Co/Ba/La;0s; catalyst for ammonia synthesis under mild reaction conditions
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Abstract

Ruthenium catalysts may allow realization of renewable energy—based ammonia synthesis
processes using mild reaction conditions (<400 °C, <10 MPa). However, ruthenium is relatively
rare and therefore expensive. Here, we report a Co nanoparticle catalyst loaded on a basic
Ba/La,O3 support and pre-reduced at 700 °C (Co/Ba/La,O3_700red) that showed higher ammonia
synthesis activity at 350 °C and 1.0-3.0 MPa than two benchmark Ru catalysts, Cs*/Ru/MgO and
Ru/CeO,. The synthesis rate of the catalyst at 350 °C and 1.0 MPa (19.3 mmol h™'g™*) was 8.0
times that of Co/Ba/La;O3_500red and 6.9 times that of Co/La,Os_700red. The catalyst showed
activity at temperatures down to 200 °C. High-temperature reduction induced formation of a BaO-
La,O3 nano-fraction around the Co nanoparticles, which increased turnover frequency, inhibited
Co nanoparticle sintering, and suppressed ammonia poisoning. These strategies may also be

appliable to nickel catalysts.
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1. Introduction

Ammonia (NHs) is an essential chemical feedstock in the modern chemical industry. More than
80% of the ammonia generated today is used as chemical fertilizer, and ammonia has made a huge
contribution to solving the food crisis that resulted from the population explosion in the 20th
century [1-3]. Recently, ammonia has attracted attention as a hydrogen and energy carrier for
greater utilization of renewable energy, and as a decarbonized fuel for use in power plants and
ships [4-7]. Ammonia, therefore, is considered an important material for realizing a sustainable
society.

Traditionally, ammonia has been produced via the Haber—Bosch process. The Haber—Bosch
process uses very high pressures and temperatures (>450 °C and >20 MPa) and has been highly
optimized from a process engineering standpoint. However, the process uses fossil fuels as its
source of hydrogen, and therefore it emits large amounts of CO- (1.9 ton-NH;™2) to the atmosphere
[8]. If ammonia could be produced from hydrogen produced by renewable energy, the process
could be harnessed to speed up decarbonization, slow down global warming, and increase food
production, which are three important current global issues [9]. A major milestone in the
realization of green ammonia synthesis systems using H, produced by renewable energy is the
development of catalysts that have high ammonia activity under mild conditions (<400 °C, <10
MPa).

The catalysts most commonly used in the Haber—Bosch process are Fe-based; however, these

catalysts require a high temperature and pressure to dissociate the N = N triple bond (945 kJ mol™?)

and so are not suitable for use in conjunction with renewable energy [10-13]. In contrast, Ru
catalysts show unparalleled ammonia synthesis activity under mild conditions [14-30], but Ru is
a rather rare element that is expensive to procure. Co is cheaper and more abundant than Ru, but
neat Co is less active than both Ru and Fe because the N> molecular adsorption energy of Co is

lower than that of Ru and Fe [31]. As a result, previously reported oxide- or carbon-supported Co



catalysts, which have the advantage of being easy to prepare and handle, all show low ammonia
synthesis activity under mild conditions [32-34].

As part of efforts to address this issue, we previously reported that the addition of Ba to Co/MgO
and pre-reduction at high temperature markedly improved the ammonia synthesis activity of the
parent catalyst under mild reaction conditions (<400 °C, 1-3 MPa) [35]. In fact, the resultant
Co@BaO/MgO catalyst, where the Co core is encapsulated by a strongly basic BaO shell, showed
an activity that was not only higher than that of other oxide- or carbon-supported Co-based
catalysts, but also higher than that of active Ru catalysts such as Ru/LagsCeos01.75 and Cs-
Ru/MgO [16,35]. Characterization of our catalyst revealed that the structure allows for
exceptional electron donation from BaO via Co atoms to the antibonding m-orbital of N

molecules, thereby promoting cleavage of the N=N bond. Our findings prompted us to examine

the use of other basic oxide supports, such as La,Os, which has a higher basicity than does MgO
[36,37].

