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Abstract: We have carried out an experimental and theoretical study of CHA-zeolite supported indium 

(In)-oxo clusters that promote CH4 activation at room temperature. X-ray absorption fine structure 

(XAFS) measurements indicate the formation of multinuclear In-oxo clusters by the O2 activation of 

the In(I)-exchanged CHA zeolite prepared through reductive solid-state ion exchange (RSSIE). The 

structure of the In-oxo clusters and their locations were investigated in detail using ab initio 

thermodynamic analysis. The redox properties of the In species during RSSIE and the formation of 

the In-oxo clusters were also studied by temperature programmed reaction and in situ XAFS 

measurements. The reaction of CH4 on the O2-activated In-CHA zeolite was monitored using IR 

spectroscopy where adsorbed formic acid was generated at room temperature. The adsorption and 

C−H activation of CH4 on our plausible model of the In-oxo clusters were theoretically investigated 

using density functional theory calculations. We found that CH4 is likely to adsorb and react more 

easily on dinuclear In-oxo ions than on monomeric In-oxo ions and that that the C−H bond cleavage 

reaction occurs via a heterolytic pathway rather than a homolytic pathway. This study reveals the 

potential of multinuclear In-oxo clusters as active sites for the transformation of CH4 to oxygenates 

under mild reaction conditions. 
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1. Introduction

Multinuclear metal-oxo clusters, which are composed of a few metal and oxygen atoms, are expected 

to show unique catalytic differences from isolated metal ions and bulk metal oxides [1–24]. To date, 

there have been various studies on polyoxometalates stabilized by inorganic/organic ligands [2–8], 

metal-oxo clusters immobilized on solid supports (bulk metal oxides [9–12], zeolites [13–22], carbon 

nanotube [23], and metal-organic frameworks [24,25]), and gas-phase clusters vaporized by molecular 

beam and selected by mass spectroscopy [26,27]. Of these, aluminosilicate zeolite-supported metal-

oxo clusters are promising from the viewpoint of precise synthesis, as well as catalytic application, 

because of their characteristics [28]; for example, the zeolite frameworks are well-defined and usually 

contain 6- to 12-membered rings consisting of tetrahedral SiO4 and AlO4 units linked through oxygen 

atoms. Paired Al sites are located on the ring, where multiply charged cations can be stabilized by 

two anionic sites (Si-O-Al). In addition, the high durability and easy handling of zeolites allow their 

applications in gas and liquid phase reactions. To date, several metal-oxo clusters in zeolites have 

been developed, making challenging transformations such as the C−H activation of CH4 and light 

alkanes possible [13–20]. Cu-oxo clusters have been most extensively studied for CH4 activation 

because they mimic the catalytic activity of copper-containing monooxygenase. For example, the 

oxidation of CH4 to MeOH occurs on O2-activated Cu-exchanged ZSM-5, as reported by Groothaert 

et al. [14] and the dinuclear [Cu(O)Cu]2+ cluster was identified as the active site [15]. Cu-exchanged 

mordenite was also active for CH4 conversion to MeOH, and a similar Cu dimer was proposed by 

Snyder et al. [16]. Subsequently, the groups of Lercher and Hensen identified the trinuclear [Cu3O3]2+ 

cluster in mordenite by X-ray absorption fine structure (XAFS) analysis combined with density 

functional theory (DFT) calculations [17]. [Fe2(μ2-OH)2(OH)2(H2O)2]2+ dimer [20] and [Ga2O2]2+ dimer 

[18,19] in zeolites also have been found to be active for the oxidation [20] or dehydrogenation of light 

alkanes [18,19] based on a combination of experimental and theoretical studies. Other metal-oxo 

clusters of transition metal species, such as Ni, Co, Ag, and Au, have been studied experimentally 

and/or theoretically for CH4 oxidation [21,22,29] while the study of typical metal-oxo clusters for CH4 

activation have been rarely reported.
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Indium (In)-exchanged zeolites have the potential to activate the C−H bond of CH4. It has been 

reported that reductive solid-state ion exchange (RSSIE) between In2O3 and H-form zeolites under a 

H2 atmosphere around 700–800 K affords isolated In+ cations bound to the lattice oxygen anions 

[30,31]. Baba et al. reported the reaction of CH4 with ethylene to propane at 673 K using In-exchanged 

ZSM-5 (In-ZSM-5), in which the isolated In+ cations with lattice oxygen anions were considered to 

cleave the C−H bond of CH4 heterolytically to give methyl cation-like species [32]. In-exchanged 

zeolites have also been applied to the selective catalytic reduction (SCR) of NO with CH4 and O2 by 

Kikuchi et al. [33] and Szegedi et al. [34]. Both groups concluded that the CH4 SCR reaction occurred 

on the InO+ sites in zeolites. Recently, Stepanov et al. revealed the activation of CH4 on O2-activated 

In-ZSM-5 at 453–573 K through the H/D exchange reaction [35] and transformation into surface 

species [36], where the isolated InO+ cation was proposed as an active site. These studies have 

demonstrated the activation of the C−H bond in CH4 by In-exchanged zeolites and O2-activated ones, 

while the formation of In-oxo clusters for CH4 activation has not yet been reported.

