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Abstract
Metal-exchanged zeolites have great potential to form unique active metal species and 

develop their catalysis by promoting small molecules such as light alkanes. Ga-exchanged 

zeolites have attracted attention as promising heterogeneous catalysts for dehydrogenative 

light-alkane transformations. The speciation of active Ga species in reduced and oxidized 

Ga-exchanged zeolites and their reaction mechanisms have been discussed in several 

studies based on experimental and theoretical investigations. In contrast, studies on In-

exchanged zeolites have been far less explored, and thus active In-species have rarely been 

investigated. In this Perspective, we summarized our investigations on In- and Ga-

exchanged zeolites for light-alkane transformations. Our research group reported the 

formation of In–oxo clusters using the O2 treatment of In-CHA and their potential for the 

partial oxidation of CH4 (POM) at room temperature. We also observed the formation of In-

hydrides in CHA zeolites during the preparation through reductive solid-state ion-exchange 

(RSSIE) and revealed their catalysis for non-oxidative C2H6 dehydrogenation (EDH). Their 

detailed structures and reaction mechanisms were discussed in combination with 

spectroscopic, kinetic, and theoretical studies. Furthermore, comparative studies on the 

formation of Ga-oxo clusters for POM at room temperature and the controlled formation of 

Ga-hydrides for selective EDH were conducted. The obtained results and insights were 

comprehensively discussed, including the relationship between the local structure of the 

active In/Ga species and reaction selectivity, as well as the influence of different zeolite 

frameworks on the formation of active species.
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1. Introduction
Heterogeneous catalysts are indispensable as key materials in the modern chemical industry 

to promote and control chemical reactions and reduce the energy consumption in chemical 

processes, including separation/purification. Among these, zeolites have been widely applied 

in several chemical processes1–6 and environmental cleanups7–12. One of their features is a 

crystalline microporous structure consisting of connections between corner-sharing 

tetrahedral SiO4 units. Various metal species can be incorporated into their frameworks to 

afford heteroatomic zeolites. When trivalent metal species such as Al are incorporated, the 

frameworks possess a negative charge owing to the isomorphic substitution of SiO4 units 

with AlO4 units (Al sites). To compensate for the negative charge, extra-framework cationic 

species, such as H+ and NH4
+, are accommodated at the Al sites in zeolites. These cations 

can be exchanged with metal cations to synthesize metal-exchanged zeolites, in which the 

generated cationic species are isolated by zeolite pores. Zeolites have great potential to form 

unique active metal species and investigate their catalysis to develop effective heterogenous 

catalysts13–15.

Group 13 metal-exchanged zeolites have attracted considerable attention for lightalkane 

transformations, such as Cyclar process16–18. Ga-exchanged MFI (Ga-MFI) is one of the most 

widely studied zeolites. Ono et al. synthesized Ga-MFIs using a liquid-phase ion-exchange 

method and subsequently used it for the dehydrocyclodimerization (DHCD) of propane to 

aromatics19. To improve the activity of Ga-MFI by loading larger amounts of Ga species, 

reductive solid-state ion-exchange (RSSIE) under H2 flow was investigated20. Several 

reduced Ga species, such as Ga+ cations and Ga-hydrides ([GaH]2+ and [GaH2]+), are 

considered as catalytically active species for propane (C3H8) dehydrogenation (PDH) in the 

absence of an oxidant21–23. Two isolated Ga-hydrides are distinguishable by FTIR 

measurement because their Ga‒H stretching vibration peaks are observed at different 

wavenumbers22 Bell and co-workers reported that [GaH]2+, as opposed to [GaH2]+ ions, are 

active species using a combination of kinetic, spectroscopic, and theoretical studies24, 

whereas Lewis–Brønsted acid pairs (Ga+ and H+) have been proposed as active sites by the 

Lercher’s group based on characterization and catalytic investigation of a series of Ga-MFIs 

with different Ga/Al ratios and theoretical investigations25. Various Ga-exchanged zeolites, 

including Ga-MFI, have been applied to the transformation of other light alkanes to aromatic 

compounds, dehydrogenation of light alkanes, and reactions of CH4 with light alkenes to 

produce higher hydrocarbons26–28. Studies on the use of oxidized Ga species for alkane 

activation have also been reported. For example, the formation and catalysis of Ga-oxo 

clusters during H2O-accelerated alkane dehydrogenation were discussed by Hensen et al29,30. 