Here, we report that Co/Ba/La,Os pre-reduced at 700 °C showed high ammonia synthesis rates
at a low reaction temperature of 350 °C: 19.3 mmol h g at 1.0 MPa and 35.7 mmol h g™ at
3.0 MPa. Investigations revealed that addition of Ba and increasing the pre-reduction temperature
from 500 to 700 °C increased the ammonia synthesis activity by 6.9 and 8 times, respectively, via
the formation of a core (Co) - shell (BaO-La,Os) structure. The presence of BaO retarded sintering
of the Co nanoparticles during high-temperature reduction. The ammonia synthesis activity—
promoting effects of the addition of Ba and of increasing the reduction temperature were observed
also for Ni catalysts, for which the N, adsorption energy of neat Ni is less than that of Co [35].
To further understand how the addition of Ba and the increase of reduction temperature affected
the ammonia synthesis rate, X-ray absorption fine structure spectroscopy (XAFS), spherical
aberration-corrected scanning transmission electron microscopy (Cs-STEM), and energy electron
loss spectroscopy (EELS) analyses were performed on pre-reduced catalyst without exposure to

air. In the present study, both EELS and energy-dispersive X-ray (EDX) spectrometry were used;



however, EELS can distinguish between Ba and La elements, whereas EDX spectrometry cannot
because in that technique the excitation wavelength of Ba and La are so similar that the small

peak attributable to Ba overlaps the large peak attributable to La.

2. Experimental section

2.1. Catalyst preparation

The Ba/La;0Os support was prepared by a precipitation and impregnation method as follows. First.
a suspension of La hydroxides was formed by dropping an aqueous solution of La(NOs)3-6H,O
(Wako Pure Chemical, Japan) into a 28 wt% solution of aqueous ammonia (Wako Pure Chemical).
The La hydroxides were collected by filtration, washed with distilled water, and added to an
aqueous solution containing Ba(OH), 8H,O (Wako Pure Chemical). After stirring the suspension
for 1 h, the aqueous solvent was removed by rotary evaporation. The resulting powder was
calcined at 700 °C in static air and used as the catalyst support.

Next, Co was loaded onto the support. Bis(2,4-pentanedionate)cobalt(Il) dihydrate (Tokyo
Chemical Industry, Japan) dissolved in tetrahydrofuran (Wako Pure Chemical) was used as the
Co precursor. The support was added to the dissolved in the precursor and the suspension was
stirred overnight. When the stirring was finished, the tetrahydrofuran was removed by rotary
evaporation, leaving behind a powder that was then heated to 500 °C under an Ar flow. The Co
loading was fixed at 20 wt% for each catalyst. Two benchmark Ru catalysts (Ru/CeQO, and

Cs'/Ru/MgO) were also prepared as we reported previously [14,37].

2.2. Ammonia synthesis activity test
The rate of ammonia synthesis over the catalysts was measured by using 100 mg of catalyst and
a conventional flow system with tubular reactor under either atmospheric pressure or high

pressure, as reported previously [38]. Research-grade gases (>99.99%) were supplied from high-



pressure cylinders and purified with a gas purifier (Micro Torr MC50-904FV, SAES Pure Gas,
US). The catalysts were pre-reduced in situ with pure H, (60 mL min') at 500, 700, or 800 °C
for 1 h at 0.1 MPa and then cooled at 300 °C in an Ar stream. The pressure was then adjusted to
0.1, 1.0, or 3.0 MPa. A mixture of N, (30 mL min') and H, (90 mL min ') was then passed over
the catalyst (space velocity = 72,000 mL h™!' g'!). The produced ammonia gas was trapped in an
aqueous solution of H>SOs4, and the rate of ammonia synthesis was calculated from the decrease
in the electron conductivity of the H,SO4 aqueous solution, which was monitored with an electron

conductivity detector (CM-30R, DKK-TOA, Japan).

