Al,gO4]* (e7), is ca. 50 k] mol™ due to
the successive processes, including the formation of NH
species. E, values for Ru/[CayAlLgOg]*(0*7),_(e7),, with
N, > 1.0 X 10" ecm™ are in the range 50—60 kJ mol™;
therefore, N, cleavage is not the rate-determining step for
ammonia synthesis over Ru/[Cay,Al,gOg] " (0*7),_.(e7),.
Alkali metal compounds such as Cs-oxide and K-oxide are
used as promoters for Ru catalysts.”' ** Therefore, the catalytic
activity of Ru/[Cay,AlLsO¢,]*(0*7), modified with Cs-oxide
was also verified to compare the electronic promoting effect of
C12A7:e” with conventional alkali promoters. When Cs-oxide
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was added to the surface of Ru/[Cay,AlOq,]*(0%),, it
exhibited 3-fold higher activity than Ru/[Ca,;Al,404,]*(0*7),
(Table 2). However, the activity is significantly inferior to that
of Ru/[Cay,ALs04,]* (0*7),_(e7),, with high N, and the E,
for Ru/[Ca,,Al,5044]* (0?7), is not lowered by the addition of
Cs-oxide. Therefore, it was demonstrated that the electronic
promoting effect of C12A7:e” is much more efficient than that
of alkali metal compounds.

The reaction orders with respect to N, and H, were
measured to examine the reaction mechanism of ammonia
synthesis over Ru/[CayAl,304,]*(0*7),_,(e7),,. Figure 6
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Figure 6. Reaction order with respect to N, (black ®) and H, (red
@) for Ruloaded [CayAlOq]*(0%7), (e7),, catalysts as a
function of electron concentration. Reaction conditions: catalyst (0.1
g), reaction temperature (360 °C), and total pressure (0.1 MPa).

shows the reaction orders for N, at N.< and >1.0 X 10!
cm™ are 0.75—1.0 and ca. 0.5, respectively. The reaction orders
for N, on conventional catalysts, including Fe- and Ru-based
materials, are 0.8—1.0.>>°° However, the reaction order for N,
over Ru/CI12A7:e” is ca. 0.5 because N, cleavage on Ru/
C12A7:e” is so efficient that this process is not the rate-
determining step for ammonia synthesis, and N adatoms
populate the Ru/CI12A7:e” surface more densely than the
surfaces of other catalysts.”’ Figure 6 thus shows that such
highly efficient N, cleavage occurs at N, > 1.0 X 10*' cm™. The
reaction order for H, is 0 at N, < 1.0 X 10*' ecm™, which
indicates that hydrogen poisoning occurs on Ru, a common and
serious drawback with Ru-based catalysts, where the
dissociative adsorption of H, is preferred over N, cleavage on
Ru, which inhibits efficient ammonia synthesis under high
pressures.'">* In contrast, the reaction order becomes positive
(0.6—1) when N, reaches 1.0 X 10! cm™ or greater. These
positive values indicate that Ru/[Ca,;Al,s04,]*(0*7),_.(e7)1
prevents hydrogen poisoning, which can be attributed to the
hydrogen storage capability of the material. H atoms spill over
from the Ru surface and react with cage electrons in C12A7:e”
near junctions between Ru and C12A7:e” to form H™ in cages
(H® + e — H"). The electrons remain in the cages when H
atoms are released from the cages (H™ — H° + e7).”
Therefore, not only the rate and E, for ammonia synthesis but
also the reaction mechanism are significantly changed beyond
N, = 1.0 X 10*! cm™. This N, corresponds to the critical N, for
the metal—insulator transition in [Ca,,Al,304,]% -

(02_)2—x(e_)2x'26
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B DISCUSSION