Regardless of whether they are reduced and oxidized, the reaction mechanism of alkane 
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activation over possible Ga species has been theoretically discussed31–35. Several reaction 
pathways, including alkyl, carbenium, or concerted mechanisms over possible reduced 
Ga cations (Ga+, [GaH]2+, and/or [GaH2]+) have been considered in the density functional 
theory studies for non-oxidative alkane dehydrogenation utilizing cluster models.32,33,35 
The recent study using a hybrid quantum mechanics/molecular mechanics model 
provided the reasonable activation barrier values similar to the experimentally obtained 
ones where isolated Ga hydrides were predicted to be more active than Ga+ cations.31 A 
few oxidized Ga cations, such as [GaO]+ and [Ga2O2]2+, were considered as possible 
active sites for alkane dehydrogenation in the presence of oxidants.34

In contrast to Ga-exchanged zeolites, few studies on catalysis by In-exchanged zeolites have 

been reported. In-exchanged zeolites can be prepared through RSSIE between In2O3 and 

proton-type zeolites to yield In+ cations36. In the context of catalysis, Hart et al. reported that 

In-MFI exhibited inferior activity and durability for the DHCD of C3H8
37,38. Baba et al. found 

that the coupling reaction of CH4 with ethylene/benzene using In-MFI39. Isolated InO+ ions 

were considered as active sites in the selective catalytic reduction of NO with CH4 and O2
40,41, 

as well as the H/D exchange reaction42 and transformation of CH4
43. However, the local 

structure of the active In species in zeolites based on spectroscopic and theoretical studies 

has not been extensively investigated.

Recently, our research group reported the formation of In–oxo clusters by the O2 treatment 

of In-CHA and their potential for the partial oxidation of CH4 (POM) at room temperature44. 

We also found the formation of In-hydrides in CHA zeolites during RSSIE and their selective 

catalysis for non-oxidative C2H6 dehydrogenation (EDH)45. Furthermore, comparative studies 

on the formation of Ga-oxo clusters for room-temperature POM46 and the controlled formation 

of Ga-hydrides for selective EDH47 were conducted. In this Perspective, our recent work on 

the speciation of active In and Ga species in zeolites for partial CH4 oxidation and selective 

C2H6 dehydrogenation based on a combination of experimental and theoretical investigations 

is briefly introduced44–49.

2. In–oxo clusters in CHA zeolites for room-temperature POM 44

The POM over Cu–and Fe–oxo clusters under mild reaction conditions has been extensively 

studied to mimic the catalytic activity of methane mono-oxygenase50–53. The POM to 

methanol (MeOH) undergoes over O2-activated Cu-MFIs, where di-nuclear [Cu(O)Cu]2+ 

clusters were identified as the active sites50,51. The formation of trinuclear [Cu3O3]2+ in 

mordenite has also been reported for CH4 conversion to MeOH based on spectroscopic and 

theoretical studies53. Regarding Fe–oxo clusters, [Fe2(μ2-OH)2(OH)2(H2O)2]2+ dimers have 

been proposed as active sites for direct CH4 oxidation to MeOH in aqueous mediums54. Other 
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transition metal–oxo clusters have been studied experimentally and/or theoretically for CH4 

oxidation55–58. In contrast, metal–oxo clusters of typical metal elements for CH4 oxidation 

under mild reaction conditions have rarely been reported.

Based on the potential of In-exchanged zeolites for light-alkane activation, we conducted 

experimental and theoretical studies on the formation of In–oxo clusters for CH4 activation. 

Multinuclear In–oxo clusters were generated by O2 activation of In-CHA (InOx–CHA), as 

indicated by X-ray absorption spectroscopy (XAS) and ab initio thermodynamic analysis. The 

ability for CH4 activation was evaluated by monitoring the reaction of CH4 over InOx–CHA 

using in-situ Fourier transform infrared (FTIR) measurements, as well as transition state (TS) 

calculations of C–H bond cleavage over plausible In–oxo models.

In-exchanged zeolites can be prepared using RSSIE59,60. The In2O3-modiifed CHA zeolite 

(In2O3/CHA) was treated under H2 flow at 500 °C to produce In-exchanged CHA (In-CHA). 