2.3. Kinetic analysis

Reaction kinetics were analyzed as previously reported [35,39,40]. The reaction orders with
respect to N», H», and NH3 were calculated by measuring the N2, H,, and NH; pressure dependence
of the NH3 synthesis rate and by assuming that the rate of the reaction (») could be described by

the following expression:

2.4. Characterization

High-angle annular dark-field scanning transmission electron microscope (HAADF-STEM)
images, EDX elemental maps, and EELS spectra were obtained with an aberration-corrected
electron microscope (JEM-ARM200CF, JEOL, Japan). The scanning transmission electron
microscopy observations were conducted at 120 kV to reduce damage to the sample by the
electron beam. Catalyst samples were pre-reduced at 500 or 700 °C under a H, flow and then
crushed and powdered. Samples of the powdered catalyst were then placed on transmission
electron microscopy grids in a glovebox. The grids were then transferred by means of a special

holder with a gas cell from the glovebox to the inside of the transmission electron microscopy



column without being exposed to air. For the other observations, samples were dispersed in
ethanol under ambient conditions, and samples of the dispersion were dropped onto a carbon-
coated copper grid and dried under a vacuum at ambient temperature for 24 h.

The specific surface area of the catalysts was measured by using the Brunauer—Emmett-Teller
method. Test samples were pretreated at 300 °C in a vacuum, and the amount of N, adsorbed was
measured with a BELSORP-mini gas adsorption instrument (BEL Japan, Inc., Japan).

H, chemisorption capacity was measured with a BELCAT-B apparatus (MicrotracBEL, Japan).
H: was fed to a 100-mg sample of catalyst at 60 mL min™!, and the temperature was increased at
a rate of 10 °C min from room temperature to 500, 700, or 800 °C. The sample was maintained
at the desired temperature for 60 min in the H, flow; it was then purged with a stream of Ar (60
mL min") for 30 min, cooled to 35 °C, and flushed with Ar for 60 min. After pretreatment, H,
chemisorption measurement was carried out at 35 °C.

XAFS measurements of the Co K-edges were performed on the BO1B1 beamline at Spring-
8(Hyogo, Japan) with the approval of the Japan Synchrotron Radiation Research Institute (Hyogo,
Japan).

X-ray diffraction (XRD) analysis was performed with a SmartLab X-ray diffractometer (Rigaku,
Japan) equipped with a CuKa radiation source. The XRD patterns were analyzed by using the
PDXL2 software (Rigaku) and three databases (International Centre for Diffraction Data database,
Crystallography Open Database, and AtomWork database).

Temperature-programmed reduction measurements were performed under a flow of 100% H»
using a BEL-CAT-II apparatus (MicrotracBEL). The flow rate of the gas was 60 mL min'. A 100-
mg sample of catalyst was heated from 25 to 1000 °C at a rate of 10 °C min"'. The CHa4, H>O,
CO, and CO; profiles were monitored by a quadruple mass spectrometer at m/e =16, 18, 28, and

44, respectively.

3. Results and Discussion



3.1. Ammonia synthesis activity

First, we examined the influence of reduction temperature (500-800 °C) on the NHs synthesis
rate of the Co/Ba/La,Os; catalyst (Fig. 1). The catalyst pre-reduced at 500 °C (designated
Co/Ba/La,03;_500red) showed little NH3 synthesis activity at 300 °C, but the activity increased
with increasing reaction temperature until a moderate activity was obtained at 450 °C. Compared
with Co/Ba/La;0;_500red, Co/Ba/La;0s;_600red and Co/Ba/La,Os_700red both showed greater
NHs synthesis activity across the whole reaction temperature range examined, and
Co/Ba/La;,0;_800red showed an activity between that of Co/Ba/La,Os;_600red and
Co/Ba/La,03;_700red. The apparent activation energy of the Co/Ba/La,0Os catalyst was found to
decrease from 73.1 to 45.7 kJ mol™* as the reduction temperature was increased from 500 to
700 °C (Fig. S1). Also, Co/Ba/La;05;_700red was found to have ammonia synthesis activity at
reaction temperatures as low as 200 °C (synthesis rate, 0.3 mmol h™t g%; Fig. S2).

