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Experimental Methods 
General procedure 

For all gas-flow experiments, extra-pure H2 (>99.99999 vol.%), N2 (>99.99995 vol.%), Ar 
(>99.9999 vol.%), and mixture of N2/H2 (25% vol.%, O2 impurity < 0.00001 vol.%, H2O impurity < 
0.00005 vol.%) were used. Oxygen- and moisture-sensitive samples were handled under a dry and 
oxygen-free Ar atmosphere in an Mbraun glovebox. The Ar was constantly circulated through a 
copper/molecular sieves catalyst unit. The oxygen and moisture concentrations in the glovebox 
atmosphere were monitored by an O2/H2O Combi-Analyzer (Mbraun) to ensure both were always 
below 0.1 ppm. 
 
Preparation of supported molybdenum cluster catalyst precursor 

A molecular hexanuclear cluster complex (H3O)2[(Mo6Cl8)Cl6]·6H2O (1) was prepared 
according to published procedures.1a The resulting 1 was heated in vacuo to afford Mo6Cl12, followed 
by extraction with hot hydrochloric acid and recrystallization, before use.1b HY zeolite (HSZ-
390HUA with a SiO2/Al2O3 molar ratio of 810) and HZSM5 zeolite (HSZ-891HOA with a 
SiO2/Al2O3 molar ration of 2120) were purchased from Tosoh Co. (These SiO2/Al2O3 molar ratios 
were analyzed for the used samples before the purchase.) Mesoporous silica MCM-41 was purchased 
from Sigma-Aldrich. These supports were used as received. The supported Mo clusters were prepared 
using a conventional impregnation method. A methanol solution of 1 (8.3×10–4 wt%) was added to 
each support with a weight ratio of 1 and the support as 5:95 (2.36 wt% Mo), followed by stirring of 
the resulting suspension for 2 h at room temperature. The solvent was removed in vacuo using a rotary 
evaporator, until the weight of the resulting solid was the same as the total weight of 1 and the support 
before the impregnation procedure. The resulting supported 1 was air-stable and stored in air.  

 
Ammonia synthesis 

Ammonia synthesis at an absolute pressure of 1.0 MPa was carried out by use of a vertical 
continuous-flow fixed-bed reactor with a reaction tube (i.d. 9.4 mm, o.d. 12.7 mm, length 290 mm) 
made of Inconel which is corrosion-resistant to hydrogen chloride.2 Typically, a weighed sample of 
supported cluster 1 (0.2 g) was placed at the center of the tube with the aid of quartz wool and another 
Inconel tube for fixing the position of the precursor sample, followed by connection of a metal three-
way valve and a metal escape pipe to the upper and lower ends of the reaction tube, respectively. The 
tube was placed in an electric furnace, and the valve was connected to the reactor. The precursor was 
heated under H2 flow (300 mL min–1) at atmospheric pressure from room temperature to 600 °C in 1 
h and held at the temperature for 3 h. The catalyst was allowed to be cooled to the reaction 
temperature, and the escape pipe was replaced with a diaphragm back-pressure valve. After 
stabilization of the temperature, the ammonia synthesis reaction was carried out under N2/H2 flow 
(1:3 molar ratio, 60 mL min–1) at 1.0 MPa. For evaluation of apparent activation energy, the reaction 
temperature was subsequently changed without changing the other reaction conditions. 

Ammonia synthesis at absolute pressures of 2.0–5.0 MPa was carried out by use of an 
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explosion-proof high-pressure continuous-flow reactor with a piston back-pressure valve (Nakamura 
Choukou Co., Ltd., custom-made). A weighed supported cluster sample (0.2 g) was first activated 
under H2 in the same way as for the activation before ammonia synthesis at 1.0 MPa, followed by 
cooling to room temperature. Because the resulting activated sample was air-sensitive, the sample 
was first purged with Ar flow, and a metal two-way valve was connected to the lower end of the 
Inconel tube during the purge. After the atmosphere inside the tube was replaced with Ar, the valves 
on both ends were closed, followed by transfer of the tube into the Ar-filled glovebox. The sample 
was then transferred into the center of an explosion-proof Inconel reaction tube (i.d. 9.4 mm, o.d. 12.7 
mm, length 230 mm) with the aid of new quartz wool and another Inconel tube. After connection of 
an explosion-proof metal three-way valve and a stopper to the upper and lower ends of the reaction 
tube, respectively, the tube was taken out of the glovebox, placed vertically in an explosion-proof 
electric furnace (MHI Solution Technologies Co., Ltd., custom-made), and connected to the reactor. 
The catalyst was heated under N2/H2 flow (1:3 molar ratio, 60 mL/min) at atmospheric pressure from 
room temperature to the reaction temperature in 1 h. After stabilization of the temperature, the 
ammonia synthesis reaction was carried out under the N2/H2 flow at the reaction pressure. 

The rate of ammonia formation by use of both reactors was determined by bubbling the vent 
gas from the back-pressure valve into a 0.0025 M oxalic acid solution, followed by its analysis with 
an ion chromatography (HIC-20A sp, Shimadzu) with a cation-exchange Shim-pack IC-C4 column 
(Shimadzu). 