It has been reported that the electrical conduction mechanism
of C12A7 varies depending on N, and the metal—insulator
transition occurs at N, 1.0 x 10*' cm™3.293%?
[Cay,AlLO04,]*(0*7), without electrons in the cages is a
typical band insulator. At low N, (<1.0 X 10*' cm™), electrons
are isolated from each other and localized in the cages, which
results in the formation of an F*-like center energy level at a
deep level (Figure 2). The electron localization is strongly
correlated with the lattice distortion. As shown in Figure 3B,
the lattice distortion is driven by the ionic interaction between
the positively charged cage wall and the extra-framework ions,
i.e., the values of D,, for cages occupied by O*~ and e~ are 4.22
and 5.64 A, respectively. It is reported that the local geometry
of the empty cages remains almost unaffected (D,, = 5.66 A)
when one type of extra-framework ion is replaced by another,
and these empty cages function as sites for (intercage) electron
hopping.®® The electron migration requires extra energy (ca.
0.4 eV)”® because the extra-framework electron forms a polaron
that has a strong interaction with the cage framework.
Therefore, the lattice distortion provides polaron-type cage-
to-cage electron hopping, so that [CayAl,404,]*"-
(0*7),_.(e7),, with low N, (<1.0 X 10*' cm™) exhibits
semiconducting behavior. As the O>” ions are gradually
replaced with electrons, the corresponding cage expands and
D,, increases from 4.22 to 5.64 A. This difference leads to
relaxation of the lattice cages, and the extra-framework
electrons can easily move to an adjacent empty cage without
extra energy because the electron—lattice interaction is
significantly weakened (no polaron formation).”® Thus, an
extra-framework electron in the cage percolates through the
unit cell at N, > 1.0 X 10 c¢m™3, which results in metallic
conductivity (dp/dT < 0, where p denotes electrical resistivity).
In this case, extra-framework electrons occupy the delocalized
CCB states (effective mass ca. 1),°° which accounts for the
upshift of the Fermi level (E;) (Figure 2). These results indicate
that the insulator-to-metal transition occurs when more than
half of the O*” ions are replaced by electrons.

Table 3 summarizes the catalytic performance of Ru/
[Cay,ALO0q,]*(0*7),_,(e7),, with higher or lower N, than

Table 3. Catalytic Performance of Ru/
[Ca,, Al 04, 1*(077),_(e7),, with Various N, and Ru—Cs/
MgO for Ammonia Synthesis”

Ru/[CayAlg06]*(0%7),-i(e7)ss Ru—Cs/MgO
N, (cm™) >1.0 x 10* <1.0 x 10*
TOF (s7") 0.10 0.01 0.01
E, (IJ mol™) ~50 80—110 100
a ~0.5 0.75—1.0 1.0
B 0.6—1.0 0 —0.43

“N,, electron concentration; TOF, turnover frequency; E,, activation
energy; @ and f, the reaction order with respect to N, and H,,
respectively.

that of the metal—insulator transition point. There is a striking
distinction in catalysis between these two types of Ru/
[CayALO0g,]*(0*7),_,(e7),, catalysts; ie., high N, catalysts
exhibit much higher catalytic activity in terms of TOF and
almost half the E, than low N, catalysts. Furthermore, the
reaction order for N, decreases from 0.75—1.0 to 0.5, and that
for H, jumps from 0 to 0.6—1.0 at N, > 1.0 X 10*' em™. It is
important to note that each catalytic feature of Ru/
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[CayAlgOg]*(0*7), . (e7),, with low N, is quite similar to
that of Ru—Cs/MgO, which indicates that the electronic
promoting effect of [Cay,Aly30q,]*(0*7),_,(e7),, with low N,
(<1.0 X 10*! cm™) is almost the same as that of a conventional
alkali promoter such as cesium oxide. The clear difference in
catalysis with electride catalysts suggests that the dominant
reaction pathway is switched at the metal—insulator transition
point. One possible explanation for the change in the reaction
mechanism at the metal—insulator transition point is the
appearance of itinerant electrons in the CCB state of
[CayAlygOq]*(0*7),_(e7),, Figure 7 shows the reaction

(M) N, < 1.0 x 102 (B) N> 1.0 x 102!

47V

F+like center v

Eq

o]
. -
(free oxygen)

L
FVB

Ru Ru

Figure 7. Proposed reaction mechanism for ammonia synthesis over
Ru-loaded [Cay,AlgOg]* (0*7),_ (e7),. At (A) low N, (<1.0 X 10*
cm™3), electrons are localized in the cages due to the lattice distortion
induced by extra-framework species, and an F'-like center energy level
is formed at the deep position. As a result, the electron-donating ability
via polaron-type electron hopping is moderate. H™ ions are also
stabilized in the cages by the lattice distortion, which suppresses
hydrogen desorption. Hydrogen poisoning then occurs on the Ru
surface. At (B) high N, (>1.0 X 10*' cm™), electrons are delocalized
in the cages because of the weak electron—lattice interaction derived
from relaxation of the lattice cages. N, dissociation is promoted by
efficient electron transfer from the support material because
[CayAlgOg,]*(0*7),_(e7),, exhibits metallic conductivity and a
low work function. The reversible hydrogen storage reaction then
proceeds effectively because H™ ions are not stabilized in the
homogeneous lattice cage structure, so that N, dissociation on the
Ru surface is not inhibited by hydrogen adsorption.