Based on the above studies, we expect that multinuclear In-oxo clusters would be synthesized using 

the zeolites with well-defined paired Al sites and that these clusters would exhibit unique ability for 

CH4 activation. In this work, the zeolite-supported In-oxo clusters for CH4 activation under mild 

reaction conditions are described based on experimental and theoretical studies. To achieve this goal, 

a CHA zeolite was utilized as a support because its framework is more robust under thermal 

conditions than other zeolites [37,38]. This is advantageous to retain their paired Al sites without 

dealumination during RSSIE and O2 activation. We found that multinuclear In-oxo clusters were 

formed by O2 activation of In-exchanged CHA zeolites (InOX-CHA) using X-ray absorption fine 

structure (XAFS) measurement. The formation of In-oxo clusters and their detailed structures are 

discussed on the basis of ab initio thermodynamics analysis. The redox properties of the In species 

during preparation of In-oxo clusters were also studied by temperature programmed reaction (TPR) 

and in situ XAFS measurement. Concerning CH4 activation, the room temperature oxidation of CH4 

to formic acid on InOx-CHA is demonstrated using in situ Fourier transform (FT)-IR measurements. 

The adsorption and activation energies for the cleavage of the C−H bond of CH4 on plausible In-oxo 

dimers and monomer were theoretically evaluated by DFT calculations.
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2. Experimental and theoretical methodology

2.1 Preparation of O2-activated In-exchanged CHA zeolite (InOx-CHA)

In-exchanged CHA (In(I)-CHA) was prepared through the impregnation and RSSIE as follows. First, 

1.0 g of CHA zeolite (Tosoh, NH4
+-type, SiO2/Al2O3 = 22.3, NH4-CHA) was suspended in an aqueous 

solution containing 0.1 g of In(NO3)3•nH2O (Kanto Chemical Co.,Inc.). The water was evaporated from 

the mixture, and the mixture was dried in an oven and calcined at 773 K in air for 1 h, to afford In2O3 

loaded on the CHA zeolite (denoted In2O3/CHA). Next, In2O3/CHA was treated with H2 flow (20 mL 

min−1) at 773 K for 30 min to promote RSSIE [30,31]. Hereinafter, the obtained In cation-exchanged 

CHA was denoted as In(I)-CHA. The O2 activation of In(I)-CHA was conducted under O2 flow (20 mL 

min−1) at 773 K for 30 min. The O2-activated In-exchanged CHA, InOX-CHA, was obtained as a white 

powder.

2.2 Characterization

Powder X-ray diffraction (XRD) patterns were recorded on Rigaku Miniflex using Cu Kα radiation. N2 

adsorption measurements were conducted by using an AUTOSOBB 6AG (Yuasa Ionics Co.). The 

loading amount of In was determined by energy dispersive X-ray fluorescence (EDX) spectrometry 

(Shimadzu EDX-700HS). H2- and O2-TPRs experiments were carried out using a BELCAT 

(MicrotracBEL). In2O3/CHA (approximately 50 mg) was pretreated at 773 K for 1 h under He. For H2-

TPR, In2O3/CHA was cooled to 373 K under He, and then the flow was changed to 5% H2/Ar at a flow 

rate of 30 mL min−1. For O2-TPR, the above H2-treated In2O3/CHA was cooled to 313 K under He, and 

then the flow was changed to 1% O2/He at a flow rate of 30 mL min−1. The temperature was increased 

to 773 K at 20 K min−1, after which the temperature was maintained for 40 min. The H2 consumption 

was monitored with a thermal conductivity detector. The O2 consumption and the amount of gas 

consumed were investigated by a mass spectrometer (BEL Mass, (MicrotracBEL Inc.)). In K-edge 

XAFS data were collected in quick mode and recorded in transmission mode at the BL-01B1 and BL-

14B2 stations attached to the Si(311) monochromator at SPring-8 (JASRI), Japan (Proposal Nos. 

2018B1126 and 2018B1568). For in situ XAFS measurement, a flow-type cell connected to a flow 

reaction system was utilized. The X-ray absorption near-edge structure (XANES) and extended XAFS 
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(EXAFS) analyses were conducted using the REX ver. 2.5 program (Rigaku). The coordination 

numbers (CN) and interatomic distances (R) were estimated by curve-fitting analysis using In−O and 

In−In shell parameters obtained from reference samples of In2O3. Scanning transmission electron 

microscopy (STEM) images were taken on a JEM-ARM200F microscope equipped with a JED-2300 

EDX spectrometer (JEOL) at an acceleration voltage of 200 kV. The Cs-corrector CESCOR (CEOS) 

was used in STEM mode.

2.3 Reaction of CH4 on InOX-CHA

The IR spectroscopy study of the reaction of CH4 was conducted with a JASCO FT/IR-4600 

spectrometer equipped with a mercury cadmium telluride (MCT) detector using a flow-type IR cell 

connected to a flow reaction system. The IR disc of In2O3/CHA (40 mg, 20 mm) was first dehydrated 

under N2 flow at 773 K (90 mL min−1) and then H2 treatment (20 mL min−1) followed by O2 treatment 

(10% balanced with N2, 100 mL min−1) was conducted at 773 K. After that a background spectrum 

was obtained under N2 flow at 303 K (90 mL min−1). Then, CH4 (10%) was introduced to the sample, 

and the IR spectra were recorded. For control experiments, In2O3 (99.9%) was commercially 

purchased from Wako Pure Chemical Industries and then used.