Thereafter, In-CHA was activated with O2 at 500 °C to synthesize InOx–CHA. The color of 

In2O3/CHA, prepared by a simple impregnation method, was pale yellow, indicating the 

presence of bulk In2O3, whereas that of InOx–CHA was white, suggesting the formation of 

In–oxo species, unlike bulk In2O3 (Figure 1). The absence of bulk In2O3 after the O2 activation 

of In-CHA was supported by the X-ray diffraction (XRD) measurements and scanning 

transmission electron microscope (STEM) observations (Figure 2). In-situ K-edge XAS 

measurements revealed that the absorption edge position of InOx–CHA was similar to that 

of In2O3. In the FT of extended X-ray absorption fine structure (EXAFS) spectrum, the 

scattering peak derived from In‒(O)‒In was considerably low compared to that of In2O3 (the 

coordination number (CN) was determined to be 2.4), suggesting the formation of In–oxo 

clusters by O2 activation of In-CHA (Figure 3).

Figure 1. Photographs of (a) In2O3/CHA, (b) In-CHA, and (c) InOx–CHA.
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Figure 2. (a) Annular bright-field and (b) high angle annular dark-field STEM images of InOx–

CHA. Elemental mapping images of (c) Si, (d) In, (e) O, and (f) EDX spectrum.

Figure 3. (a) Normalized In K-edge K-ray absorption near edge structure (XANES) spectra 

of In2O3, In-foil, In2O3/CHA, In-CHA (after H2 treatment of In2O3/CHA), and InOx–CHA (after 

O2 treatment of In2O3/CHA). (b) In-situ In-K-edge XANES spectra during H2 treatment of 

In2O3/CHA. Dotted lines indicate isosbestic points. (c) FT of k3-weighted EXAFS oscillations 

measured at room temperature for In2O3, In2O3/CHA, and InOx–CHA.

To predict the possible structure of In–oxo clusters, ab initio thermodynamic analysis was 

performed. This approach is useful for predicting the structures of key multinuclear metal–

oxo clusters of transition metal cations in zeolites61–63. The formation of monomers, dimers, 

trimers, and tetramers on three different types of paired Al sites (8MR(3NN), 8MR(4NN), and 

6MR(3NN), Figure 4) was considered, whereas the effect of the partial pressure of O2 and 

H2O during the O2 treatment was included as the chemical potential. It is predicted that the 

formation of In–oxo clusters, such as [In2O2]2+ and [In4O4]2+, is favored over 8MR(4NN), 

whereas the monomeric In–oxo species, [In(OH)]2+, is thermodynamically more stable than 

In–oxo clusters over 6MR(3NN). In the case of 8MR(3NN), [In2O2]2+ is the most plausible 
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structure of In–oxo clusters, although monomeric [In(OH)]2+ is slightly more stable than 

[In2O2]2+ (Figure 5).

Figure 4. CHA unit cell and Al configuration investigated using periodic DFT calculations. 

Ovals highlight the locations of 8MR and 6MR.

Figure 5. 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 and d) 8MR(4NN), (b and e) 

8MR(3NN), and (c and f) 6MR(3NN).

The CH4 activation ability of In–oxo clusters was explored using in-situ FTIR spectroscopy. 

Under CH4 flow at room temperature, two absorption bands derived from the C=O stretching 

and C-H bending of adsorbed formic-acid species were observed between 1600–1800 cm−1 

and 1300–1500 cm−1, respectively. CO2 and CO were not detected in the gas phase, 

indicating the occurrence of POM to adsorbed formic acid species. When bulk In2O3 or 

proton-exchanged CHA zeolites were used instead of InOx–CHA, the IR spectra did not 

contain peaks derived from oxygen-containing products. The POM at room temperature 

occurred over the In–oxo clusters (Figure 6).
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Figure 6. (a) FTIR spectra of InOx–CHA during reaction with CH4 at room temperature. (b) 

Curve fitting of the band (1800–1600 cm−1) in the IR spectrum after N2 purging.

To support the occurrence of CH4 activation, the C‒H cleavage over four possible In–oxo 

species was studied. The C‒H cleavage of CH4 over [In2O2]2+ at 8MR(4NN) occurs 

heterolytically at the In‒O bond to form In‒CH3 and O‒H bonds. The theoretical activation 

barrier (Ea_theo) of C‒H bond cleavage was calculated as approx. 90 kJ/mol, which is 

reasonable for CH4 activation under mild conditions. The Ea_theo value for monomeric 

[In(OH)]2+ at 6MR(3NN) (approx. 120 kJ/mol) is higher than that for [In2O2]2+ at 8MR(4NN). 