mechanism proposed to account for this. At N, < 1.0 X 10*'
cm™?, localized electrons in the cages form an F'-like center
energy level at a deep position and electron transfer from
[Cay,AlgOg]*(0*7),_.(e7),, to Ru occurs via polaron-type
cage-to-cage electron hopping. Accordingly, the electron-
donating capability and electron mobility in
[CayAlLgOq]*(0*7), . (e7),, are largely limited, so that the
cleavage of N, requires a high E, and thus remains the rate-
determining step for ammonia synthesis as with all conven-
tional heterogeneous catalysts. In addition, Ru/
[CayAlLgO0g]* (0*7),_,(e7),, can absorb hydrogen as H~
ions in the cages (H° + e~ — H7), but the incorporated H~
ions are stabilized in the cages due to the lattice distortion
induced by extra-framework species, such as with electrons.
This stabilization suppresses the reverse reaction (H™ — H° +
e”), which would result in a dense population of H adatoms on

the Ru surfaces loaded on [Ca,Als0¢,]*(0?7),_.(e7),,. This
further limits N, cleavage (Figure 7A).
[CayyAlL0, 1 (0*7),_.(e7),, beyond the metal—insulator
transition point (N, > 1.0 X 10*' cm™) exhibits metallic
conductivity and a small work function (2.4 eV) because most
of the electrons occupy a shallow level of the CCB, and the
electron—lattice interaction is weakened by relaxation of the
lattice cages (Figure 7B). Such a state enhances electron-
donating capability and electron mobility of [Ca,,AlL5O4,]* -
(0*7),_,(e7),, significantly. These properties facilitate the
dissociative adsorption of N, so that this process is no longer
the rate-determining step for ammonia synthesis. In addition, a
high density of electrons in the cages provide reaction sites for
hydrogen storage (H° + e~ — H™), and the H™ ions are readily
desorbed from the cages (H™ — H’ + e7) due to the weak
interaction between H™ ions and the lattice cages. Such a
reversible hydrogen storage reaction decreases H adatoms on
the Ru surfaces and produces vacant surface sites for the
cleavage of N,, synergistically accelerating N, cleavage.

B CONCLUSIONS

The effect of N, in [CayAlOq]*(0*7), (e7),. on the
catalytic performance of supported Ru catalysts for ammonia
synthesis was demonstrated. When N, is below 1.0 X 10*
cm™3, electrons are localized in the cages as F'-like centers with
the level formed at a deep position, which leads to moderate
catalytic activity and a high E, comparable to that of
conventional Ru catalysts such as Ru—Cs/MgO. In this case,
N, dissociation is the rate-determining step, and strong
hydrogen adsorption on the Ru surface prevents the reaction.
For N, > 1.0 X 10 cm™3, electrons are delocalized over the
cages of C12A7:e” and form a shallower electronic level, which
results in high catalytic activity and lower E,. These electronic
properties facilitate N, dissociation, so that the rate-
determining process is changed from N, dissociation to N—H
bond formation. In addition, a high density of electrons in the
cages also enhances a reverse hydrogen storage reaction, which
prevents hydrogen poisoning of the Ru surface by hydrogen
adatoms. It was demonstrated that the electronic promoting
effect of CI2A7:e” in ammonia synthesis is fundamentally
different from that of conventional basic promoters such as
cesium oxide. The present findings provide important
information toward understanding the effect of electronic
promoters on the reaction mechanism for ammonia synthesis.