Next, we examined the effect of adding Ba on the NH3 synthesis rate of different Co and Ni
catalysts (Fig. 2). At a reaction temperature of 350 °C, the NHs; synthesis rate of
Co/Ba/La;0;_700red was 19.3 mmol h™* g%, which was 8.0 times that of Co/Ba/La,O;_500red
and 6.9 times that of Co/La,O; 700red at the same temperature. Despite the activity’s of
Co/Ba/La,0;_700red being slightly lower than that of Co/Ba/MgQO_700red, overall its activity
was comparable with those reported for other Co catalysts, notwithstanding the different Co
loadings, reaction pressures, and space velocities used in the previously reported studies (Table
S1). For the Ni catalysts, reduction at high temperature and the addition of Ba were also found to
have positive effects on NHs; synthesis activity: the fact that the NHs; synthesis rate of
Ni/Ba/La,03;_700red was much higher than those of Ni/Ba/La,0Os;_500red and Ni/La,O;_700red
at all temperatures suggested the possibility of activating Ni by using the same strategy used to
activate Co.

We also examined the effect of reaction pressure on the NHs synthesis rate at 350 °C and

compared the rates with Co/Ba/La,Os_700red to those with two benchmark Ru catalysts,



Cs*/Ru/MgO and Ru/CeO; (Fig. 3). Cs*/Ru/MgO is a well-known Ru catalyst with high NH3
synthesis activity [41-44]. Ru/CeO; is a candidate catalyst for use in ammonia synthesis processes
that use renewable energy [45]. At 0.1 MPa, the NH3 synthesis rate of Co/Ba/La,0O;_700red was
lower than those of Cs*/Ru/MgO_500red and Ru/CeO,_500red. However, when the reaction
pressure was increased, the NHs synthesis rate of Co/Ba/La,Os_700red increased drastically,
whereas those of the two Ru catalysts increased only slightly. As a result, the NH; synthesis rate
of Co/Ba/La,0O3_700red at 1.0 MPa and at 3.0 MPa exceeded the rates of the two benchmark
catalysts (synthesis rate at 3.0 MPa: Co/Ba/La,0s_700red, 35.7 mmol h™*g™!; Ru/CeO,_500red,
13.7 mmol h™*g™?; and Cs*/Ru/MgO_500red, 11.4 mmol h™*g™). We also examined the NH;
synthesis rate of Co/La;Os_700red and found that it was much lower than the rates of the other
catalysts at all pressures.

To investigate the cause of the different pressure dependences, we performed a kinetic
analysis at 350 °C and 0.1 MPa using the same four catalysts (Table 1 and Figs. S3 and S4). The
fact that the reaction order with respect to N> was almost unity for all of the catalysts indicated
that the rate-determining step was dissociation of molecular N,. However, the fact that the reaction
order with respect to H, was —0.18 and —0.76 for Ru/CeO,_500red and Cs*/Ru/MgO _500red,
respectively, indicated that H atoms strongly adsorbed onto the Ru surface and inhibited activation
of molecular Ny; this is referred to as hydrogen poisoning and is a typical drawback of Ru catalysts.
In contrast, the positive reaction orders with respect to H,, +0.43 and +0.32, that were obtained
for Co/Ba/La,0;_700red and Co/La,O3_700red, respectively, indicated that these catalysts were
free from hydrogen poisoning and that N, activation was promoted with increasing hydrogen
pressure. A large negative reaction order with respect to NH; (—0.51) was obtained for
Co/La;03_700red, but this value was reduced to —0.17 with the addition of Ba. These findings
suggest that it is difficult for the ammonia yield of Co/La20s_700red to approach the equilibrium
value because adsorbed NH, NH», and NHs inhibit the reaction. However, the addition of Ba can

be expected to promote the desorption of such adsorbates and thus accelerate the reaction, even



near equilibrium. Together, these results indicate that Co catalysts may be a viable alternative to

Ru catalysts.