2.4 DFT calculations

DFT calculations were carried out under the periodic boundary conditions using the Vienna Ab initio 

Simulation Package (VASP) [39,40]. The generalized gradient approximation by the Perdew–Burke–

Ernzerhof (PBE) exchange-correlation functional was adopted [41], and the dispersion-corrected DFT-

D3 method was employed to consider the van der Waals interactions. The Kohn–Sham equations 

were solved with the projector augmented wave (PAW) method. We checked the convergence of total 

energy of the models with respect to the number of k points where the consideration of the only Γ 

point was sufficient for Brillouin zone sampling (See Figure S1†). A modest Gaussian smearing of 

0.05 eV was applied to the band occupations around the Fermi level, and the total energies were 

extrapolated to σ → 0. The plane-wave cutoff energy was set to 500 eV, and spinpolarization was 

considered in all calculations. For geometry optimization, the lattice parameters were fixed (a = b = 
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13.675 Å, c = 14.767 Å, α = β = 90.0°, γ = 120° and Si/Al = 17),[42] and the forces on atoms were 

minimized to be less than 0.03 eV/Å. The climbing image nudged elastic band (CI-NEB) method was 

used to locate the transition-state structures for the C−H bond cleavage of methane on the In-oxo 

species. The spring constant between adjacent images was set to 5.0 eV/Å2, and the quasi-Newton 

algorithm was adopted for relaxing the geometry in the NEB approach while the cutoff was set to 400 

eV due to the high computational cost.

XANES spectra were simulated for the DFT-optimized structures using the FDMNES software 

[43,44]. For simulating the In foil, a unit cell consisting of two In atoms (a = 3.309 Å, b = 3.309 Å, c = 

5.016 Å, and α = β = γ = 90.0°) was used, while the model of In2O3 consisting of 32 In atoms in the 

supercell (a = b = c = 10.299 Å and α = β = γ = 90.0°) was employed to simulate bulk In2O3. The 

simulated spectra were normalized based on the number of In atoms in each system.

Ab initio thermodynamic analysis was used to account for the presence of O2 and H2O as well as 

the effect of the temperature on the catalyst activation [45]. We consider the following equilibrium 

reaction: 

𝑥In(OH) CHA + (1 ― 𝑥)CHA_2H +
(2𝑚 ― 3𝑥 ― 𝑛 + 2)

4 O2 +
(𝑥 + 𝑛 ― 2)

2 H2O⇋In𝑥O𝑚H𝑛 CHA (1)

The corresponding reaction energy is represented as

∆𝐸 = 𝐸𝐼𝑛𝑥𝑂𝑚𝐻𝑛 𝐶𝐻𝐴 ― 𝑥𝐸𝐼𝑛(𝑂𝐻) 𝐶𝐻𝐴 ― (1 ― 𝑥)𝐸𝐶𝐻𝐴_2𝐻 ―
(2𝑚 ― 3𝑥 ― 𝑛 + 2)

4 𝐸𝑂2 ―
(𝑥 + 𝑛 ― 2)

2 𝐸𝐻2𝑂  (2)

where  is the total energy of the CHA zeolite model containing In-oxo species.  𝐸In𝑥O𝑚𝐻𝑛 CHA 𝐸In(OH) CHA

is the energy of the In-CHA model containing [In(OH)]2+ ions to compensate for the negative charge 

of two Al atoms in the zeolite framework (In/Al = 0.5). , , and  represent the computed  𝐸𝐶𝐻𝐴_2𝐻 𝐸𝑂2 𝐸𝐻2𝑂

energies of the CHA zeolite possessing two H atoms for charge compensation, gaseous water, and 

oxygen molecules, respectively. The accompanying change in the free energy, ΔΓ, is defined as 

∆𝛤(𝑇,𝑝) =
1
𝐴[∆𝐸 ―

(2𝑚 ― 3𝑥 ― 𝑛 + 2)
2 ∆𝜇𝑂 ―

(𝑥 + 𝑛 ― 2)
2 ∆𝜇𝐻2𝑂]    (3)

where  represents the area of the unit cell. The chemical potential, , are described as𝐴 ∆ 𝜇
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∆𝜇𝑂(𝑇,𝑝) =  
1
2[𝛥𝜇𝑂2

(𝑇,𝑝0) + 𝑅𝑇𝑙𝑛 (𝑝𝑂2

𝑝0 )]    (4)

∆𝜇𝐻2𝑂(𝑇,𝑝) = 𝛥𝜇𝐻2𝑂(𝑇,𝑝0) + 𝑅𝑇𝑙𝑛 (𝑝𝐻2𝑂

𝑝0 )    (5)

The temperature (T) and partial pressure (PO2 or PH2O) dependencies of the chemical potentials of 

O2/H2O were calculated from the differences in the enthalpy (H) and entropy (S) of each molecule 

with respect to the reference state at 0 K. The values of H(T, p0), H(0 K, p0), S(T, p0), and S(0 K, p0) 

in thermodynamic tables were used for standard pressure (1 atm) [46].

To discuss the molecular-orbital interactions, DFT calculations using a cluster model were carried out 

with the Gaussian 16 package [47]. The cluster model was constructed from the optimized structure 

mentioned above (a .mol file can be found in the ESI†). The hybrid B3LYP functional was used [48–50], 

and the SDD basis sets and D95** basis sets were applied for the In atoms and the Si, Al, O, and H 

atoms, respectively. In addition, the vdW-D2 correction was adopted. During geometry optimization, 

all atoms except for terminating H atoms were allowed to relax. The locations of the terminating H 

atoms were determined by prior geometry optimization where only the terminating H atoms were 

relaxed while all other atoms were fixed in the crystalline structure [51]. All optimized structure files are 

provided in the ESI†.
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3. Results and discussion

3.1 Morphologies and colors of the In-exchanged zeolites

To characterize the morphologies of the zeolites, we carried out XRD measurements and N2 

adsorption measurements of In2O3/CHA and InOX-CHA. The XRD patterns of In2O3/CHA and InOX-

CHA were similar to that of H-CHA (prepared by calcination of NH4-CHA at 773 K) (Figure 1(a)), which 

indicates that the crystal structure of CHA was maintained [52]. The specific surface areas (Table S1 

in the ESI†), as determined by the Brunauer–Emmett–Teller (BET) method from N2 adsorption 

isotherms (Figure 1(b)), of H-CHA, In2O3/CHA, and InOX-CHA were 833, 785, and 710 m2 g−1, 

respectively. The pore volumes of H-CHA, In2O3/CHA, and InOX-CHA were determined as 0.402, 

0.378, and 0.344 mL g−1, respectively. These results show that the pore structure of the CHA zeolites 

did not change during preparation. The smaller specific surface area and pore volume of InOX-CHA 

than H-CHA and In2O3/CHA are ascribed to encapsulation of In species into zeolites. EDX analysis 

of In2O3/CHA revealed that the In loading amount was 3.2 wt%, which corresponds to In/Al ≈ 0.2. 

