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Abstract: 

To realize a sustainable, carbon-free society, catalysts for the synthesis of ammonia using 

renewable energy under mild reaction conditions (<400 °C, <10 MPa) are needed. Ru-based 

catalysts are currently the most promising candidates; however, Ru is expensive and of low 

abundance. Here, we discovered that encapsulation of Co nanoparticles with BaO enhanced the 

ammonia synthesis activity of the Co, and that a simple Ba-doped Co/MgO catalyst pre-reduced 

at an unusually high temperature of 700 °C (Co@BaO/MgO-700red) showed outstanding 

ammonia synthesis activity. The ammonia synthesis rate (24.6 mmol gcat
−1 h−1) and turnover 

frequency (0.255 s−1) of the catalyst at 350 °C and 1.0 MPa were 22 and 64 times higher, 

respectively, than those of the non-doped parent catalyst. At the same temperature but higher 

pressure (3.0 MPa), the ammonia synthesis rate was increased to 48.4 mmol gcat
−1 h−1, which is 

higher than that of active Ru-based catalysts. Scanning transmission electron microscopy and 

energy dispersive X-ray spectrometry investigations revealed that after reduction at 700 °C the 

Co nanoparticles had become encapsulated by a nano-fraction of BaO. The mechanism underlying 

the formation of this unique structure was considered to comprise reduction of oxidic Co to 

metallic Co, decomposition of BaCO3 to BaO, and migration of BaO to the Co nanoparticle 

surface. Spectroscopic and density-functional theory investigations revealed that adsorption of N2 

on the Co atoms at the catalyst surface weakened the N2 triple bond to the strength of a double 

bond due to electron donation from the Ba atom of BaO via adjacent Co atoms; this weakening 

accelerated cleavage of the triple bond, which is the rate-determining step for ammonia synthesis. 
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Introduction 

Ammonia is an indispensable chemical feedstock in today’s society. Currently, more than 80% of 

the ammonia produced is used as fertilizer for the production of food that feeds almost half of the 

world’s population.1 Recently, ammonia has attracted attention as a potential carrier and source 

of renewable energy, which if realized will be important steps toward a sustainable and carbon-

free society.2-6 Currently, most ammonia is synthesized by reaction of nitrogen and hydrogen via 

the Haber–Bosch process. However, the Haber–Bosch process is energy-intensive, requires the 

consumption of fossil fuels for the production of hydrogen, and produces large amounts of CO2 

(1.9 ton-NH3
−1).7 Also, the Fe-based catalysts used in the Haber–Bosch process need very high 

temperatures and pressures (>450 C, >20 MPa)8 to activate the nitrogen triple bond (N≡N; bond 

dissociation energy, 945 kJ mol−1) and to obtain high rates of ammonia synthesis. Thus, to realize 

a green ammonia synthesis process that uses renewable energy, catalysts that can produce 

ammonia under mild reaction conditions (<400 °C, <10 MPa) are needed.9 

Ruthenium (Ru) catalysts are broadly regarded as the most promising candidates for realizing 

processes for the production of green ammonia.10-15 However, Ru is relatively rare and therefore 

expensive. As an alternative to Ru, cobalt (Co) has been suggested because it catalyzes ammonia 

synthesis and is relatively abundant,16 but neat Co is less catalytically active than both Ru and Fe 

due to the small adsorption energy of molecular N2 on Co.17 Several strategies to enhance the 

ammonia synthesis activity of Co have been reported, including addition of alkaline or alkaline 

earth metals,18-21 alloying with other transition metals,19,22,23 and combination with other 

functional materials.12,24-29 Among the elements used in these strategies, barium (Ba), an alkaline 

earth metal, is a well-known promoter of Ru catalysts that has also been reported to enhance the 

ammonia synthesis activity of Co catalysts. Hagen et. al. have reported that Ba addition improves 

the activity of Co/C catalysts by increasing the number of active sites in the catalyst and lowering 
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the activation energy.18,19 Lin et al. have reported that addition of Ba to Co/CeO2 catalysts 

enhances their ammonia synthesis activity.30 However, despite these efforts, the ammonia 

synthesis activity of these catalysts remains low under mild reaction conditions. To address this 

issue, Co catalysts promoted by or loaded on non-oxidic Ba materials, such as BaH2-Co/carbon 

nanotubes24 and Co/Ba-Ca(NH2)2,12 have been developed. These catalysts show relatively high 

ammonia synthesis activity below 400 °C; however, they are difficult to synthesize and are 

unstable under atmospheric conditions, which has hampered their commercial application. Thus, 

although metal oxide−supported Co catalysts are easy to prepare and handle compared with non-

oxidic Co catalysts, their catalytic activity under mild reaction conditions remains to be improved. 