3.2. Effects of doping with Ba

To understand more about the effects of Ba doping, we compared the physicochemical properties
of Co/Ba/La;0;_700red and Co/La,O3_700red (Table 2). The specific surface areas of the two
catalysts were comparable, but the mean Co particle size, as measured by STEM, was much
smaller for Co/Ba/La;0Os_700red than for Co/La,0O;_700red (20 nm vs. 70 nm). The indication
was that the addition of Ba inhibited sintering of the Co particles during reduction. Assuming the
Co particles were cubic, this difference in particle size corresponds to 3.5-times greater Co
dispersion for Co/Ba/La;O3_700red compared with Co dispersion for Co/La,0O;_700red. On the
other hand, the H, chemisorption value (a measure of the Co dispersion) of Co/Ba/La,Os_700red
was found to be only 1.6-times greater than that of Co/La,O3_700red. The indication was that the
surface of the Co particles in Co/Ba/La,Os_700red was partly covered by the support material.
Also, the turnover frequency (TOF) of Co/Ba/La;Os; 700red was about 4.4 times that of
Co/La;0s_700red. Together, these results indicate that the drastic increase in NH3 synthesis rate
observed as a result of doping with Ba was the combined result of inhibition of Co particle
sintering and an increase of TOF.

To understand how doping with Ba affected the state of the Co, we subjected
Co/Ba/La;03_700red and Co/La,Os;_700red to XANES analysis. The fact that the Co K-edge
XANES spectra of the two catalysts were comparable with that of Co foil indicated that the Co
atoms in the catalysts were fully reduced to a metallic state after reduction at 700 °C.

Next, we investigated the morphology of Co/Ba/La,Oz_700red by means of Cs-STEM and
EELS. To avoid any unwanted structural or state changes, we used a special holder with a gas cell
that allowed the sample to be transferred from the reactor to the STEM apparatus under an inert

gas environment [35]. HADF-STEM images revealed that the Co particles were encapsulated by
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a 2-3-mm-thick nano-fraction (Fig. 5a and Fig. S9). EELS mapping revealed that Ba and La
elements were enriched in the nano-fraction(Figs. 5b, 5c, 4d, 5e). Although a low abundance of
Ba was included overall in the catalyst (Ba:La molar ratio, 5:95), a high abundance of Ba was
observed in the nano-fraction. In contrast, the fact that carbon element was not detected in the
nano-fraction (Fig. 5f, 5g, 5h) indicated that the nano-fraction was an oxide or hydroxide of Ba

or La.

3.3. Effect of reduction temperature
Finally, to understand the effects of reduction temperature on Co/Ba/La;0, we investigated the
physicochemical properties of the catalyst after reduction at different temperatures. With the
increase in reduction temperature from 500 to 700 to 800 °C, the specific surface area decreased
from 37.5 t0 24.9 to 10.1 m? g%, and the mean diameter of the Co particles increased from 10 to
20 to 34 nm. The indication was that greater sintering occurred at higher reduction temperature
(Table 2). It must be noted that, the fact that the mean Co particle size was comparable both before
and after exposure of Co/Ba/La,0s_700red to air indicated that exposure to air had no effect on
Co particle size (see Figs. 5, S7, and S9). Also, the number of exposed Co particles decreased and
the TOF drastically increased from 0.019 to 0.223 to 0.304 with increasing reduction temperature.

To understand why the TOF after reduction at 700 °C was more than 12 times the TOF after
reduction at 500 °C, we characterized the catalysts by using several methods. To investigate the
state of Co, we measured Co-K edge XANES spectra in as-prepared Co/Ba/La;Os; and
Co/Ba/La,0; pre-reduced at different temperatures (Fig. 4). The fact that the spectra for
Co/Ba/La,03_500red and Co/Ba/La;0s_700red were comparable with that for Co foil indicated
that inactive oxidic Co was reduced to a metallic state after reduction at >500 °C.

To investigate the surface state of Co/Ba/La,Os_500red, we performed Cs-STEM and EELS
observations without exposing the catalyst to the air (Figs. 6 and S10). In contrast to the findings