Figure 2 shows photographs of In2O3/CHA, In(I)-CHA, and InOX-CHA. First, after impregnation 

followed by calcination, In2O3/CHA was a pale-yellow color (Figure 2(a)). During H2 reduction of 

In2O3/CHA, the color changed from pale-yellow to white (Figure 2(b)), indicating the absence of 

aggregated In(0) metal species in In(I)-CHA. After the O2 treatment of In(I)-CHA, the white color of 

the catalyst was maintained but differed from that of In2O3/CHA (Figure 2(c)), suggesting the formation 

of In-oxo species unlike In2O3.
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Figure 1. (a) XRD patterns and (b) N2 adsorption isotherms of H-CHA, In2O3/CHA, and InOX-CHA.
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Figure 2. Photographs of (a) In2O3/CHA, (b) In(I)-CHA, and (c) InOX-CHA.

3.2 STEM observation

The formation of highly dispersed In species was supported by STEM observation. The annular bright 

field and high-angle annular dark-field STEM (ABF- and HAADF-STEM, respectively) images of 

In2O3/CHA show that many aggregated In2O3 species (about 10–30 nm) were present on the CHA 

zeolite (Figure 3). In contrast, the aggregated species was scarcely observed in the STEM images of 

InOX-CHA (Figures 4(a) and (b)). The distribution of In species was also determined by HAADF-STEM 

with EDX elemental mapping. The elemental mapping of InOX-CHA clearly shows the high dispersion 

of In species in the CHA zeolite (Figure 4). Note that aggregated In species formed during STEM 

observation (Figure 5). This result indicates that highly dispersed In species in the zeolite framework 

can easily be aggregated by the electron beam, making STEM observation difficult [53].

Figure 3. ABF- and HAADF-STEM images of In2O3/CHA. 
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Figure 4. (a) ABF- and (b) HAADF-STEM images of InOX-CHA. Elemental mapping images of (c) Si, 

(d) In, and (e) O, and (f) EDX spectrum.

Figure 5. Aggregation of In species during STEM observation. (a) ABF- and (b) HAADF-STEM 

images of InOX-CHA. The lower two images ((c) and (d)) were measured 12 min after collecting the 

upper two images.
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3.3 H2- and O2-TPR measurements

The reduction profile of the In species in In2O3/CHA was investigated using H2-TPR measurements. 

Figure 6(a) shows the H2-TPR profiles. The reduction peak was observed around 573–773 K and the 

amount of H2 consumed was determined to be 18 μmol. This value is similar to the amount of In 

species in In2O3/CHA used for H2-TPR (In: 15 μmol). Lónyi et al. reported that the H2-TPR profile 

during RSSIE between In2O3 and H-mordenite showed a reduction peak around 623–773 K. They 

also found that the molar ratio of the consumed H2 and the In species are almost same [31]. 

Accordingly, the reduction peak observed after the H2 treatment of In2O3/CHA corresponds to the 

occurrence of the RSSIE between In(I) ions and protons in CHA zeolite. The oxidation of In(I)-CHA 

was also carried out by O2-TPR. The O2-TPR profile (Figure 6(c)) showed a peak corresponding to 

the oxidation of reduced In species. Furthermore, H2-TPR measurement was examined for InOX-CHA 

where the position of reduction peak shifted toward lower temperature (473–723 K) from that in the 

case of In2O3/CHA (Figure 6(a) vs 6(b)). These observations suggest the formation of highly dispersed 

In-oxo species unlike In2O3, which is consistent with the results of the STEM observations.
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Figure 6. H2-TPR profiles of (a) In2O3/CHA and (b) InOX-CHA. (c) O2-TPR profile of In(I)-CHA.

3.4 XAFS measurements

To obtain insight into the In species in the In-exchanged CHA zeolites, in situ XAFS measurements 

were carried out. The normalized XANES spectra and Fourier transforms (FT) of the k3-weighted 

EXAFS spectra are summarized in Figures 7(a) and 7(c), respectively. First, the edge position of 
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In2O3/CHA (E0 = 27935.9 eV) was almost the same as that of In2O3 powder (E0 = 27935.4 eV) and 

different from that of In foil (E0 = 27932.6 eV). The FT of EXAFS spectrum of In2O3/CHA showed three 

peaks, which were also observed in that of In2O3 powder (Figure 7(c)). The first peak can be attributed 

to the In–O shell, and the second and third peaks are assignable to two-types of In–In shells, 

respectively. These results are evidence for the existence of In2O3 species in In2O3/CHA.