 
Kinetic analysis 

The experimental data for determination of the reaction orders were obtained, using the same 
reaction apparatus as for the ammonia synthesis at 1.0 MPa. To avoid limitations by diffusion and 
adsorption/desorption, a reduced amount of catalyst (0.025 g) was used.3 After heating the supported 
cluster samples under a flow of atmospheric H2 from room temperature to 600 °C in 1 h and held at 
600 °C for 1 h, the reaction was performed under a mixture of N2, H2, and Ar with various ratios at 
400 °C under 1.0 MPa. The constituent gases of the reactant (N2, H2, Ar mL min−1) were as follows: 
(6, 24, 30), (10, 24, 26), (15, 24, 21), and (22, 24, 14) for N2 order (n), (5, 24, 31), (5, 30, 25), (5, 42, 
13), and (5, 55, 0) for H2 order (h), and (5, 15, 0), (10, 30, 0), (15, 45, 0), and (20, 60, 0) for NH3 
order (a). The reaction orders were determined according to the published procedure,4 in which 
equations (S1) to (S5) were used. 

𝑟𝑟 = 𝑘𝑘𝑃𝑃N2
𝑛𝑛 · 𝑃𝑃H2

ℎ · 𝑃𝑃NH3
𝑎𝑎 (S1) 

𝑟𝑟 = (1/𝑤𝑤)𝑑𝑑𝑦𝑦0/𝑑𝑑(1/𝑞𝑞) (S2) 
log 𝑦𝑦0 = log(𝐶𝐶/𝑞𝑞)1/𝑚𝑚 (S3) 
𝑟𝑟 = (1/𝑤𝑤)(𝐶𝐶/𝑚𝑚)𝑦𝑦0(1−𝑚𝑚) (S4) 
𝐶𝐶 = 𝑘𝑘2 · 𝑃𝑃N2

𝑛𝑛 · 𝑃𝑃H2
ℎ (S5) 

Here, r, w, y0, q, C, and (1–m) represent ammonia synthesis rate, catalyst mass, ammonia mole 
fraction at the reactor outlet, flow rate, constant, and the reaction order with respect to NH3 (a), 
respectively. Recently, revised equations considering the effect of variation of the PNH3 with varying 
the PN2 for determination of the N2 reaction order have been suggested, and the reaction orders of 



S5 

around 0.5 for some catalysts have been suggested to increase to nearly 1.0 by use of the revised 
equations.5 The present supported Mo metal cluster catalysts showed very slight increase (less than 
0.05%) of the N2 reaction orders, using the revised equations, and therefore the effect could be 
ignored. 

In order to determine the RDS of ammonia synthesis over the supported Mo clusters, the 
experimental reaction rates were fitted to the calculated rates. When the synthesis reaction is assumed 
to obey the Langmuir–Hinshelwood (dissociative) mechanism, the following eight elementary steps 
can be established,6 

H2(gas) + * → H2(ad) (S6) 
N2(gas) + * → N2(ad) (S7) 
H2(ad) + * → 2H(ad) (S8) 
N2(ad) + * → 2N(ad) (S9) 
N(ad) + H(ad) → NH(ad) + * (S10) 
NH(ad) + H(ad) → NH2(ad) + * (S11) 
NH2(ad) + H(ad) → NH3(ad) + * (S12) 
NH3(ad) → NH3(gas) + * (S13) 

where * denotes the vacant site, and (gas) and (ad) mean gas-phase and adsorption species, 
respectively. Among these reaction step, steps (S9)–(S12) control the overall reaction rate owing to 
the large activation energy. Because the partial pressure of NH3 (PNH3) was much smaller than that of 
N2 (PN2) and H2 (PH2) at the outlet under the reaction conditions employed, the PNH3 was omitted. 
Finally, the following four rate equations were obtained. 

𝑟𝑟 =  𝑘𝑘�⃗ 4𝐾𝐾2𝑃𝑃N2
�1+𝐾𝐾1𝑃𝑃H2+𝐾𝐾2𝑃𝑃N2+�𝐾𝐾1𝐾𝐾3𝑝𝑝H2�

2      (S14) 

𝑟𝑟 =
𝑘𝑘�⃗ 5�𝐾𝐾1𝐾𝐾2𝐾𝐾3𝐾𝐾4�𝑃𝑃H2𝑃𝑃N2

�1+𝐾𝐾1𝑃𝑃H2+𝐾𝐾2𝑃𝑃N2+�𝐾𝐾1𝐾𝐾3𝑃𝑃H2+�𝐾𝐾2𝐾𝐾4𝑃𝑃N2�
2    (S15) 

𝑟𝑟 =
𝑘𝑘�⃗ 6𝐾𝐾1𝐾𝐾3𝐾𝐾5�𝐾𝐾2𝐾𝐾4𝑃𝑃H2�𝑃𝑃N2

�1+𝐾𝐾1𝑝𝑝H2+𝐾𝐾2𝑝𝑝N2+�𝐾𝐾1𝐾𝐾3𝑃𝑃H2+�𝐾𝐾2𝐾𝐾4𝑃𝑃N2+𝐾𝐾5�𝐾𝐾1𝐾𝐾2𝐾𝐾3𝐾𝐾4𝑃𝑃H2𝑃𝑃N2�
2  (S16) 

𝑟𝑟 =
𝑘𝑘�⃗ 7𝐾𝐾1𝐾𝐾3𝐾𝐾5𝐾𝐾6�𝐾𝐾1𝐾𝐾2𝐾𝐾3𝐾𝐾4𝑃𝑃H2�𝑃𝑃H2𝑃𝑃N2

�1+𝐾𝐾1𝑃𝑃H2+𝐾𝐾2𝑃𝑃N2+�𝐾𝐾1𝐾𝐾3𝑃𝑃H2+�𝐾𝐾2𝐾𝐾4𝑃𝑃N2+𝐾𝐾5�𝐾𝐾1𝐾𝐾2𝐾𝐾3𝐾𝐾4𝑃𝑃H2𝑃𝑃N2+𝐾𝐾1𝐾𝐾3𝐾𝐾5𝐾𝐾6�𝐾𝐾2𝐾𝐾4𝑃𝑃N2𝑃𝑃H2�
2   (S17) 

where 𝑘𝑘�⃗ 𝑖𝑖 is the rate constant for the forward reactions and Ki is the equilibrium constant in step i. 
Equations (S14)–(S17) are based on the assumption that the steps (S9)–(S12) are the RDS, 
respectively. For determination of the RDS for ammonia synthesis over the cluster on HY, the derived 
equations were separately fitted into sets of experimental rates using a least squares method and 
evaluated to determine which equations best described the experimental rates. 
 