for Co/Ba/La,0s_700red (Figs. 5 and S9), the Co particles in Co/Ba/La,0s_500red were not well
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crystalized and were partially surrounded by a cloud-like substance containing Ba, La, and carbon
elements. The fact that carbon element was observed in parts of the cloud in Co/Ba/La,O3s_500red
indicated the presence of non-crystalized carbonate species of Ba and/or La, because crystalized
carbonate species was not observed by XRD analysis (Fig. 6, Fig. S11). Recall that such carbon
element was not observed for Co/Ba/La,O3;_700red by EELS measurement (Figure 5 and S9).
Carbonate species are acidic and as such decrease the electron-donating ability of the support
material. Therefore, we concluded that one of the causes for the high TOF of Co/Ba/La,O3_700red
was complete removal of La and Ba carbonate species during reduction at high temperature. It is
likely that hydroxide species are also removed from the catalyst because the temperature-
programmed reduction profile of fresh Co/Ba/La,O3 indicated that the formation of CH4, CO,
CO,, and H,0 was completed at a temperature below 700 °C (Fig. 7). Thus, these data indicated
that the low crystalline nano-fraction encapsulating the Co nanoparticles in Co/Ba/La;Os_700red
was composed of BaO and La,Os;. Therefore, another of the causes of the high TOF of
Co/Ba/La,03;_700red was ascribed to encapsulation of the Co particles by the low crystalline
nano-fraction of BaO-La,0Os. Previously, based on density functional theory calculations and
Fourier-transform infrared spectroscopy measurements after adsorption of molecular N2 on the
catalyst, we reported the high activity of Co nanoparticles encapsulated by BaO loaded on MgO
(Co@Ba0O/MgO), which we ascribed to strong electron donation from BaO to N via Co [35].
Although in the present study we were unable to fabricate a self-supporting disk of the
Co/Ba/La;0; catalyst that transmitted infrared light and therefore could not use Fourier-transform
infrared spectroscopy, the high TOF of Co/Ba/La;0;_700red may also be due to such electron
donation from BaO-La:O3 to the antibonding m-orbital of the N=N bond of molecular N.. We
also found that increasing the reduction temperature up to 800 °C further increased the TOF;
however, the NHs synthesis rate decreased due to sintering of the Co particles (Table 2).
Co/Ba/La,0;_700red and Co/Ba/MgO_700red showed comparable TOFs, but the NH;

synthesis rate (350 °C, 1 MPa) of Co/Ba/MgO_700red was 1.3 times that of Co/Ba/La,0s;_700red.
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These results indicated that fundamentally the core (Co) - shell (BaO-La,0s) structure enhanced
the NHs synthesis ability of surface Co, and that the difference of NH3 synthesis rate between
these catalysts was due to the difference of the mean Co particle size (i.e., 10.6 vs. 20 nm for
Co/Ba/MgO_700red and Co/Ba/La,O3_700red). The higher surface area of Co/Ba/MgO_700red
(47.6 m? g't) compared with that of Co/Ba/La,Oz_700red likely contributed to the formation of
fine Co nanoparticles. Thus, use of a basic support with a higher specific surface area is expected

to afford catalysts with enhanced NHs synthesis rates.

3.4. Conclusions

Here, we demonstrated that encapsulation Co nanoparticles by BaO-La,0Oz on La,Os support
exhibited high NHs; synthesis activity under mild reaction conditions. The Co/Ba/La;0O; pre-
reduced at 700 °C showed high NH; synthesis activity with a synthesis rate of 19.3 mmol h™*g™
at 350 °C, which was 6.9 times that of nondoped parent catalyst. Moreover, the Co/Ba/La;Os pre-
reduced at 700 °C was active at temperatures down to 200 °C. We also found that addition of Ba
to the catalyst inhibited sintering of the Co particles during reduction. Increasing the reduction
temperature from 500 to 700 °C resulted in a drastic increase in TOF from 0.019 to 0.223. The
increase in TOF was ascribed to encapsulation of Co particles by a BaO-La,O3; nano-fraction
during high-temperature reduction. It is likely that donation of electrons from the nano-fraction
to molecular N, via Co markedly promoted NHs synthesis. Furthermore, the elimination of
ammonia poisoning by addition of Ba is a potential merit for carrying out the reaction near
equilibrium. The present findings also indicate that these strategies are also likely appliable to Ni
catalysts. Together, the present results provide information that will be useful for the development

of highly active NHs synthesis catalysts for use in processes that use renewable energy.
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Table 1. Results of a kinetic analysis over Cs*/Ru/MgO, Ru/CeQO,, Co/Ba/La;Os, or Co/La,0s.