The [In2O2]2+ dimer at different paired Al sites (8MR(3NN)) showed almost the same Ea_theo 

value (approx. 90 kJ/mol), whereas the Ea_theo for the [In4O4]2+ tetramer was higher (approx. 

110 kJ/mol) than that for the [In2O2]2+ dimer model (Figure 7). [In2O2]2+ dimers are more 

plausible structures than mononuclear or tetranuclear In–oxo species. Molecular orbital 

analysis of CH4 activation over [In2O2]2+ at 8MR(4NN) indicated that charge transfer from the 

highest occupied molecular orbital (HOMO) of CH4 to the lowest unoccupied molecular orbital 

(LUMO) of [In2O2]2+ is more likely to occur than that from the HOMO of [In2O2]2+ to the LUMO 

of CH4
64–66. The ΔEa_theo for radical cleavage is predicted to be considerably high (> 200 

kJ/mol), supporting our hypothesis that the C‒H bond cleavage of CH4 occurs in a heterolytic 

manner.
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Figure 7. Reaction energy diagrams of intermediates and transition states for the activation 

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

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

transition states of [In2O2]2+-8MR(4NN) (bottom) and [In(OH)]2+-6MR(3NN) (top) are included 

in the figure.

3. Ga-oxo cluster in CHA zeolites for room-temperature POM 46

Although Ga-zeolites have been extensively studied for alkane transformations, as described 

in Introduction, the formation and catalysis of Ga-oxo species have been less studied than 

those of reduced Ga species. The formation of Ga-oxo clusters during H2O-accelerated 

alkane dehydrogenation over Ga-exchanged zeolites was proposed by Hensen et al.29,30. 

Other studies on Ga-oxo species for alkane activation/transformation have been reported in 

a limited number of studies67–69. However, CH4 activation at room temperature over Ga-oxo 

species in zeolites has not been reported. Based on our finding in the study on InOx–CHA, 

we further investigated the experimental and theoretical study on the formation of Ga-oxo 

clusters for CH4 activation as a comparative study with In–oxo clusters.

Ga-exchanged zeolites can also be prepared by RSSIE. The H2 temperature-programmed 

reduction (TPR) profile during the RSSIE of the Ga2O3-modified CHA zeolites (Ga2O3/CHA) 

showed a reduction peak at approximately 600–700 ˚C (Figure 8). This temperature range is 

higher than that of InOx–CHA (300–500 ˚C)44. In-situ Ga K-edge XAS measurements during 

RSSIE under H2 flow at 700 °C revealed that the absorption edge shifted toward lower energy 

values by c.a. 4–5 eV (Figure 9). This shift is interpreted as the formation of reduced Ga 

species in zeolites, such as isolated Ga+ cations and Ga-hydrides ([GaH2]+ and [GaH]2+), 

although the detailed assignment is still controversial70–73. After O2 activation of Ga-

exchanged CHA (Ga-CHA) at 500 °C, the absorption edge returned toward higher energy, 
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and its energy value was similar to that of β-Ga2O3. The XANES spectrum of the O2-activted 

Ga-CHA (denoted as GaOx-CHA) contained mainly one peak assignable to tetrahedral Ga3+ 

species, whereas two peaks were observed in the XANES spectrum of β-Ga2O3
74 indicating 

that highly dispersed oxidized Ga species existed after O2 activation. The curve-fitting 

analysis of FT of EXAFS indicated that the CN of Ga‒(O)‒Ga was 1.06, which is much lower 

than that for β-Ga2O3 (CN is theoretically above 4), suggesting the presence of Ga-oxo 

clusters.

Figure 8. H2-TPR profile of Ga2O3/CHA under H2 flow. Reprinted with permission from ref 46. 

Copyright 2020 Elsevier.

Figure 9. (a) Normalized Ga K-edge XANES spectra of β-Ga2O3, Ga(acac)3, Ga2O3/CHA, 

Ga-CHA (after H2 treatment of Ga2O3/CHA at 700 °C), and GaOx-CHA (after O2 treatment 

of Ga-CHA at 500 °C). (b) FT of k3-weighted EXAFS oscillations measured at room 

temperature for β-Ga2O3 and GaOx-CHA. (c) In-situ Ga K-edge XANES spectra during H2 
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treatment of Ga2O3/CHA. (d) Corresponding ΔXANES spectra obtained by subtracting the 

Ga2O3/CHA spectrum at the beginning of H2 treatment at room temperature. Reprinted with 

permission from ref 46. Copyright 2020 Elsevier.