Characterization 

Supported cluster samples after impregnation, H2-activation for 3 h at 600 °C under 
atmospheric pressure, and ammonia synthesis for 4 h at 400 °C under 1.0 MPa were prepared 
separately for characterization. The samples after the H2-activation and the ammonia synthesis were 
air-sensitive. Thus, the sample after each of these treatments was purged with a flow of Ar under 
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atmospheric pressure, and the lower end of the reaction tube was connected to a stainless two-way 
valve during the purge. After the atmosphere inside the tube was replaced with Ar, the stainless valves 
on both sides of the tube were closed, followed by transfer of the tube to the Ar-filled glovebox. The 
sample inside the tube was collected into a glass bottle for further analysis. 

X-ray absorption fine structure (XAFS) of the supported cluster samples were measured, using 
a T-shaped Pyrex-glass cell composed of a vertical part (30 mm length and 12.7 mm diameter) and a 
horizontal part (10 mm length and 8 mm diameter) with Pyrex-glass windows (0.3 mm thickness) at 
both ends of the horizontal part. The samples after impregnation (ca. 0.6 g) were introduced from the 
open end of the vertical part and sealed with a Swagelok fitting in air. The samples after the H2-
activation and the ammonia synthesis were prepared from 0.2 g of the precursor several times, 
collected, and packed in the cell in the same way as for the samples after impregnation. As standard 
samples, boron nitride-diluted unsupported cluster 1 was measured in the same way as for the samples 
after impregnation, whereas Na2MoO4 was measured in the form of a film. All the measurements 
were carried out using a synchrotron radiation ring at the BL5S1 or BL11S2 of Aichi Synchrotron 
Radiation Center with an Si (111) double-crystal monochromator in transmission mode. The energy 
of the X-ray was calibrated using the molybdenum foil. The XANES spectra were normalized to unity 
by their edge jumps. The EXAFS spectra were analyzed by the RIGAKU REX2000.7 After 
background subtraction, a k3-weighted EXAFS spectrum in the k range of 3.0–14.5 Å–1 was Fourier-
transformed into an R-space. The main peak region in the resulting FT-EXAFS spectrum was filtered 
and inversely Fourier-transformed into k space. The curve fitting analyses were carried out in the k 
range of 3.0–11.5, 3.0–14.0, and 3.0–14.5 Å –1 for 1/MCM41 after the H2-activation or the ammonia 
synthesis, 1/HY after the H2-activation or the ammonia synthesis, and the other samples, respectively. 
The standard cluster sample 1 and the cluster after impregnation showed one major peak in the main 
peak region, and the peak was fitted with a Mo–Mo shell and a Mo–Cl shell. Clusters on HZSM5 
after H2-activation and after ammonia synthesis exhibited FT-EXAFS spectra similar to that of 
metallic molybdenum with the base-centered cubic (bcc) structure. The region has two peaks which 
are attributed to the nearest and next nearest Mo–Mo with a coordination number ratio of 8 and 6, 
respectively. Thus, the two peaks were fitted with two Mo–Mo shells by fixing the coordination 
number ratio of 4:3. Clusters on HY after H2-activation and after NH3-synthesis included a bond 
between Mo and oxygen of the support. Thus, the two peaks in the main peak region in the FT-EXAFS 
spectra were fitted with a Mo–Mo shell and a Mo–O shell. The analysis for clusters on MCM41 after 
H2-activation and after ammonia synthesis was performed in the same way as for the clusters on HY. 
The Fourier-filtered data were then analyzed by means of the least-square curve-fitting method using 
the following equations (S18) and (S19),8 

𝜒𝜒(𝑘𝑘) = ∑ 𝑆𝑆𝑖𝑖𝑁𝑁𝑖𝑖𝐹𝐹𝑖𝑖(𝑘𝑘𝑖𝑖)e−2𝜎𝜎𝑖𝑖
2𝑘𝑘𝑖𝑖

2

𝑘𝑘𝑖𝑖𝑟𝑟𝑖𝑖2
𝑖𝑖  sin�2𝑘𝑘𝑖𝑖𝑟𝑟𝑖𝑖 + 𝜑𝜑𝑖𝑖(𝑘𝑘𝑖𝑖)� (S18) 

𝑘𝑘𝑖𝑖 = �𝑘𝑘2 − 2𝑚𝑚𝑒𝑒Δ𝐸𝐸𝑖𝑖/ℏ2 (S19) 
where Si, Ni, σi, and ri, are an inelastic reduction factor, a coordination number (CN), a Debye–Waller 
factor, and a bond distance for i-th shell, respectively. Fi(k) and φi(k) are a backscattering amplitude 
and a phase shift function for i-th shell, respectively. The amplitudes and phase shifts were calculated 
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by the FEFF8 code.9 ΔEi is a difference between experimentally determined photoelectron kinetic 
energy zero and that used for theoretical calculation for phase shift and amplitude functions of the i-
th shell. The fitted parameters were Ni, σi, ri, and ΔEi. The error of these four parameters was estimated 
using the Hamilton ratio test with a significance level of 0.317.10 A goodness of the fitting was 
evaluated using R factor defined as the equation (S20). 