Catalyst Order™
nlal Jlbl alcl
Cs*/Ru/MgO_500red 1.07 —0.76 —0.15
Ru/CeO,_500red 0.85 —0.18 —-0.19
Co/Ba/La,03_700red 0.85 0.43 -0.17
Co/LayO;_700red 0.97 0.32 -0.51

[a] Reaction order with respect to N2. [b] Reaction order with respect to Hz. [c] Reaction order with respect to NHa.
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Table 2. Physicochemical properties and catalytic performances of supported co catalysts.

Catalyst SSAl H, chemisorption®™ | dl°! Ratel¥ TOF!¢!
[m* gear '] | [mmol g7'] [nm] [mmol ge. ' h7!] [s7']
Co/Ba/La;03_500red 37.5 35.0 10 2.4 0.019
Co/Ba/La;,0O;_700red | 24.9 24.1 20 19.3 0.223
Co/Ba/La;0s3_800red 10.1 15.6 34 17.1 0.304
Co/LayO3;_700red 25.8 14.9 70 2.8 0.051

[a] Specific surface area.

[b] Measured using H2 chemisorption capacity.

[c] Mean particle size of Co nanoparticles, as estimated by Cs-STEM (see Figs. S5-8).

[d] At 350 °C and 1.0 MPa.

[e] Turnover frequency. Calculated from the H2 chemisorption value and the NHs synthesis rate (see Table 1).
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Figure 4. Normalized Co K-edge XANES spectra for Co/La,03; and Co/Ba/La;0s catalysts pre-

reduced at different temperatures, and for several reference samples.

18



ikt

100
90

80

70
60
50
40
30
20
10

Counts X 103

Counts x 10"3

200 250 300 350 400 450 500
ev

Counts x 10"3

200 250 300 350 400 450 500
ev

Figure 5. High-angle annular dark-field scanning transmission electron microscopy image and

energy-dispersive X-ray maps of Co/Ba/La;O3;_ 700red without exposure to air. (a) High-angle

annular dark-field image of the catalyst. (b—) Energy-dispersive X-ray maps of (b) overlay, (c)

Ba L, (d) Co L, (¢) La L in the area within the white, dotted square in (a). (f-h) C K energy

electron loss spectroscopy spectra of the areas indicated by the green (f), blue (g), and red (h)

squares in (a).
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Figure 6. High-angle annular dark-field scanning transmission electron microscopy image and
energy-dispersive X-ray maps of Co/Ba/La,O3; 500red without exposure to air. (a) High-angle
annular dark-field image of the catalyst. (b—e) Energy-dispersive X-ray maps of (b) overlay, (c)
Ba L, (d) Co L, (¢) La L in the area within the white, dotted square in (a). (f~-h) C K energy

electron loss spectroscopy spectra of the areas indicated by the green (f), blue (g), and red (h)

squares in (a).
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Figure 7. Ho-temperature-programmed reduction profiles for as-prepared Co/Ba/La,Os catalyst.
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Additional details for the Experimental section

Kinetic analysis

Reaction kinetics were analyzed as previously reported [1,2]. Reaction orders with respect to N,
H,, and NH; were determined by measuring N,, H», and NH3 pressure dependence for the
ammonia synthesis rates on the assumption that the rate () was described by expression (1).

Equations (2) to (5) were also used for this analysis:

r=kPY, P, Pin, (1)
r:(1/W)dyo
d(1/q) )
1
C m
log y, =log | —
(3)
(e
W/\m (4)
C = kyP}y, Py, (5)

where r, w, yy, g, C, and (1 — m) denotes the ammonia synthesis rate, catalyst mass, ammonia
mole fraction at the reactor outlet, flow rate, a constant, and a, respectively. Kinetic analyses were
performed at 350 °C and 0.1 MPa. Other reaction conditions are described in Table S2. To avoid

any contribution from the reverse reaction, kinetic measurements were carried out at a space



velocity where the ammonia concentration at the reactor exit was far from the thermodynamic

equilibrium concentration.