 Here, we discovered that encapsulation of Co nanoparticles with BaO as a result of surface 

rearrangement of the catalyst during reduction at an unusually high temperature enhanced the 

ammonia synthesis activity of the Co catalyst. Compared with previously reported Co catalysts, 

our Co/Ba/MgO catalyst (Co@BaO/MgO-700red) showed the highest ammonia synthesis rate 

per weight of catalyst under mild reaction conditions (350 °C): 24.6 mmol h−1 gcat
−1 at 1.0 MPa 

and 48.4 mmol gcat
−1 h−1 at 3.0 MPa. In addition, the ammonia synthesis rate of Co@BaO/MgO-

700red at 3.0 MPa was higher than that reported for the active Ru-based catalysts.10,31-33 To clarify 

how Ba doping affected the catalyst, we performed atomic-scale observations using spherical 

aberration–corrected scanning transmission electron microscopy (Cs-STEM) coupled with 

energy dispersive X-ray spectrometry (EDX), X-ray absorption fine structure (XAFS) analysis, 

and infrared (IR) spectroscopy after N2 adsorption, and we conducted a density-functional theory 

analysis. We found that during reduction a nano-fraction of BaO had encapsulated the Co 

nanoparticles, and that electron donation from the Ba atom of BaO via adjacent Co atoms to 

adsorbed molecular N2 accelerated activation of N≡N. 
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Experimental Section 

Catalyst preparation. Ba-doped MgO-supported Co catalyst (Co/Ba/MgO) was prepared by a 

sequential impregnation method. First, a commercial MgO support (MgO-500A, Ube Material 

Industries, Ltd., Japan) was added to an aqueous solution of Ba(OH)2 (FUJIFILM Wako Pure 

Chemical Corporation, Japan). The amount of Ba was fixed at Ba/(Ba + Mg) = 0.01 mol/mol. 

After stirring for 1 h, the aqueous solvent was removed by rotary evaporation. The obtained 

powder was calcined at 700 °C for 5 h in static air. Next, the support was impregnated with 

cobalt(II) acetylacetonate hydrate (Co(acac)2) in tetrahydrofuran (both FUJIFILM Wako). The 

Co loading was fixed at 20 wt% for each catalyst. The mixture of impregnated support and 

Co(acac)2 was dried in a rotary evaporator, and the obtained powder was heated to 500 °C under 

an Ar stream and kept at 500 °C for 5 h to remove the ligand from the Co(acac)2. Co/MgO without 

Ba additive was prepared by using the same procedure as that used to prepare Co/Ba/MgO but 

excluding the process of impregnation, drying, and calcination of Ba(OH)2. Three benchmark Ru 

catalysts (Ru/La0.5Ce0.5Ox, Ru/CeO2, and Cs+/Ru/MgO) were also prepared by using the procedure 

we reported previously.14,33 

Evaluation of ammonia synthesis activity. Ammonia synthesis activity was evaluated using a 

conventional flow system under a pressurized atmosphere. In brief, pelleted catalyst was added 

to a tubular Inconel reactor (The Nilaco Corporation, Japan) and reduced in a flow of pure H2 at 

500 or 700 °C for 1 h at 0.1 MPa and then cooled to 300 °C in an Ar stream. After the pressure 

was adjusted at 300 °C, a H2/N2 mixture [3:1 (mol/mol)] was fed into the reactor. In this report, 

all of the pressures cited are absolute pressures. The ammonia synthesis rate was determined from 

the rate of decrease of electron conductivity of a sulfuric acid solution, as monitored with an 

electron conductivity detector (CM-30R, DKK-TOA, Japan). The detailed test procedure is 

provided in Supporting Information. 
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Kinetic analysis. Reaction kinetics were analyzed by using a previously reported method.34-36 

The reaction orders with respect to N2, H2, and NH3 were determined by measuring the N2, H2, 

and NH3 pressure dependence of the ammonia synthesis rate under assumption of the following 

rate expression: 

𝑟 = 𝑘𝑃మ
 𝑃ୌమ

 𝑃ୌయ
  

Catalyst characterization. High-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) images and EDX elemental maps were obtained by using Cs-

STEM equipped with an EDX detector (JEM-ARM200CF, JEOL, Japan). To investigate the 

physiochemical properties of the catalysts, specific surface area based on the 

Brunauer−Emmett−Teller theory and H2 chemisorption capacity were measured. Infrared spectra 

of adsorbed N2 were measured with a spectrometer (FT/IR-6600, JASCO, Japan) equipped with 

a mercury–cadmium–telluride detector. X-ray diffraction (XRD) analysis was performed with a 

SmartLab X-ray diffractometer (Rigaku, Japan). XAFS measurements of the Co K-edges were 

performed on the BL01B1 beamline at SPring-8 (Hyogo, Japan) with the approval of the Japan 

Synchrotron Radiation Research Institute (Hyogo, Japan). Detailed procedures used in the 

characterization are described in Supporting Information. 