𝑅𝑅 =  
∑�𝑘𝑘3𝜒𝜒obs(𝑘𝑘)−𝑘𝑘3𝜒𝜒calc(𝑘𝑘)�

2

∑�𝑘𝑘3𝜒𝜒obs(𝑘𝑘)�2
 (S20) 

The Ni values of the supported cluster samples were corrected by Si factors which were obtained from 
standard samples such as unsupported cluster 1 for Mo–Mo (0.64(0.04)) and Mo–Cl shells 
(0.79(0.03)) and Na2MoO4 for Mo–O shell (1.1(0.2)). 

STEM measurements were performed using a JEM-2100F/SP microscope operating at 200 kV. 
High-resolution STEM (HRSTEM) imaging, using a high-angle annular dark-field detector 
(HAADF), was performed using a FEI Titan Cubed G2 60-300 operated at 300 kV and equipped with 
a Cs probe corrector (DCOR from CEOS GmbH), a monochromator, and an ultra-bright X-FEG 
electron source. The convergence angle was 17.9 mrad. The typical probe current was set to 50 pA 
and the total dose on the sample varied between ~0.2–3 C cm–2 under the HRSTEM imaging 
conditions, which corresponds to low-dose conditions.11 

H2-TPR measurement was performed using a BELCAT-A catalyst analyzer (MicrotracBEL 
Co.) equipped with a thermal conductivity detector (TCD). Prior to the measurement, the catalyst 
sample (0.03 g) was preheated at 300 °C for 10 min and cooled to 40 °C in a helium stream (30 
mL/min). Subsequently, the sample was heated up to 600 °C in 5% H2/Ar feed (30 mL/min) at 10 
°C/min. 

Ammonia pulse measurements were performed using a BELCAT II catalyst analyzer 
(MicrotracBEL Co.) equipped with a TCD. Each inlet and outlet of the sample holder had a three-
way valve which was connected to each other by a bypass line. In the Ar-filled glovebox, a weighed 
sample (0.04 g) of the supported clusters or only the supports after the H2-activation was loaded in a 
quartz tube reactor, and the reactor was attached to the holder where the three-way valves were closed. 
Then the reactor was taken out of the glovebox and installed on the analyzer. After turning the valves 
to the bypass line and purging the line with a helium flow for ca. 20 min, the valves were turned to 
the reactor. The sample was heated up to 600 °C in 1 h and kept for 1 h in a hydrogen stream (100 
mL/min), followed by treatment with a helium flow (80 mL/min) for 30 min for removal of gaseous 
hydrogen and cooling down to 100 °C in the helium stream. Then ammonia diluted with helium (ca. 
10%) was pulsed to the sample at 100 °C using pure helium as the carrier gas, until the amount of 
ammonia at the outlet reached a constant value. The ammonia desorbed was monitored by the TCD 
detector. Pore volume and Brunauer–Emmett–Teller (BET) surface areas were determined using a 
BELSORP-maxII (MicrotracBEL Co.). A weighed sample (80 mg) of the supported clusters and only 
the supports after the H2-treatment or the ammonia synthesis was loaded in a glass sample cell in Ar 
atmosphere. Then the sample was evacuated at 300 °C for 12 h, followed by measurement of nitrogen 
adsorption−desorption isotherms at –196 °C. The BET and t-plot methods were used for estimation 
of the surface area and the pore volume, respectively.  
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Computational Methods 
DFT calculations 

All DFT calculations were performed using the Gaussian 16 program package.12 The B3LYP 
functionals with the def2-TZVP basis set were employed for H and N atoms, while the same type of 
basis set was used for Mo atoms in conjunction with the effective core potential. In geometry 
optimization, no symmetry constraint was imposed. To model the catalytic reaction on Y-zeolite, we 
first investigated the stable structures of the Mo6 cluster on Y-zeolite. To reduce the computational 
cost, we cut local ring structures of Y-zeolite taken from the database, and three types of local 
structures, denoted as (4+4)R, 6R, (4+6)R, were compared (see Fig. S18). (4+4)R represents the two 
adjacent four-membered oxygen rings, and 6R denotes the six-membered oxygen ring. (4+6)R is the 
local structure of the adjacent four-membered and six-membered oxygen rings. The Si−O bonds 
which are outside the ring structures are terminated and capped by hydrogen atoms, and all Si atoms 
in the rings are fixed to the crystal structure during the geometry optimization. We placed the Mo6 
cluster on the above three local structures, and the formation energy of the Mo6 cluster is compared. 
The most stable structures of Mo6 at each local structure are shown in Fig. S18. In (4+4)R model, the 
structure denoted as (4+4)R-I exhibits the strongest formation energy, and in this structure, three Mo 
atoms coordinate to the zeolite O atoms. We employ this structure in the investigation of the reaction 
mechanism throughout this paper. The interatomic distances of the Mo6 cluster at the optimized 
structures are given in Table S6. 