B EXPERIMENTAL SECTION

Preparation of C12A7 Catalyst. C12A7:0%"
([CayAl04]*(0*7),) powders were synthesized by conventional
solid-phase reaction of CaCO; and a-Al,O; with a molar ratio of 12:7
at 1300 °C for 20 h in ambient air. [Cay,Al,Og]* (0%7), . (e7),,
powders were prepared by the following three methods according to
the procedure described in the literature.”****® The first method is
available for the preparation of [Cay,AlLsOg,]* (0*7),_.(e7),, with a
very low N, (0.09 X 10*' cm™3). C12A7:0" powders were heated in a
carbon crucible with a carbon cap at 1600 °C (partial pressure of O,:
ca. 107" atm) for 1 h and then slowly cooled to room temperature.
This process was repeated twice to obtain
[CayAL0g,]*(0%7),_.(e7),,, where a small part of cage O~ anions
are replaced with electrons so that N, = 0.09 X 10* cm™.
[CayAl0q,]*(0*7),_(e7),, samples with N, = 0.77 X 10* cm™
were prepared using metallic Ti. The pelletized C12A7:0%" (3 g) and
Ti metal shot were sealed in a silica glass tube under vacuum and
heated at 1000 °C for 20 h. After the reduction treatment, the surface
of the sample was mechanically polished to remove the TiO, layer
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formed on the surface of the [CayAlgOg]*(0*7),_.(e7),, pellet.
The [CayAlgOq]*(0%7),_,(e7),, pellet was then ground into
powder. In the third preparation method, a mixture of C12A7:0%"
and CaO-Al,0; + Ca metal shot to obtain
[CayAls04,]* (0%7),_(e7),, stoichiometry was heated in an
evacuated silica tube at 700 °C for 15 h. After the obtained powder
was further ground in an Ar glovebox, the sample was reheated in an
evacuated silica tube at 1100 °C for 2 h. The mixture of C12A7:0*"
and Ca0-Al,O; was prepared by the reaction of CaCOj; and a-Al,O,
with molar ratios of 11.75:7, 11.5:7, 11.25:7, and 11:7. These mixed
oxide powders were heated with Ca metal shot with weight ratios (Ca
metal/mixture of C12A7:0*~ and CaO-AL0;) of 0.015, 0.03, 0.045,
and 0.06, which resulted in samples with N, = 0.5 x 10*, 1.0 x 10,
15 X 10%", and 2.0 X 10" cm™, respectively. Ru loading was
performed by chemical vapor deposition using Ru;(CO);, (Aldrich)
according to a method reported in the literature.”® Ru—Cs/
[CayAly O, ]*(0?7),, where cesium oxide is added as an electron-
donating promoter to Ru particles on [CayAl,30¢,]*(0*7),, was also
prepared by the following procedure, which is analogous with the
preparation method for Ru—Cs/MgO."" Ru/[Ca,,ALsO4,]*(0*7),
was dispersed in a solution of Cs,COj in absolute ethanol by stirring
for 3 h, after which the solvent was evaporated and the catalyst was
dried in a vacuum. The atomic ratio of Cs/Ru in the catalyst was 1.0.

Characterization of Catalysts. Diffuse reflectance spectra of the
samples were measured with a spectrometer (V-670, Jasco). An
iodometric titration method was used to confirm the presence of
electrons and to estimate N, in [CayAlLgOg]*(0?7),_ (e7),.” The
crystal structure was identified using X-ray diffractometry (XRD;
Ultima-IV, Rigaku). The morphology was investigated by scanning
transmission electron microscope (STEM; JEM-2100F, JEOL), and
high angle annular dark field imaging (HAADF) was used in the
STEM mode. N, adsorption—desorption isotherms were measured at
—196 °C using a specific surface area analyzer (Nova 4200e,
Quantachrome) after the sample was evacuated at 300 °C. The Ru
dispersion was determined by the CO-pulse chemisorption method
using an automatic gas-adsorption apparatus (BELCAT-A, BEL). Prior
to CO-pulse chemisorption, the samples were pretreated with a He
flow (50 mL min™") at 400 °C for 15 min, followed by a H, flow (50
mL min~") at 400 °C for 15 min. Hydrogen atoms adsorbed on the
reduced catalysts were removed by purging with He (S0 mL min™") at
400 °C for 15 min. The metal dispersion was calculated assuming a
stoichiometry of Ru/CO = 1.4

Catalysis Evaluation. Catalysis of the samples was evaluated
through ammonia synthesis in a fixed-bed continuous-flow reactor
containing 0.1 g of the catalyst under ambient pressure (0.1 MPa).
The reaction temperature range and the flow rate of a stoichiometric
H, and N, mixture (H,/N, = 3, purity >99.999 95%) were 340—400
°C and 60 mL min™!, respectively. The reaction order with respect to
N, or H, was obtained at a constant flow rate (60 mL min™") using Ar
gas as a diluent, and that for NH; was determined with (3H, + N,) by
changing the synthesis gas flow rate.** The ammonia produced was
trapped in a S mM H,SO, aqueous solution, and the amount of NH,*
in the solution was determined using an ion chromatograph (LC-2000
plus, Jasco) equipped with a conductivity detector.
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