Computational details. To examine the effect of BaO on catalytic activity, density-functional 

theory calculations were performed for Co20, BaO/Co20, N2/Co20, and N2/BaO/Co20 by using the 

TURBOMOLE program37 using the resolution-of-the-identity approximation, Perdew–Burke–

Ernzerhof functional,38 and the def-SV(P) basis set4 along with the relativistic effective core 

potential for Ba.39 The model of the Co20 cluster was assumed to have a tetrahedral geometry with 

four (111) faces, as we assumed previously for the interaction between NH3 and Pt or Cu 

catalysts.40,41 
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Results and Discussion 

Ammonia synthesis activity of Co@BaO/MgO-700red.  

First, we evaluated the NH3 synthesis activity of Co@BaO/MgO-700red (Fig. 1). Figure 1a 

shows the temperature dependence of the ammonia synthesis rates of Co@BaO/MgO-700red, 

Co/Ba/MgO-500red, and Co/MgO-700red. The ammonia synthesis rate of Co@BaO/MgO-

700red was much higher than those of Co/Ba/MgO-500red and Co/MgO-700red across the 

temperature range examined (150–450 °C). At 350 °C, the ammonia synthesis rate of 

Co@BaO/MgO-700red (24.6 mmol h−1 gcat
−1) was around 10 times that of Co/Ba/MgO-500red 

and around 77 times that of Co/MgO-700red (Table 1). In addition, Co@BaO/MgO-700red 

showed catalytic activity at temperatures below 300 °C (10.5 mmol h−1 gcat
−1), whereas the other 

two catalysts did not. Although a direct comparison of the activity of Co@BaO/MgO-700red with 

that of previously reported catalysts is difficult because of the different Co loadings, reaction 

pressures, and space velocities used, the ammonia synthesis activity of Co@BaO/MgO-700red 

was comparable to or higher than that of other reported Co catalysts (Table S1). Co@BaO/MgO-

700red also showed a higher ammonia synthesis rate per weight of catalyst at and below 400 °C 

than did Co/Ba-Ca(NH2)2, which is the most active Co catalyst reported to date.12 Thus, these 

results clearly showed that Co@BaO/MgO-700red had high catalytic activity, and that this high 

catalytic activity was a result of doping with Ba and pre-reduction at high temperature.  

Figure 1b shows Arrhenius plots for Co@BaO/MgO-700red, Co/Ba/MgO-500red, and 

Co/MgO-700red. The calculated apparent activation energies were 51.9, 77.5, and 80.4 kJ mol−1, 

respectively, indicating that doping with Ba and reduction at high temperature decreased the 

apparent activation energy, which explains the high ammonia synthesis rate of Co@BaO/MgO-

700red. 
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Figure 1. Evaluation of the ammonia (NH3) synthesis activities of MgO-supported Co catalysts. 

(a) Temperature dependence of NH3 synthesis rate and yield at 1.0 MPa. (b) Arrhenius plots for 

NH3 synthesis reactions at 1.0 MPa. (c) Ammonia synthesis rate at 350 °C over supported Co or 

Ru catalysts reduced at the optimal temperature for that catalyst. xxxred means the catalyst was 

pre-reduced at xxx °C. (d) Time course of ammonia formation rate over Co@BaO/MgO-700red 

at 350 ºC, 1.0 MPa. 

 

Figure 1c shows a comparison of the catalytic activities of Co@BaO/MgO-700red, Co/MgO, 

and three previously reported Ru catalysts at 350 °C and 1.0 or 3.0 MPa. Under such low 

temperature, Ru catalyst shows much higher activity than Fe and Co based catalyst.42 At 1.0 MPa, 

Co@BaO/MgO-700red showed a higher ammonia synthesis rate compared with that of 

Cs+/Ru/MgO, an Ru catalyst often used as a benchmark of ammonia activity,10,31,43 and that of 

Ru/CeO2, which a national project in Japan has suggested is a potential candidate for use in 
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ammonia synthesis processes using renewable energy;32 however, it had a lower ammonia 

synthesis rate than that of Ru/La0.5Ce0.5Ox, which is one of the most active Ru catalysts reported 

to date.33,44 When the reaction pressure was increased to 3.0 MPa, the ammonia synthesis rate of 

Co@BaO/MgO-700red was markedly increased to 48.4 mmol gcat
−1 h−1, which was higher than 

that of the three Ru catalysts. Note that the ammonia synthesis rate of the Ru catalysts did not 

increase as much as it did for Co@BaO/MgO-700red when the reaction pressure was increased 

from 1.0 to 3.0 MPa. 