The adsorption energies of N2, H2, and intermediates in the reaction profiles were calculated 
according to 

6 6ad mol+Mo @HY mol Mo @HYE E E E∆ = − −  

where 
6mol+Mo @HYE  is the total electronic energy of the system while 

6Mo @HYE  and molE  are the energies 
of optimized Mo6@HY model mentioned above and isolated molecular species, respectively.  In this 
definition, the more negative value of adsorption energy indicates a stronger binding to the catalyst.  
The zero-point energies are included in the above definition, where only the vibrational frequencies 
of the adspecies were taken into account, while all Mo atoms and atoms in the zeolite framework are 
fixed. 
 
Microkinetic Analysis 

A microkinetic model13 was constructed to determine the dominant reaction pathway among 
all possible ones obtained by DFT calculations. In this model, a structure of multiple adsorbents on 
the Mo6 cluster was defined as one state, and the adsorption states such as μ2- and μ3-bridging N were 
distinguished. Using this model, it is possible to distinguish the pathways and discuss the reaction 
flow. Fig. S19 shows the potential energy diagram with the reaction flow determined by the 
microkinetic model. The dissociative pathway with the μ3-briding N and NHx pathway through B1 to 
B8 accounts for almost 99 % of the total reaction flow, and there is only less than 0.001 % of the 
reaction flow in the associative pathways C and D. 
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Tables and Figs. 
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Fig. S1. H2-TPR profile of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HY. 
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Sample 
After impregnation After H2-activation[a] After NH3-synthesis[b] 

Mo (wt%) Cl (wt%) Mo (wt%) Cl (wt%) Mo (wt%) Cl (wt%) 

(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HY 2.4 1.9 2.6 0.0 2.6 0.0 

(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HZSM5 2.4 1.9 2.5 0.0 2.5 0.0 

(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/MCM41 2.3 1.9 2.6 0.0 2.5 0.0 

 
 
 
 
  

Table S1. Elemental analysis results of supported Mo clusters. 

[a] Samples after impregnation were heated at 600 °C and atmospheric pressure for 3 h under H2 flow (300 
mL). [b] Samples after the H2-activation were subsequently subjected to N2/H2 flow (1:3 molar ratio, 60 
mL min–1) at 400 °C and 1.0 MPa (absolute pressure) for 4 h. 
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Fig. S2. STEM images of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HY after impregnation. (b) is an 
enlargement of the blue frame of (a). The pore stripes for (b) disappeared during the measurement 
owing to irradiation of the high-energy electron beam. Only the particles surrounded by the blue 
frame were analyzed because of no overlap of the HY layers. 
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Fig. S3. STEM images of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HY after H2-activation. Only the 
particles surrounded by the green frame in (a) and (b) were analyzed because of no overlap of the 
HY layers. The pore stripes for (b) disappeared during the measurement owing to irradiation of 
the high-energy electron beam. 

(a)

7.5 Å

50 Å

(b)

20 Å



S13 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig. S4. STEM images of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HY after ammonia synthesis. Only the 
particles surrounded by the green frame in (a), (b), and (c) were analyzed because of no overlap 
of the HY layers. 
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Fig. S5. STEM images of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HZSM5 after impregnation. (b) is an 
enlargement of the blue frame of (a). The pore stripes for (b) and (c) disappeared during the 
measurement owing to irradiation of the high-energy electron beam. In (a) and (b), only the 
particles surrounded by the blue frame except surrounded by the red frame were analyzed because 
of no overlap of the HZSM5 layers. In (c), only the particles surrounded by the green frame were 
analyzed because of no overlap of the HZSM5 layers. 
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Fig. S6. STEM images of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HZSM5 after H2-activation. Only the 
particles surrounded by the green frame were analyzed because of no overlap of the HZSM5 layers. 
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Fig. S7. STEM images of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HZSM5 after ammonia synthesis. Only 
the particles surrounded by the green frame were analyzed because of no overlap of the HZSM5 
layers. 
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24 Å

50 Å

Fig. S8. STEM images of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/MCM41 after impregnation. Only the 
particles surrounded by the green frame were analyzed because of no overlap of the MCM41 
layers. 
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Fig. S9. STEM images of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/MCM41 after H2-activation. The 
particles except surrounded by the red frame were analyzed because of no overlap of the MCM41 
layers. 
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Fig. S10. STEM images of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/MCM41 after ammonia synthesis. Only 
the particles surrounded by the green frame were analyzed because of no overlap of the MCM41 
layers. 
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Fig. S11. STEM particle size distributions of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HY (a) after 
impregnation, (b) after H2-activation, and (c) after NH3-synthesis, 1/HZSM5 (d) after 
impregnation, (e) after H2-activation, and (f) after NH3-synthesis, and 1/MCM41 (g) after 
impregnation, (h) after H2-activation, and (i) after NH3-synthesis. The values in the parentheses 
are standard deviations, and N represents the number of particles analyzed.  
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Catalyst 
(Precursor) 

Surface area 
(m2 g-cat–1)[a] 

Pore volume 
(cm3 g-cat–1)[a] 

(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HY 810 0.286 

HY 850 0.298 
 
 
 

The pore volume of Mo cluster-loaded HY (0.286 cm3 g-cat–1) was smaller than that of HY without 
the cluster (0.298 cm3 g-cat–1), after the same H2-treatment. The difference (0.012 cm3 g-cat–1 = 0.48 
cm3 g-Mo–1) was comparable to the reported values (0.6 cm3 g-metal–1).14 
 
  

Table S2. Surface properties of H2-activated HY with and without loading of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1). 