After H2 treatment (5% balance with He) of In2O3/CHA at 773 K, the absorption edge shifted to a lower 

energy (E0 = 27931.7 eV). Figure 7(b) shows the XANES spectra during H2 treatment in which three 

isobestic points were observed; these are marked with vertical dotted lines. These edge shift and 

isobestic points are similar to the observations made for the XANES spectra of Ga-exchanged zeolites 

during H2 treatment in a previous paper [54], where the type of Ga species (isolated Ga+ cation or Ga-

hydride species) is controversial. Hock et al. claimed that the edge shift can be interpreted as 

evidence of Ga-hydride species on the basis of a comparison of XANES spectra with organometallic 

model compounds [55]. In contrast, Lercher et al. concluded that Ga+ cation was selectively formed 

based on the H2-TPR measurement [56]. Considering the RSSIE between In2O3 and H-zeolites 

reported in previous papers [30,31], the energy shift in In K-edge XANES spectra can be ascribed to 

the reduction of In3+ species (In2O3) to In+ cations. However, the simulated XANES spectra suggested 

the formation of In-hydride (In+-H-) species [57–59] rather than In+ cations (Figure S2†). The speciation 

of In after RSSIE is currently under study using other spectroscopic and theoretical methods.

After an He purge followed by O2 treatment (5% balance with He) of In(I)-CHA at 773 K, the absorption 

edge returned to a similar value to that of In2O3 (E0 = 27934.7 eV), indicating that In+ ions were 

oxidized to In3+ species (Figure 7(a)). In the FT of the EXAFS spectrum of InOX-CHA (Figure 7(c)), 

the two peaks assignable to In–O and In–In shells were observed, which is different from the cases 

of In2O3 and In2O3/CHA. The curve fitting analysis indicated that the CNs are 4.9 and 2.3, respectively 

(Table 1). From the results obtained from XAFS measurements, multinuclear In-oxo clusters were 

generated in the CHA zeolites. Thus, in conclusion, the In2O3 loaded on H-CHA was reduced by H2 

treatment to afford isolated In+ ions in the CHA zeolite through RSSIE and, then, the dispersed In+ 

ions reacted with O2, resulting in the formation of In-oxo clusters.
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Figure 7. (a) Normalized In K-edge XANES spectra of In2O3, In foil, In2O3/CHA, In-CHA (after H2 

treatment of In2O3/CHA), InOX-CHA (after O2 treatment of In2O3/CHA). (b) In situ In K-edge XANES 

spectra during H2 treatment of In2O3/CHA. Dotted lines show isosbestic points. (c) FT of k3-weighted 

EXAFS oscillations measured at room temperature for of In2O3, In2O3/CHA, and InOX-CHA.

Table 1. Curve-Fitting Analysis of In K-Edge EXAFS of InOX-CHA

Sample Shell CNa R (Å)b E (eV)c  (Å)d R (%)e

InOX-CHA In−O 4.95 ± 1.04 2.12 ± 0.02 -0.122 0.086 3.19

In−In 2.38 ± 1.58 3.25 ± 0.03 -2.648 0.098

In2O3 (reference) In−O 6f 2.19f - - -

In−In 6f 3.34f - - -

a Coordination numbers. b Bond distance. c Increase of the threshold energy. d Debye−Waller factor. 

e Residual factor. f Obtained from crystallographic data.
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3.5 Ab initio thermodynamic analysis 

We employed an ab initio thermodynamic approach [60] to predict the structures of the In-oxo clusters 

in InOX-CHA. This approach has been utilized for predicting the structures of the key multinuclear 

metal-oxo clusters of Cu, Fe, and Al cations in zeolites [17,45,61–64]. Three types of paired Al sites were 

examined as coordination sites of the In-oxo clusters. The first type possesses two Al sites that are 

separated by three Si centers in an eight-membered ring (8MR) and has a connectivity distance of 

three, denoted as the forth-nearest-neighbor site, 8MR(4NN). The other two are represented as 

8MR(3NN) and 6MR(3NN) (Figure 8). Our computational data set includes one monomer, two dimers, 

one trimer and three tetramers. Details of models are provided in the ESI†. To reflect the reaction 

conditions of the O2 treatment of In(I)-CHA, we have shown the computational free energies for the 

formation of In-oxo ions (Figures 9(a)–(c)) and the phase diagram representing the lowest-energy 

species (Figures 9(d)–(f)) at 800 K as a function of O2 and H2O chemical potentials (ΔμO2 and ΔμH2O, 

respectively). ΔμO2 and ΔμH2O are translated into partial pressure scales (PO2 and PH2O, respectively) 

at 800 K in the phase diagram.

In the phase diagram for the 8MR(4NN) site (Figure 9(d)), the equilibrium In-oxo structure is sensitive 

to the value of log(PH2O), and the [In2O2]2+ ion (yellow) is the lowest-energy In-oxo ion at the lowest 

H2O partial pressure. As log(PH2O) increases, the [In2O2]2+ ion changes to a tetrameric structures, such 

as [In4O4]2+ (gray) and [In4O4(OH)2]2+ ions (green), and [In2(OH)4]2+ ion (blue) is the lowest-energy In-

oxo ion at high H2O partial pressures. At a log(PO2) of around -1 or 0 and a low H2O partial pressure, 

corresponding to 10% or 100% O2 flow in dry conditions, the free energy for the formation of the 

[In(OH)]2+ ion is only slightly higher than that of [In2O2]2+ ion, whereas those of other In-oxo ions are 

much higher, as shown in Figure 9(a). These results indicate that the [In2O2]2+ ion is a candidate In-

oxo cluster on 8MR(4NN) sites under O2 condition. Concerning the 8MR(3NN) site, although 

[In(OH)]2+ ion (red) is the lowest-energy In-oxo ion at low H2O pressures (Figure 9(e)), the free energy 

for the formation of the [In2O2]2+ ion is close to that of the [In(OH)]2+ ion and much lower than those of 

the other In-oxo ions (Figure 9(b)), indicating that the [In2O2]2+ ion is a plausible In-oxo structure for 

the 8MR(3NN) site. In contrast, for the 6MR(3NN) site, the [In(OH)]2+ ion is the most stable structure 

under all O2 and H2O partial pressures (Figures 9(c) and 9(f)). From the phase diagrams, we suggest 
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that multinuclear In-oxo clusters are formed at paired Al sites on 8MR, and the [In2O2]2+ ion is the 

most plausible structure among the considered multinuclear clusters. Hereinafter, we consider 

[In2O2]2+ on 8MR(4NN) and 8MR(3NN) and [In(OH)]2+ on 6MR(3NN) as model dimeric and monomeric 

In-oxo ions for further discussion.