To understand more about the underlying causes of the different catalytic behaviors among 

Co@BaO/MgO-700red and the three Ru catalysts, we performed kinetic analyses at 350 °C 

(Table S2 and Fig. S1). The reaction order with respect to N2 was in the range of 0.76–1.07 for 

all of the catalysts, suggesting that the rate-determining step for ammonia synthesis over each 

catalyst was dissociation of N≡N. The reaction order with respect to H2 for the Ru catalysts was 

in the range of −0.76 to 0.15, which is likely a result of the strong hydrogen adsorption character 

of Ru. Hydrogen adsorption on the surface of the catalyst can poison the catalyst, reducing its 

catalytic activity, which is a major drawback for most oxide- or carbon-supported Ru catalysts.45. 

Thus, the low reaction order with respect to H2 for the Ru catalysts explains the observed moderate 

increase of ammonia synthesis rate when the reaction pressure was increased from 1.0 to 3.0 MPa 

(Fig. 1c). In contrast, the reaction order with respect to H2 for Co@BaO/MgO-700red was 0.37, 

indicating that this catalyst is free from hydrogen poisoning, which explains the large increase in 

ammonia synthesis activity observed for this catalyst when the reaction pressure was increased 

(Fig. 1c). Together, these results demonstrate that Co@BaO/MgO-700red has the potential to 

replace Ru catalysts for ammonia synthesis under mild reaction conditions. The high ammonia 

synthesis rate over Co@BaO/MgO-700red remained stable for 50 h at 350 °C and 1.0 MPa (Fig. 

1d), demonstrating the long-term stability of Co@BaO/MgO-700red.We also compared the 
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ammonia synthesis activity of Co@BaO/MgO-700red with that of a commercial wüstite-based 

fused iron catalyst (AmoMax 10RS, Clariant, Japan) (400 °C, 0.1–6.0 MPa). The ammonia 

synthesis rate of Co@BaO/MgO-700red increased linearly from 5.6 to 141 mmol h−1 gcat
−1 as the 

pressure was increased from 0.1 to 6.0 MPa and was higher than that of the commercial fused 

iron catalyst at all pressures examined (Fig. S2). The difference in activity between the two 

catalysts was more pronounced at higher pressures. These results indicate the potential of using 

Co@BaO/MgO-700red to replace Fe-based catalysts for the industrial production of ammonia via 

the Haber–Bosch process. 

 

Influence of Ba on the ammonia synthesis activity of MgO-supported Co catalysts 

To elucidate the effect of doping with Ba on the ammonia synthesis activity of the Co catalyst, 

we first compared the physicochemical properties of Co/MgO catalysts reduced at 700 °C with 

or without Ba doping (Table 1). Co@BaO/MgO-700red (Entry 1) had a slightly smaller specific 

surface area than did Co/MgO-700red (Entry 3), and the Co particles of Co@BaO/MgO-700red 

were slightly larger than those of Co/MgO-700red. However, Co@BaO/MgO-700red had an H2 

chemisorption capacity that was one-third that of Co/MgO-700red. Furthermore, the turnover 

frequency of Co@BaO/MgO-700red was more than 60 times greater than that of Co/MgO-700red. 

Together, these results indicate that Ba has strong structural and chemical interactions with Co 

that result in a catalyst with a small number of highly active Co sites for ammonia synthesis. 
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Table 1. Physicochemical properties and catalytic performance of supported Co catalysts 

Entry Catalyst 

 

SSA[a] 

[m2 gcat
−1] 

H2 

chemisorption

[b] 

[μmol gcat
−1] 

d[c] 

[nm] 

Rate[d] 

[mmol gcat
−1 h−1] 

TOF[e] 

[s−1] 

Fraction 

of Co0[f] 

[at.%] 

1 Co@BaO/MgO-700red 42.0 13.9 10.6 ± 3.4 24.6 0.255 92.6 

2 Co/Ba/MgO-500red 61.9 24.6 6.3 ± 1.0 2.3 0.013 71.4 

3 Co/MgO-700red 47.6 42.6 7.6 ± 1.2 1.1 0.004 78.9 

[a] Specific surface area. 

[b] Dispersion estimated from the H2 chemisorption capacity. 

[c] Mean diameter of Co nanoparticles estimated by transmission electron microscopy. 

[d] Ammonia synthesis rate at 350 ºC and 1.0 MPa. 

[e] Turnover frequency. Calculated from the H2 chemisorption value and the NH3 synthesis rate shown in Table 1. 

[f] Estimated by linear combination analysis of Co K-edge X-ray absorption near edge structure spectra. 