[a] After H2-activation. 
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The XAFS and FT-EXAFS spectra of 1/HZSM5 before impregnation (Figs. S12Aa and S12Ba) were 
very similar to those of 1/HZSM5 after impregnation (Figs. S12Ab and S12Bb), indicating no molecular 
structure change of 1 after the impregnation. After the H2-activation, the spectra (Figs. S12Ac and 
S12Bc) became similar to those of the bcc Mo metal (Figs. S12Ah and S12Bh), demonstrating the 
conversion of 1 to Mo metal on HZSM5. 1/MCM41 also exhibited almost no difference in the XAFS 
and FT-EXAFS spectra between before (Figs. S12Aa and S12Ba) and after impregnation (Figs. S12Ae 
and S12Be). After H2-activation, the FT-EXAFS spectrum afforded two small peaks at 1.5 and 2.5 Å 
(Fig. S12Bf), and the curve fitting analysis (Table S3, see next page) attributes the former and latter 
peaks to Mo–O (oxygen on the HY) with a CN of 2.0 and Mo–Mo with a CN of 3.0, respectively. This 
Mo–Mo CN is lower than that of 1 (4.0) and even that of the H2-activated 1/HY (3.6) (Table 1). These 
results indicate that the Mo6 cluster afforded a smaller Mo cluster on MCM41 by the H2-activation. 
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Fig. S12. (A) XAFS of (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1). The inset shows the XANES region. (B) 
FT-EXAFS spectra of 1. (a) As prepared, (b) 1/HZSM5 after impregnation, (c) 1/HZSM5 after H2-
activation, (d) 1/HZSM5 after ammonia synthesis, (e) 1/MCM41 after impregnation, (f) 
1/MCM41 after H2-activation, and (g), 1/MCM41 after ammonia synthesis. Spectra of Mo foil 
from Spring-8 BENTEN database (h) are also shown. 
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Sample Conditions Shell CN[a] R/Å[a] σ/10–2 Å[a] Rf/%[b] 

(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1) As prepared[c] Mo–Mo 4.0 (Fixed) 2.65(0.01) 2.2(0.7) 0.14 

  Mo–Cl 5.0 (Fixed) 2.54(0.01) 1.3(1.3)  

(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HZSM5 After impregnation Mo–Mo 4.2(0.3) 2.65(0.01) 2.3(0.6) 0.10 

  Mo–Cl 5.3(0.2) 2.54(0.01) 1.3(1.3)  

 After H2-activation Mo–Mo 5.5(0.6) 2.73(0.01) 5.2(0.4) 1.8 

  Mo–Mo 4.1(0.5) 3.14(0.01) 4.9(0.5)  

 After NH3-synthesis Mo–Mo 5.2(0.7) 2.73(0.01) 5.0(0.5) 2.7 

  Mo–Mo 3.9(0.5) 3.15(0.01) 4.6(0.6)  

(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/MCM41 After impregnation Mo–Mo 4.1(0.5) 2.65(0.01) 2.1(1.1) 0.11 

  Mo–Cl 5.3(0.3) 2.54(0.01) 1.6(1.6)  

 After H2-activation Mo–Mo 3.0(1.3) 2.73(0.03) 9.5(1.8) 1.7 

  Mo–O 2.0(0.5) 2.04(0.02) 7.3(1.8)  

 After NH3-synthesis Mo–Mo 3.0(1.3) 2.75(0.04) 10.0(1.7) 1.4 

  Mo–O 1.9(0.4) 2.03(0.02) 6.6(1.6)  
 
 
 
 
 
 
 
  

Table S3. Curve fitting results of Mo K-edge EXAFS data 

[a] Numbers in parentheses are errors estimated using the Hamilton ratio test with a significance level of 
0.317.[10] [b] The good fit of the observed and calculated data was also demonstrated by EXAFS-fitting curves 
shown in Fig. S13 (a), (e)–(j). [c] Sample diluted with boron nitride was analyzed. 
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Fig. S13. EXAFS fitting curves of (a) (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1) before impregnation, and 
1/HY (b) after impregnation, (c) after H2-activation, and (d) after NH3-synthesis, 1/HZSM5 (e) 
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are observed and calculated data, respectively. 
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Catalyst 
(Precursor) 

Surface area 
(m2 g-cat–1)[a] 

Pore volume 
(m3 g-cat–1)[a] 

Adsorbed NH3[b, c] (cm3 g-cat–1) NH3 synthesis  
Rate[b] 

(mmol gMo–1 h–1) 

TOF  
(s–1)[e] Mo cluster 

/support Support Mo 
cluster[d] 

(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1) 
/HY 

810 0.296 0.60(0.03) 0.02(0.03) 0.58(0.04) 10.2(0.7) 0.006[f] 

(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1) 
/HZSM5 

405 0.155 0.80(0.04) 0.41(0.02) 0.39(0.05) 14.7(1.1) 0.006[f] 

(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1) 
/MCM41 

930 0.712 0.67(0.03) 0.25(0.03) 0.42(0.04) 20.5(0.7) 0.004[f] 

 
 
 
 
 
 
 
  

Table S4. Catalytic properties of supported Mo metal cluster catalysts. 

[a] After ammonia synthesis. [b] The experiments were performed three times, and the values in the 
parentheses are standard deviations. [c] N2, H2, and CO were not adsorbed on any samples. [d] The NH3 
adsorption amount on Mo cluster was estimated by subtracting the measured NH3 adsorption amount on Mo 
cluster-loaded support from that on only support. [e] Calculated from the ammonia synthesis rate divided 
by the NH3-adsorbing Mo atoms. [f] The standard deviation was less than 0.001. 