Figure 8. CHA unit cell and Al configurations investigated in periodic DFT calculations. Ovals highlight 

the locations of 8MR and 6MR.

Figure 9. Free energy (ΔΓ) for the formation of the In-oxo ions in CHA (top) and phase diagram 

showing the lowest-energy In-oxo ions (bottom) as a function of O2 and H2O chemical potentials (ΔμO2 

and ΔμH2O, respectively) on (a,d) 8MR(4NN), (b,e) 8MR(3NN), and (c,f) 6MR(3NN).

The optimized structures for [In2O2]2+ at 8MR(4NN) and 8MR(3NN) sites (denoted as [In2O2]2+-

8MR(4NN) and [In2O2]2+-8MR(3NN)) and for [In(OH)]2+ at 6MR(3NN) ([In(OH)]2+-6MR(3NN)) are 
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shown in Figure 10. The In−In distances for [In2O2]2+-8MR(4NN) is 2.92 Å, which is very similar to that 

in [In2O2]2+-8MR(3NN) (2.91 Å), despite the obvious difference in the Al−Al distances (7.88 and 7.23 

Å for [In2O2]2+-8MR(4NN) and [In2O2]2+-8MR(3NN), respectively). The In−O distances range from 2.07 

to 2.10 Å for both [In2O2]2+ ions. These In−In and In−O distances are different from the case of 

[Ga2O2]2+ ions in zeolites reported by Hensen et al. [19] where the Ga−Ga and Ga−O distances were 

calculated to be about 2.49–2.59 and 1.84–1.89 Å, respectively. The In−O−In angles for [In2O2]2+-

8MR(4NN) and [In2O2]2+-8MR(3NN) are about 88–89°. This value is slightly larger than the Ga−O−Ga 

angle in [Ga2O2]2+ ions (about 84–88°). For [In(OH)]2+-6MR(3NN), the In−O distance of [In(OH)]2+ is 

2.02 Å and the Al−Al distance is 5.88 Å. The shorter Al−Al distance in 6MR(3NN) compared to those 

in 8MR(4NN) and 8MR(4NN) might be one of the reasons why monomeric [In(OH)]2+ ions are more 

stable among the other In-oxo ions. As demonstrated above, [In2O2]2+ ions are expected to be the 

most stable In-oxo ions on paired Al sites in 8MR.

Figure 10. Optimized structures of (a) [In2O2]2+-8MR(4NN), (b) [In2O2]2+-8MR(3NN), and (c) 

[In(OH)2]2+-6MR(3NN).

3.6 Experimental and theoretical investigation for activation of CH4 on In-oxo clusters

The development of effective catalysts for CH4 activation under mild conditions is challenging because 

of the high stability of C−H bonds in CH4, and various experimental and theoretical studies in this 

research area have been carried out [29,65–83]. To explore the ability to activate CH4 of In-oxo clusters 

supported in CHA, the adsorbed species generated during the reaction of CH4 on InOX-CHA at room 

temperature were studied by in situ IR measurements (Figure 11). The FT-IR spectrum contains a 
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peak at 1379 cm-1 and a band around 1700 cm-1 after 10% CH4 purge for 100 min followed by an N2 

purge. The first peak can be assigned to C−H bending of adsorbed formic acid [84], and the latter peak 

was deconvoluted into two peaks at 1710 and 1630 cm-1, which can be attributed to the C=O 

stretching of adsorbed formic acid and water [84], respectively. The formation of formic acid was 

supported by the FT-IR measurement after adsorption of formic acid on H-CHA where similar two 

peaks were observed (Figure S3 in the ESI†). The CH4-TPR of InOx-CHA revealed that neither CO2 

nor CO was detected at room temperature, indicating the occurrence of selective oxidation of CH4 to 

formic acid. We tried to extract the adsorbed formic acid using D2O for determination by 1H NMR 

measurement according to the previous paper [85], but any peak was not observed in the NMR 

spectrum, which might be due to difficulty in extraction from the small pore of CHA zeolites. In the 

control experiments using In2O3/CHA and In2O3 instead of InOX-CHA, the spectra did not contain 

these peaks. The above results show that CH4 was oxidized to formic acid at room temperature over 

the In-oxo clusters.
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Figure 11. (a) FT-IR spectra during the reaction of CH4 on InOX-CHA at room temperature. (b) Curve-

fitting of the band around 1800–1600 cm-1 in the IR spectrum after N2 purge.