 

Next, we performed an XAFS analysis to investigate how Ba doping changed the state and 

local structure of Co in the catalyst. Co K-edge XANES spectra for Co/Ba/MgO and Co/MgO are 

shown in Figure 2 together with the spectra for several reference samples. The spectrum for as-

prepared Co/Ba/MgO (spectrum f) and Co/MgO (spectrum i) was comparable with that of CoO, 

suggesting that the valence of Co in the catalyst was +2, as it is in the Co precursor, Co(acac)2. 

After reduction of the catalyst at 700 °C, the peaks shifted to a lower energy, and a characteristic 

pre-edge peak at 7707 eV was observed (spectra h and j), indicating that the Co2+ in Co/Ba/MgO 

and Co/MgO were reduced to the metallic state. Linear combination of the Co K-edge XANES 

spectra of CoO and Co foil indicated that the degree of reduction of Co in Co@BaO/MgO-700red 

and Co/MgO-700red was 93% and 78%, respectively. These results indicate that oxidic Co, which 
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contains an electron-withdrawing oxygen atom, is reduced to metallic Co during reduction and 

that the addition of Ba promoted this reduction of oxidic Co. 

The k3-weighted extended XAFS (EXAFS) spectra and their Fourier transforms (FTs) for the 

catalysts and reference samples are shown in Figure S3, and curve fitting results for the catalysts 

are summarized in Table S3. The FT EXAFS spectra for the as-prepared Co catalysts were 

comparable with the spectrum for CoO. However, the FT EXAFS spectra of Co/MgO-700red and 

Co@BaO/MgO-700red were comparable with those for metallic Co, including a small 

contribution from CoO. These results are consistent with the results obtained from the XANES 

spectra. The FTs of Co@BaO/MgO-700red and Co/MgO-700red both showed a peak at 2.48–

2.49 Å that was assigned to the Co−Co bond. Curve fitting revealed that the coordination number 

of Co−Co bonds for Co@BaO/MgO-700red was 10.7 ± 0.5 and for Co/MgO-700red was 9.0 ± 

0.5 (Table S3), suggesting that the Co nanoparticles in Co@BaO/MgO-700red were slightly 

larger than those in Co/MgO-700red, which is consistent with our STEM observations (Table 1). 
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Figure 2. Normalized Co K-edge X-ray absorption near-edge structure spectra for as-prepared 

and reduced Co/MgO and Co/Ba/MgO catalysts, and for reference samples. xxxred means the 

catalyst was pre-reduced at xxx °C. 

 

We also examined the surface structure of Co@BaO/MgO-700red by Cs-STEM observation 

and elemental distribution mapping (Fig. 3). To avoid exposure of the sample to the air, we used 

a special STEM holder with a gas cell to transfer the catalyst sample from an inert gas 

environment to the inside of the STEM column.14,33 EDX elemental maps showed that Ba was 

localized around the Co nanoparticles (Fig. 3b–e). In addition, high-resolution, high-

magnification HAADF-STEM images clearly showed that the Co nanoparticles were 

encapsulated within low-crystalline nano-fractions of Ba compounds (Fig. 3a, f, g). These results 

are interesting because during preparation of the catalyst the Ba was loaded to the MgO support 

before the Co precursor, meaning that the encapsulation of the Co nanoparticles occurred during 
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reduction. This encapsulation likely explains the much lower H2 chemisorption observed for 

Co@BaO/MgO-700red than for Co/MgO-700red (Table 1). Thus, we attributed the high catalytic 

activity of Co@BaO/MgO-700red to highly active Co nanoparticles contacting with nano-

fractions of Ba compounds with low electronegativity. 

 

 

Figure 3. High-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) images and energy dispersive X-ray (EDX) maps of Co@BaO/MgO-700red without 

exposure to air. (a) HAADF-STEM image. (b) Overlay EDX map. (c) Mg K. (d) Co K. (e) Ba L. 

(f) HAADF-STEM image of the area indicated by the red square in (a) and (b). (g) Schematic 

representation of the surface structure of Co@BaO/MgO-700red. 