Supplementary results
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Figure S1. Arrhenius plots for the ammonia synthesis reaction at 1.0 MPa.
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Figure S2. Influence of reaction temperature on the ammonia synthesis rate of

Co/Ba/La;0s_700red at low temperatures.
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Figure S3. Graphs for estimating reaction orders over Co/Ba/La,O3_700 at 350 °C and 0.1 MPa.
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Overlay

Figure S5. High-angle, annular, dark-field scanning transmission electron microscopy image and
energy-dispersive X-ray maps of Co/Ba/La,O; catalyst after reduction at 700 °C. The energy-
dispersive X-ray map for Ba could not be used because the small peak attributed to Ba overlapped

the large peak attributed to La.

Figure S6. High-angle annular dark-field scanning transmission electron microscopy image and
energy-dispersive X-ray maps of Co/Ba/La,O; catalyst after reduction at 500 °C. The energy-
dispersive X-ray map for Ba could not be used because the small peak attributed to Ba overlapped

the large peak attributed to La.



Overlay

Figure S7. High-angle annular dark-field scanning transmission electron microscopy image and
energy-dispersive X-ray maps of Co/La,Os catalyst after reduction at 700 °C. The energy-
dispersive X-ray map for Ba could not be used because the small peak attributed to Ba overlapped

the large peak attributed to La.

Overlay

. 5§

Figure S8. High-angle annular dark-field scanning transmission electron microscopy image and
energy-dispersive X-ray maps of Co/Ba/La,O; catalyst after reduction at 800 °C. The energy-
dispersive X-ray map for Ba could not be used because the small peak attributed to Ba overlapped

the large peak attributed to La.
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Figure S9. High-angle annular dark-field scanning transmission electron microscopy image and
energy-dispersive X-ray maps of Co/Ba/La;O3;_ 700red without exposure to air. (a) High-angle
annular dark-field image of the catalyst. (b—e) Energy-dispersive X-ray maps of (b) overlay, (c)
Ba L, (d) Co L, (e) La L in the area within the white, dotted square in (a). (f~h) C K energy
electron loss spectroscopy spectra of the areas indicated by the green (f), blue (g), and red (h)

squares in (a).
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Figure S10. High-angle annular dark-field scanning transmission electron microscopy image and
energy-dispersive X-ray maps of Co/Ba/La;O3; 500red without exposure to air. (a) High-angle
annular dark-field image of the catalyst. (b—e) Energy-dispersive X-ray maps of (b) overlay, (c)
Ba L, (d) Co L, (e) La L in the area within the white, dotted square in (a). (f~h) C K energy
electron loss spectroscopy spectra of the areas indicated by the green (f), blue (g), and red (h)

squares in (a).
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Table S1. Activities of previously reported ammonia synthesis catalysts.

Catalyst © Temperature  Pressure Space velocity ~ Ammonia ratio Reference
loading
wit% °C mL h™ gea mmol h™ gea
Co/Ba/La,03 700red 20 300 1 MPa 72,000 7.0 This work
20 350 1 MPa 72,000 19.3
20 400 1.0 MPa 72000 354
Co/Ba/MgO 700red 20 300 1 MPa 72,000 10.5 [3]
20 350 1 MPa 72,000 24.6
20 400 1 MPa 72,000 43.99
Ba0.35-Co/C 400 10 bar 53,400 22.32 [4]
Co/Ba-Ca(NH2)2 8 300 0.9 MPa 36,000 6.6 [5]
8 400 0.9 MPa 36,000 26
Co/BaCe03-xNyHz 4.7 400 0.9 MPa 36,000 10.1 [6]
4.7 300 0.9 MPa 36,000 24
Co/C12AT:e- 0 400 9 bar 18,000 38 [7]
BaH2-Co/CNTs 5.2 300 10 bar 60,000 4.8 [8]
3BaH2-Co/CNTs 10 400 10 bar 60,000 22
BaO-Co/CNT 3.25 300 10 bar 60,000 0.03
Co-C-N 3.73 350 1 MPa 36,000 43 [9]
LaCoSi 0 400 9 bar 36,000 5 [10]
Cs/Co3Mo3N 0 400 11 bar 9,000 5 [11]
Co-LiH 59.8 350 1 MPa 60,000 12 [12]
0 300 10 bar 60,000 4.7
CoBaTi02.37H0.63 0.31 400 10 bar 66,000 3 [13]
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