The C−H bond cleavage is generally regarded as the rate-determining step in the reactions of CH4 
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on most heterogeneous catalysts [74], and much effort has been devoted to the study of activation of 

C−H bond of CH4 through experimental and theoretical approaches [76,79,80,82,86]. We also investigated 

the reactivities of the possible In-oxo ions, [In2O2]2+-8MR(4NN), [In2O2]2+-8MR(3NN), and [In(OH)]2+-

6MR(3NN), for the C−H bond cleavage of CH4 using DFT calculations, and the reaction energy 

diagrams and geometrical parameters are shown in Figure 12 and Table 2, respectively. The 

adsorption energies of CH4 on [In2O2]2+-8MR(4NN) and [In2O2]2+-8MR(3NN) are similar (Eads = -43.7 

and -41.8 kJ/mol, respectively) and larger than that on [In(OH)]2+-6MR(3NN) (Eads = -18.9 kJ/mol). As 

shown in Figure 12 and Table 2, the shortest In−C distances for [In2O2]2+-8MR(4NN), [In2O2]2+-

8MR(3NN), and [In(OH)]2+-6MR(3NN) are 2.91, 2.87, and 5.36 Å, respectively. In contrast, the four 

C−H bond distances of the CH4 molecules adsorbed on each In-oxo ions are almost the same, and 

the average distance is about 1.10 Å. The H−C−H angles directed toward the In cation of [In2O2]2+-

8MR(4NN) and [In2O2]2+-8MR(3NN) are 114.3° and 112.4°, respectively. These values are larger than 

the H−C−H angle of isolated CH4 (109.7°). These results suggest that CH4 adsorbs on [In2O2]2+ ions 

in an η2-like fashion, which results in a distorted CH4 structure. Similar M−H and C−H bond distances 

and H−C−H angles were reported by Kuroda et al. in their theoretical studies of CH4 activation by Zn 

and Mg cations in zeolites [87]. In contrast, the H−C−H angle for [In(OH)]2+-6MR(3NN) (109.0°) is very 

close to that in isolated CH4.
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Figure 12. Reaction energy diagrams of the intermediates and transition states for the activation of 

CH4 by [In2O2]2+-8MR(4NN) (green), [In2O2]2+-8MR(3NN) (blue), [In(OH)2]2+-6MR(3NN) (red), and 

[In4O4]2+-8MR(4NN) (orange). Optimized structures of the intermediates and transition states for 

[In2O2]2+- 8MR(4NN) (bottom) and [In(OH)]2+-6MR(3NN) (top) are included in the figure.

Table 2. Geometrical parameters (distances in Å and bond angles in degrees) for adsorption (Ads), 

transition-state (TS), dissociation (Dis) structures of [In2O2]2+-8MR(4NN), [In2O2]2+-8MR(3NN), 

[In(OH)]2+-6MR(3NN), and [In4O4]2+-8MR(4NN).

[In2O2]2+-8MR(4NN) [In2O2]2+-8MR(3NN) [In(OH)]2+-6MR(3NN) [In4O4]2+-8MR(4NN)

Ads TS Dis Ads TS Dis Ads TS Dis Ads TS Dis

In1−In2 2.94 3.04 3.17 2.92 3.03 3.15 - - - 3.18 3.28 3.47

In1−O1−In2 89.3 88.6 94.2 88.6 88.6 92.9 - - - 92.9 88.0 81.8

In1−O2−In2 89.9 94.8 100.3 88.7 94.1 99.9 - - - 92.4 93.4 101.7

C−H 1.10 1.38 - 1.11 1.37 - 1.10 1.35 - 1.10 1.33 -

O1−H 3.39 1.34 0.98 3.98 1.36 0.98 2.65 1.29 - 3.10 1.37 0.97

O1−C 4.09 2.70 3.90 4.37 2.70 3.98 3.35 2.61 3.13 3.45 2.68 3.27

In1−O1 2.10 2.26 2.18 2.08 2.24 2.22 - - - 2.19 2.21 2.30
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In1−O2 2.09 2.06 2.11 2.11 2.08 2.11 - - - 2.20 2.11 2.13

In1−C 2.91 2.40 2.17 2.87 2.40 2.17 5.36 2.49 2.17 3.81 2.46 2.16

H1−C−H2 114.3 - - 112.4 - - 109.7 - - 109.7 - -

Following adsorption, CH4 is activated by the weakening of the C−H bond via a transition state (TS). 

The C−H bond distances in the TS for [In2O2]2+-8MR(4NN), [In2O2]2+-8MR(3NN), and [In(OH)]2+-

6MR(3NN) are almost the same (1.38, 1.37, and 1.35 Å, respectively), whereas the activation 

energies for [In2O2]2+-8MR(4NN) and [In2O2]2+-8MR(3NN) are much lower than that for [In(OH)]2+-

6MR(3NN) (Ea = 85.9 and 85.9 vs 117.5 kJ/mol, respectively). After the dissociation of the C−H bond, 

an O−H bond is formed at the bridging O atom, and the resulting CH3 group forms an In−CH3 fragment 

for [In2O2]2+-8MR(4NN) and [In2O2]2+-8MR(3NN). In the case of [In(OH)]2+-6MR(3NN), water is formed 

from the OH group, accompanied by the formation of an In−CH3 bond [88]. All the In−C distances are 

2.17 Å, which is very similar to that in the In(CH3)3 model calculated by Gueorguiev et al. [89]. The 

reactions of the C−H bond cleavage for [In2O2]2+-8MR(4NN) and [In2O2]2+-8MR(3NN) are more 

exothermic (ΔE = 123.4 and 148.6 kJ/mol) than that of [In(OH)]2+-6MR(3NN) (28.0 kJ/mol). These 

results suggest that CH4 is likely to adsorb and react more easily on the [In2O2]2+ ions rather than 

[In(OH)]2+ ions.