 

Next, we investigated the influence of Ba on the activation (i.e., cleavage) of N≡N by means 

of Fourier transform infrared (FT-IR) spectroscopy of 14N2 or 15N2 before and after adsorption on 

Co/MgO-700red or Co@BaO/MgO-700red at −140 °C (Fig. 4a). Ohnishi et al. have reported that 
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the stretching vibration mode of molecular 14N2 adsorbed on the Co atom of Co/Al2O3 is 

attributable to a peak at 2214 cm−1.46 The FT-IR spectra for 14N2 adsorbed on Co/MgO-700red 

showed a sharp peak at 2179 cm−1, which is slightly lower than the value reported by Ohnishi et 

al. When 15N2 was adsorbed, a peak at an even lower wave number (2107 cm−1) was observed; 

however, this wave number is in good agreement with the value estimated by considering the 

isotopic labeling effect (2179 × (14/15)1/2 = 2105 cm−1).47,48 Thus, these two peaks were attributed 

to N2 adsorbed on Co. In contrast, the FT-IR spectra for Co@BaO/MgO-700red showed a broad, 

shallow peak at 1813 cm−1 for 14N2 and at 1755 cm−1 for 15N2, and we confirmed that these peaks 

are assignable to molecular N2 by considering the isotopic labeling effect (1813 cm−1 × (14/15)1/2 

= 1751 cm−1). The peaks for Co@BaO/MgO-700red were at a much lower wave number than the 

peaks for Co/MgO-700red, indicating that the N≡N bond of N2 adsorbed on Co@BaO/MgO-

700red was markedly weakened by the presence of Ba compounds. 

To study the influence of Ba on the electronic state of Co at the atomic scale, we used density-

functional theory calculations to estimate the natural charge of the Co atoms in a tetrahedral Co20 

cluster (four fcc-(111) faces) associated with one BaO molecule. In the initial structure, the Ba 

atom was placed above the center of one of the 111 faces. The optimized structure of the BaO/Co20 

system is given in Figure 4b. Note that the state of the Ba compounds in the catalyst was clarified 

in later analyses to be BaO. The charges of each of the Ba, O, and Co atoms are shown in Figure 

S5 together with a ball-and-stick representation of the optimized structure with a color overlay of 

atomic charge. Figure 4c shows a summary of the data shown in Figure S5. Assuming that the 

total charge of the BaO/Co20 cluster is neutral, the total positive charge of BaO (+0.18; sum of Ba 

(+1.33) and O (−1.15)) indicates that an electron is transferred from the Ba2+ of BaO to the Co20 

cluster. The two Co atoms (Co4 and 5 in Fig. 1c) bonded with the O atom and to Co1 were 

strongly positively charged. In contrast, the Co atom closest to the Ba atom (Co1) was strongly 
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negatively charged, indicating electron donation from the Ba atom. The remaining seven Co 

atoms bonded to Co1 (Co2, 3, 6, 7, 14, 15, and 16) were also negatively charged but to different 

degrees, which can be explained by the Ba atom being offset from the center of the face. The 

remaining Co atoms in the cluster had almost a neutral charge. Together, these results clearly 

indicate that an electron is transferred from BaO to the Co cluster, and that the charge transfer is 

largest around the Ba atom but then decreases with increasing distance from the Ba atom. 

To examine how the presence of BaO affects N2 adsorption on the Co20 cluster, we performed 

geometry optimizations for N2/Co20 (Fig. S6) and N2/BaO/Co20 (Fig. S7). For BaO/Co20, in most 

optimized structures starting by placing N2 on the same face to BaO, N2 was generally adsorbed 

on the Co atoms adjacent to the Ba atom. A two-dimensional plot of wave number and intensity 

of stretching vibration of N2 on Co20 (blue) or BaO/Co20 (red), estimated by density-functional 

theory analysis, is shown in Figure 4d. Irrespective of the presence or absence of BaO, a red shift 

(shift to a lower wave number) of the vibrational frequency for the N≡N stretching mode was 

observed upon adsorption of N2 to the cluster. However, the red shift was larger for side-on than 

for end-on configurations for both N2/Co20 and N2/BaO/Co20. End-on adsorption to a bridge site 

showed a red shift that was larger than that for atop configuration. When N2 was adsorbed in the 

same configuration on Co20 and BaO/Co20, the wave number was shifted lower for BaO/Co20 than 

it was for Co20 due to electron donation from BaO to N2 via Co. The intensity of N2 stretching 

mode decreased with decreasing wave number, probably due to weaker polarization of adsorbed 

N2. In addition, the Wiberg bond index49 of N2 adsorbed on Co20 was around 1.9 to 2.4 and around 

1.2 to 1.8 for end-on and side-on configurations, respectively; the Wiberg bond index of N2 

adsorbed on BaO/Co20 showed a similar red shift for different configurations, but the values were 

smaller than those for Co20, indicating that N≡N is weakened upon adsorption to the cluster and 

that this weakening of the bond is facilitated in the presence of BaO. 
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Note that the calculated wave number of adsorbed N2 on Co20 with end-on configuration was 

1823 to 2146 cm−1 (Fig. S6), which is in agreement with the wave number obtained by IR 

measurement of Co/MgO-700red (2179 cm−1). Furthermore, the calculated wave number of 

adsorbed N2 on negatively charged Co atoms in BaO/Co20 with end-on configuration was 1652 to 

1980 cm−1, which is in agreement with the wave number obtained by IR measurement of 

Co@BaO/MgO-700red (1813 cm−1) (Fig. 4a). These results indicate that N2 is adsorbed on 

Co@BaO/MgO-700red and Co/MgO-700red in an end-on orientation and that an electron is 

strongly donated to the antibonding π-orbitals of the N≡N bond from BaO via adjacent Co atoms. 