S26 

 
 

Entry Catalyst (Precursor) 
Metal 
ratio 

(wt%) 

NH3 synthesis  
rate 

(mmol gMo–1 h–1) 

NH3 synthesis  
rate 

(mmol gcat–1 h–1) 

Outlet 
ammonia 

concentration 
(Vol%) 

Reaction 
pressure 
(MPa) 

WHSV 
(mL gcat–1 h–1) Reference 

1 
(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1) 
/MCM41 2.36 10.2(0.7) 0.241(0.018) 0.032 1.0  18000 This 

work 

2 
(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1) 
/HZSM5 2.36 14.7(1.1) 0.348(0.025) 0.046 1.0  18000 This 

work 

3 
(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1) 
/HY 2.36 20.5(0.7) 0.483(0.015) 0.065 1.0  18000 This 

work 

4 
(H3O)2[(Mo6Cl8)Cl6]∙6H2O (1) 
/HY 2.36 37.1(1.2) 0.876(0.028) 0.12 2.0  18000 This 

work 

5 Mo(≡CBut)(Np)3/SiO2 2.0 6.8 0.136 0.027 2.0  12000 15 
6 MoNx/HZSM5 2.17 4.3 0.093 0.025 2.0  9000 16 

7 MoCx/HZSM5 2.17 4.5 0.099 0.026 2.0  9000 16 

8 Fe industrial catalyst  >9017 <16[a] 14 0.31 0.9  36000 18 

9 Ba-Ru/C 9.1 91.0[b] 8.2 1.1 0.9  18000 18 
10 Ru/Ba-Ca(NH2)2 10 500[b] 50 3.4 0.9 36000 18 

11 Ru/La0.5Pr0.5O1.75_650red 5.0 1204[b] 60.2 2.0 1.0 72000 19 

12 Ba2RuH6/MgO[c] 5.0 1440[b] 72 2.9 1.0 60000 20 

[a] mmol gFe
–1 h–1. 

[b] mmol gRu
–1 h–1. 

[c] Reaction data at 375 °C. 
  

Table S5. Summary of data for various ammonia synthesis catalysts at 400 °C 
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Fig. S14. Durability of ammonia synthesis activity at 400 °C and 1.0 MPa 
(absolute pressure), using (H3O)2[(Mo6Cl8)Cl6]∙6H2O (1)/HY as the precursor. 
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 Distance / Å 
Mo1−Mo2 2.30 
Mo1−Mo3 2.29 
Mo1−Mo4 2.77 
Mo1−Mo5 2.75 
Mo1−Mo6 3.41 
Mo2−Mo3 2.81 
Mo2−Mo4 2.52 
Mo2−Mo5 3.53 
Mo2−Mo6 2.35 
Mo3−Mo4 3.56 
Mo3−Mo5 2.54 
Mo3−Mo6 2.35 
Mo4−Mo5 2.19 
Mo4−Mo6 2.67 
Mo5−Mo6 2.66 
Mo4−O1 2.37 
Mo5−O2 2.36 
Mo6−O3 2.63   

ΔEf = −53ΔEf = −105 ΔEf = −66

(4+4)R-I (4+4)R-II 6R

ΔEf = −87

(4+6)R

(a)

(b) Mo1Mo2
Mo3

Mo4
Mo5

Mo6

O1

O2

O3

Fig. S18. Structure of Mo6 accommodated on various local structure of Y-zeolite determined by 
DFT calculations: (a) top view (b) side view. (Red, Mo; green, O; gray, Si; white, H) 

Table S6. Interatomic distances (in Å) of 
Mo6@(4+4)R-I model. 
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Fig. S19. (Continued) 
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Fig. S9. Structure of various intermediates and transition states along the reaction pathway. Fig. S19. Structure of various intermediates and transition states along the reaction pathway. 
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There are generally two accepted mechanisms for the NH3 synthesis: the Langmuir–Hinshelwood 

(dissociative) mechanism in which the N–N bond dissociation precedes the N–H bond formation, and 
the Eley–Rideal/Mars–van Krevelen (associative) mechanism in which the N–H bond formation 
precedes the N–N bond dissociation.21 As the dissociative mechanism, we computed two plausible 
pathways, in which, while one dissociated N is converted to NH3, the other N takes a μ2-bridging 
mode (pathway A) or a μ3-bridging mode (pathway B). The pathway A is initiated by adsorption of 
N2 molecule on a Mo atom in a terminal end-on mode (A1), followed by a configuration change of 
the Mo-bonded N into the μ2-bridging adsorption mode (A2). Then, the N–N bond cleavage by 
participation of three Mo atoms takes place (A3). The first H2 molecule is subsequently introduced 
as the dissociative adsorption (A4), followed by transfer of one H to the μ2-bridging N to form a μ2-
bridging NH (A5). After migration of the remaining H atom (A5→A5′), the second H transfers to the 
NH to yield NH2 (A6). Next, the second H2 molecule is introduced as the dissociative adsorption 
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Fig. S20. Potential energy profiles of the dissociative mechanism (pathways A (black) and B 
(blue)) and the associative mechanism (pathway C (red) and D (orange)) for NH3 synthesis on HY 
zeolite. Numbers in parentheses indicate the activation energy (in kJ mol–1). The transition states 
with a low energy barrier (< 40 kJ mol–1) are omitted for clarity, while all the intermediate 
structures and activation energies are given in Fig. S19. The transition states for H migration are 
not calculated since the barrier energies are much lower than those of N–N and N–H bond 
breaking/formation. The dominant reaction pathway determined by the microkinetic analysis 
follows not dashed but solid lines. 
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(A7). Then, the third H transfers to the NH2 group affording a terminal NH3 (A8), followed by a 
release of the first NH3 molecule (A9). After the migration of the H atom (A9→A9′), the N atom 
accepts the fourth H atom to form a μ2-bridging NH (A10). After the third introduction of the H2 
molecule (A11), the fifth H transfer gives a μ2-bridging NH2 (A12). Then, after the configuration 
change of the μ2-bridging NH2 to the terminal NH2 (A12→A13), the sixth H transfer occurs to afford 
a terminal NH3 (A14). Finally, the second NH3 molecule is released. The pathway B starts by a 
configuration change of one N atom of A3 from μ2- to μ3-bridging mode (B1), followed by similar 
mechanistic steps (from B1 to B9) to those of the pathway A. The pathway B is terminated by 
configuration change of the μ3-bridging N of B9 to a μ2-bridging mode again (A10). 