Furthermore, the reactivity of a possible higher oligomer, [In4O4]2+-8MR(4NN) (the optimized structure 

is shown in Figure S4†), was investigated by DFT calculation and compared with [In2O2]2+-8MR(4NN) 

and [In(OH)]2+-6MR(3NN) as dimeric and monomeric In-oxo ions, respectively. The C−H bond 

cleavage over [In4O4]2+-8MR(4NN) is exothermic (ΔE = 98.6 kJ/mol) and affords an O−H bond and an 

In−CH3 fragment as is the case for [In2O2]2+-8MR(4NN) (Figure 12). The adsorption energy of CH4 on 

[In4O4]2+-8MR(4NN) is -29.3 kJ/mol, which is moderate among the monomeric, dimeric and tetrameric 

In-oxo ions explored in this study. The calculated activation energy for [In4O4]2+-8MR(4NN) is much 

higher than that for [In2O2]2+-8MR(4NN) (Ea = 111.4 vs 85.9 kJ/mol, respectively) and lower than that 

for [In(OH)]2+-6MR(3NN) (117.5 kJ/mol). This comparison based on DFT calculation showed that 

dimeric In-oxo clusters are more reactive than tetrameric ones. We also calculated the partial charge 

(q) of O and In atoms (q(O) and q(In), respectively) to investigate the correlation between of Ea and 
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q(O)/q(In) for four In-oxo ions. The plots in Figure 13 show that Ea decreases linearly with a decrease 

of q(O) (Figure 13(a)) while no obvious correlation is found between Ea and q(In) (Figure 13(b)). The 

similar q(O) dependency of the activation energy was observed in DFT calculation for C−H activation 

on bimetallic Co−M oxide clusters reported by Gagliardi et al. [90]. These results showed that the 

difference of reactivity among monomeric, dimeric, and tetrameric In-oxo ions is ascribed to the 

difference of nature of bridging O atom, demonstrating the potential of partial charge of bridging O 

atom as a useful descriptor to rationalize and predict the reactivity of metal-oxo clusters.

Figure 13. Plots of the C−H activation energy (Ea) against partial charge of (a) bridging O atom and 

(b) In. For (a), linear regression line y = -304.06x - 191.45, R² = 0.9246.

To gain some insight into the adsorption and activation mechanisms of CH4 on [In2O2]2+-8MR(4NN), 

we analyzed the molecular orbitals. It is considered that there are two main interactions between the 

adsorbates and active metal centers: A) charge transfer interactions from the occupied orbital of the 

adsorbate to an empty orbital of the metal center and B) charge transfer interactions from the occupied 

orbital of the metal center to the empty orbital of the adsorbate [86,91]. The energy gap between the 

lowest occupied molecular orbital (LUMO) of [In2O2]2+-8MR(4NN) and the highest occupied molecular 

orbital (HOMO) of CH4 is 8.36 eV, which is smaller than that between the HOMO of [In2O2]2+-
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8MR(4NN) and the LUMO of CH4 (10.26 eV) (Figure 14(a)), indicating that the charge transfer from 

the HOMO of CH4 to the LUMO of [In2O2]2+-8MR(4NN) is more likely to occur. As shown in Figure 

14(a), the LUMO of [In2O2]2+-8MR(3NN) is localized at the In1 cation where CH4 interacts as indicated 

in the optimized structures (Figure 12). The charge density difference for CH4 adsorption on [In2O2]2+-

8MR(4NN) (Figure 14(b)) shows the main transfer of electron density from the C−H bonds to the 

region between the C−H bond and the In1 cation, indicating the heterolytic cleavage of the C−H bond 

[87,92,93]. Heterolytic cleavage is supported by a comparison of the energy diagrams (Figure S5†), which 

show that the activation energy for the radical intermediate is significantly larger (298.3 kJ/mol) than 

that for heterolytic cleavage (85.9 kJ/mol, Figure 12) [92]. It is well-known that the activation of CH4 

and other light alkanes over transition metal surfaces and multinuclear Cu-oxo and Fe-oxo clusters is 

initiated by the homolytic cleavage of C−H bonds to give radical intermediates [15,17,20,51,77,82,83]. 

Although there are some reports suggesting the heterolytic cleavage of C−H bonds of those 

substrates by using Zn or Ga ion-exchanged zeolite materials [87,92,93], the present In-CHA system still 

serves as a rare example that can activate CH4 through the heterolytic cleavage of the C−H bond. 

Figure 14. (a) Molecular orbitals of [In2O2]2+-8MR(4NN) and CH4. Only selected orbitals are depicted 

for clarity. (b) Isosurface plot of the charge density difference from isolated CH4 and [In2O2]2+-

8MR(4NN): yellow, negative charge accumulation; cyan, negative charge depletion.
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4. Conclusion

The present study shows that O2 treatment of In-exchanged CHA zeolites at 773 K affords 

multinuclear In-oxo clusters that can cleave the C−H bond of CH4 at mild temperatures. TPR and in 

situ XAFS measurements reveal that the reduced In species are immobilized on CHA through RSSIE 

and then react with O2 to form In-oxo clusters. The detailed structure of the In-oxo clusters was 

predicted by ab initio thermodynamics analysis. The obtained phase diagrams indicate that [In2O2]2+ 

is the most probable cluster under atmospheric O2 pressure and dry conditions at the paired Al sites 

on 8MR. Concerning CH4 activation, InOX-CHA activated and oxidized CH4 at room temperature to 

afford the adsorbed formic acid, as revealed by in situ FT-IR measurements. We also compared the 

adsorption and activation energies for the C−H bond cleavage of CH4 over [In2O2]2+, [In4O4]2+, and 

[In(OH)]2+ ions formed in the zeolite using DFT calculations, and [In2O2]2+ was found to be the most 

active. The molecular orbital analysis revealed that the adsorption of CH4 is derived from the charge 

transfer from the HOMO of CH4 to the LUMO of [In2O2]2+-8MR(4NN), and the C−H bond cleavage 

reaction occurs via a heterolytic pathway rather than a homolytic pathway. The creation of 

multinuclear In-oxo clusters in various zeolites and their application to transformation of CH4 to higher-

value compounds are under investigation.
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