Furthermore, the triple bond of molecular N2 adsorbed on Co@BaO/MgO-700red seems to be 

weakened to about the strength of a double bond because the Wiberg Bond Index is estimated to 

be around 1.6 to 2.1. To the best of our knowledge, this is the first spectroscopic and theoretical 

evidence that Ba works as an “electronic promoter” in a Co-based ammonia synthesis catalyst. 
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Figure 4. Fourier transform infrared spectra of N2 and density-functional theory analysis. (a) 

Infrared spectra of N2 before and after adsorption on Co/MgO-700red and Co@BaO/MgO-700red. 

(b) Optimized structure of the BaO/Co20 cluster. (c) Optimized structure of the BaO/Co20 cluster 

with a color overlay of atomic charge. (d) Two-dimensional plot of the N≡N stretching mode for 

N2/Co20 (blue) and N2/BaO/Co20 (red), with the x- and y-axes showing the wave number and 

intensity of the N2 stretching mode, respectively. The complete sets of optimized structures are 

shown in Figures S6 and S7. 

 

Influence of high-temperature reduction on catalytic properties. As already discussed, we 

found that the ammonia synthesis rate of Co/Ba/MgO was increased by increasing the reduction 

temperature from 500 to 700 °C (Fig. 1). We therefore investigated the effect of reduction 

temperature on the physiochemical properties and structure of the catalyst (Table 1, Entries 1 and 

2). When the reduction temperature was increased from 500 to 700 °C, the specific surface area 

was decreased from 61.9 to 42.0 m2 gcat
−1. The mean diameter of Co particles was increased from 

6.3 to 10.6 nm, indicating that the higher temperature induced sintering of the catalyst. At the 

same time, the H2 chemisorption value decreased from 24.6 to 13.9 µmol gcat
−1, meaning that the 

number of available Co sites was decreased by reduction at the higher temperature. In contrast, 

turnover frequency drastically increased from 0.013 to 0.255 with the increase in reduction 

temperature. 

To understand why the turnover frequency increased with the increase in reduction temperature, 

we characterized the two catalysts by using several analysis methods. The degree of Co reduction 

estimated by linear combination of the Co K edge XANES spectra of CoO and Co foil was 71.4% 

and 92.6% for Co/Ba/MgO-500red and Co@BaO/MgO-700red, respectively, indicating that 

reduction at high temperature is essential to reduce inactive oxidic Co to active metallic Co (Fig. 
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2). The coordination number of Co−Co bonds for Co/Ba/MgO-500red and Co@BaO/MgO-

700red was 8.1 ± 0.6 and 10.7 ± 0.5, respectively (Table S3), indicating that the Co nanoparticles 

were sintered during the high-temperature reduction, which is consistent with our Cs-STEM 

observations (Table 1 and Fig. S4). 

To understand the localization of each element in Co/Ba/MgO catalyst, we carried out 

elemental mapping and Cs-STEM observation of the catalyst after exposure to air following 

reduction at 500 or 700 °C (Fig. 5). For Co/Ba/MgO-500red, Ba was distributed throughout the 

catalyst (Fig. 5a). XRD analysis of the catalyst revealed that the crystal structures of MgO and 

BaCO3 were periclase–type and witherite-type, respectively (Fig. S7). No peak shifts or peaks 

attributable to a composite of MgO and Ba species were observed. In contrast, for 

Co@BaO/MgO-700red, sintering of the MgO grains and Co nanoparticles was observed, and Ba 

was enriched on the surface of both sintered materials, particularly on the surface of the Co 

nanoparticles and at the Co/MgO interface. (Fig. 5b), indicating that Ba compounds encapsulated 

the Co nanoparticles. Thus, reduction at 700 °C, but not at 500 °C, resulted not only in sintering 

of the support and catalyst but also rearrangement of Ba compounds on the catalyst surface. 
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Figure 5. High-angle annular dark-field (HAADF) scanning transmission electron microscopy 

images and energy dispersive X-ray spectrometry maps of (a) Co/Ba/MgO-500red and (b) 

Co@BaO/MgO-700red. (c) Schematic illustration of the formation of the surface structure of 

Co@BaO/MgO-700red during reduction to 700 °C. 