As the associative mechanism, two pathways were proposed. In the pathway C, the first H2 
molecule is introduced without the N–N bond cleavage (A2→C1). Then, one H transfers to the N–N 
bond to yield a μ2-bridging NNH with formation of the first N–H bond (C2), followed by N–N bond 
cleavage (C3). The distal pathway D is initiated by migration of the remaining H atom in C2 to form 
μ2-bridging H (D1), followed by its transfer to the NNH to afford NNH2 group (D2). 
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The microkinetic analysis was performed for determination of the most plausible pathway. In this 

analysis, switches of the pathways between intermediates of the pathway A and the pathway B were 
also considered. As shown as a solid line, the dominant pathway follows the pathway A via A1, A2, 
and A3. Next, the pathway switches from the pathway A to the pathway B (A3→B1), and follows 
through the intermediates from B2 to B8. Then, the pathway switches from the pathway B back to 
the pathway A (B8→A9), and follows through the rest of the intermediates from A9′ to A14. The 
probabilities in the dominant pathway calculated by this microkinetic analysis are more than 98%. 
The contribution of the associative pathway (pathways C and D) is negligible, which is due to the 
higher barrier for the first N–H formation (189 kJ mol–1 via TSC1C2). 
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Fig. S21. Reaction flow determined by the microkinetic model. The dominant reaction pathway 
determined by this microkinetic analysis follows not dashed but solid lines. 
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 Reaction Type Elementary Step 

r1 N2 adsorption ( ) [ ] [ ]D2 2N g * *,* N ,,* *,*+   

r2 N2 adsorption ( ) [ ] [ ]A2 2N g * *,* N ,,* *,*+   

r3 H2 adsorption ( )2 *H Hg 2* 2+   

r4 N2H formation [ ] [ ]2 2A
N *,*,* N H*,*,* *H*+ +  

r5 N2H dissociation [ ] [ ]2N H*,*,* N(2)*,NH*,*  

r6 N2 dissociation [ ] [ ]2 D
N *,*,* N(2)*,N(2)*,*  

r7 configuration change [ ] [ ]N(2)*,N(2)*,* N(3)*,N(2)*,*  

r8 NH formation [ ] [ ]N(3)*,N(2)*,* H* N(3)*,NH*,* *+ +  

r9 NH formation [ ] [ ]N(2)*,N(2)*,* H* N(2)*,NH*,* *+ +  

r10 configuration change [ ] [ ]N(2)*,NH*,* N(3)*,NH*,*  

r11 NH2 formation [ ] [ ]2N(3)*,NH*,* H* N(3)*,NH *,* *+ +  

r12 NH2 formation [ ] [ ]2N(2)*,NH*,* H* N(2)*,NH *,* *+ +  

r13 configuration change [ ] [ ]2 2N(2)*,NH *,* N(3)*,NH *,*  

r14 NH3 formation [ ] [ ]2 3N(3)*,NH *,* H* N(3)*,NH *,* *+ +  

r15 NH3 formation [ ] [ ]2 3N(2)*,NH *,* H* N(2)*,NH *,* *+ +  

r16 configuration change [ ] [ ]3 3N(2)*,NH *,* N(3)*,NH *,*  

r17 NH3 adsorption ( ) [ ] [ ]3 3NH g N(3)*,*,* N(3)*,NH *,*+   

r18 NH3 adsorption ( ) [ ] [ ]3 3NH g N(2)*,*,* N(2)*,NH *,*+   

r19 configuration change [ ] [ ]N(2)*,*,* N(3)*,*,*  

r20 NH formation [ ] [ ]N(3)*,*,* H* NH(3)*,*,* *+ +  

r21 NH formation [ ] [ ]N(2)*,*,* H* NH(2)*,*,* *+ +  

r22 configuration change [ ] [ ]NH(3)*,*,* NH(2)*,*,*  

r23 NH2 formation [ ] [ ]2NH(2)*,*,* H* NH *,*,* *+ +  

r24 NH3 formation [ ] [ ]2 3NH *,*,* H* NH *,*,* *+ +  

r25 NH3 adsorption ( ) [ ] [ ]3 3NH g *,*,* NH *,*,*+   

 
  

Table S7. Elementary reaction steps involved in the microkinetic analysis. 
The site notation [A*, B*, C*] represents adsorption of A, B, and C on Mo6. 
X(g) and X* represent X species in the gas phase and in adsorption state, 
respectively, and * denotes a free site. The adsorption state of N, such as μ2- 
and μ3-bridging, are distinguished by the notation (2) and (3), respectively. 
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