 

To understand how reduction influenced the state of the Ba and Mg compounds in Co/Ba/MgO, 

we measured IR spectra of as-prepared catalyst and of catalyst after reduction at 500 or 700 °C 

(Fig. 6). As-prepared Co/Ba/MgO showed characteristic peaks assignable to Ba(OH)2 (2814 

cm−1),50,51 BaCO3 (2447, 1748, 1443, and 1058 cm−1),51 and MgCO3 (1555 cm−1). A broad peak 

at 3750 to 2500 cm−1 was assigned to water moisture adsorbed on the catalyst surface. After 

reduction at 500 °C, only the peaks attributed to BaCO3 (1748 and 1443 cm−1) and MgCO3 (1555 

cm−1) were observed. After reduction at 700 °C, the four peaks assigned to BaCO3 and the peak 

assigned to MgCO3 were not observed, indicating that reduction at high temperature (i.e., 700 °C), 

but not at low temperature (i.e., 500 °C), was needed to completely remove carbonates from the 

catalyst. Similar results were obtained by XRD analysis (Fig. S3), where as-prepared Co/Ba/MgO 
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and Co/Ba/MgO-500red showed small diffraction peaks assignable to BaCO3. The presence of 

carbonate decreases the electron-donating ability of the support material; therefore, we concluded 

that one of the reasons for the enhanced turnover frequency of the catalyst reduced at 700 °C was 

complete decomposition of BaCO3 and MgCO3 by hydrogen and the formation of BaO and MgO, 

which have strong electron-donating ability. 

 

 

Figure 6. Infrared spectra for Co/Ba/MgO before and after reduction at 500 or 700 °C. 

 

Surface rearrangement and construction of the active sites in Co@BaO/MgO-700red during 

reduction. Finally, we considered the formation of the surface structure of Co@BaO/MgO-

700red during reduction at high temperature (Fig. 5c). As already discussed, a major part of the 

Ba in the as-prepared catalyst was found to exist as BaCO3. The BaCO3 were decomposed only 

partly by reduction at 500 ºC but were fully decomposed by reduction at 700 ºC by hydrogen 

activated on the Co nanoparticles. The decomposition reaction of BaCO3 proceeds as follows 

resulting in the production of BaO: 
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BaCO3 + 4H2 → BaO + CH4 + 2H2O 

 

During the decomposition of BaCO3, Ba(OH)2 may be formed and is decomposed to BaO. Ba 

compounds generally have lower melting points than their Mg counterparts, so the Ba compounds 

are able to move across the catalyst surface during reduction at high temperature (Table S4). In 

addition, Ba compounds have low affinity for Mg compounds because both have basic properties. 

Such low affinity likely drives the migration of Ba compounds over the Co nanoparticles. The Co 

nanoparticles, in which Co oxide is reduced to metallic Co during reduction, also move across the 

support surface, come into contact with one another, and become sintered. Meanwhile, Co 

nanoparticles collect the Ba compounds due to their strong affinity for one another, which leads 

to the formation of Co nanoparticles encapsulated by a nano-fraction of BaO. In particular, 

Ba(OH)2, which has a low melting point (408 °C), is liquefied Ba(OH)2 and also migrates to the 

surface of Co nanoparticles, where it decomposes to BaO, which has a high melting point 

(1920 °C); the BaO then quickly coagulates as a nano-fraction with an internal void through which 

gases can pass. Such a unique structure allows for exceptional electron donation from BaO via 

adjacent Co atoms to adsorbed N2, which strongly promotes cleavage of the N≡N bond. 

 

Conclusions 

Here, we report that encapsulation of Co nanoparticles with BaO markedly enhanced the ammonia 

synthesis activity of Co catalyst. The developed Co@BaO/MgO catalyst showed higher activity 

than the Co-based catalysts currently reported in the literature and other active Ru catalysts under 

mild reaction conditions. We experimentally and theoretically clarified that strong electron 

donation from BaO to surface Co atoms is the key factor in activating the N≡N bond, which is 
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the rate-determining step for ammonia synthesis, although this strong electron donation was found 

to be limited to a very short range atomically. Therefore, to maximize the effect of BaO, it is 

essential to place the Ba atom as close as possible to the Co atoms. We found that this could be 

achieved by H2 reduction of the catalyst at an unusually high temperature, which resulted in 

surface rearrangement and the formation of BaO-encapsulated Co nanoparticles on the catalyst 

surface in which all of the surface-available Co sites were adjacent to nano-fractions of BaO. Our 

findings are expected to be useful for the development of an innovative, cost-effective, and 

practical catalyst for the synthesis of green ammonia under mild conditions, which is an important 

step toward the realization of a sustainable and carbon-free society. 
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