The plausible structure of the Ga-oxo species in GaOx-CHA was also discussed by ab initio 

thermodynamics analysis. The same three paired Al sites, 8MR(4NN), 8MR(3NN), and 

6MR(3NN), were considered as coordination sites for the Ga-oxo species. Phase diagrams 

predicting the most stable species (Figure 10) revealed that the lower-temperature region 

was favorable for the formation of [Ga2(OH)4]2+ dimers. In the high-temperature region, 

monomeric [Ga(OH)]2+ is the most stable on 6MR(3NN), whereas the [Ga2O2]2+ dimer is the 

most stable on 8MR(3NN) and (4NN). The relatively stable species [Ga2(O)(OH)2]2+ and 

[Ga3(O)2(OH)3]2+ were also predicted.

Figure 10. Free energy (ΔG) for the formation of Ga(-oxo) ions on paired Al sites (Z2) in CHA 

(top) and the phase diagram showing the lowest-energy species (bottom) as a function of the 

O2 partial pressure (log(pO2)) and temperature for (a, d) 8MR(4NN), (b, e) 8MR(3NN), and 

(c, f) 6MR(3NN). (g) Relative energies of Ga(-oxo) ions at each paired Al site, referenced to 

the lowest-energy Ga-oxo ions, with O2 partial pressure = 0.1 atm and temperature = 27 °C. 

Reprinted with permission from ref 46. Copyright 2020 Elsevier.

To examine the ability of CH4 activation at room temperature, the surface-adsorbed species 

generated under CH4 flow at room temperature were monitored by in-situ FTIR 

measurements. In contrast to the case of InOx–CHA in our previous study, a narrow peak 

appeared at 1490 cm−1, which can be attributed to scissoring of the surface dioxymethylene 

species (‒OCH2O‒, adsorbed formaldehyde species). The deconvolution of the absorption 
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band at approximately 1400 cm−1 revealed that the peak derived from the wagging of surface 

‒OCH2O‒ groups also appeared at 1413 cm−1, with the peak derived from the C‒H bending 

of adsorbed HCO2H (Figure 11). This supports the formation of surface formaldehyde 

species, which is different from the case of InOx–CHA. In both cases of InOx- and GaO-

CHA, it was difficult to extract the adsorbed products using solvents such as D2O, resulting 

in difficulty in determining turnover number values.

Figure 11. (a) FTIR spectra of the reaction of CH4 with GaOx-CHA at room temperature. 

Deconvolution of the bands at approximately (b) 1700 cm−1 and (c) 1400 cm−1. Reprinted 

with permission from ref 46. Copyright 2020 Elsevier.

The C‒H bond cleavage of CH4 over Ga-oxo clusters in CHA zeolites was also studied by 

DFT calculations to determine a plausible Ga-oxo species that is active for partial CH4 

oxidation. Based on the results of ab initio thermodynamics analysis, five model structures 

with different nuclearities and structures were considered (Figure 12). The calculated 

adsorption energies were similar regardless of the different structures (approx. 20–30 kJ/mol). 

In contrast, only [Ga(O)(OH)2]2+ exhibited a relatively low Ea_theo less than 100 kJ/mol, which 

is approximately half of the Ea_theo for the monomeric [Ga(OH)]2+ model (approx. 180 kJ/mol). 

The Ea_theo for three Ga-oxo cluster models ranged from approximately 130 to 160 kJ/mol 

(Figure 13). Among the tested Ga-oxo species, [Ga(O)(OH)2]2+ is the most plausible structure. 

Regarding the reaction mechanism, the C‒H bond of CH4 is likely to undergo heterolytic 

rather than radical reactions. The different products of room-temperature CH4 oxidation 

between InOx- and GaOx-CHA, which was experimentally demonstrated by in-situ FTIR 

spectroscopy, are ascribed to the different activities of In–oxo and Ga-oxo clusters in CHA 

zeolites, as indicated by DFT calculations.
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Figure 12. Plausible Ga-oxo species on paired Al sites in CHA zeolite. Reprinted with 

permission from ref 46. Copyright 2020 Elsevier.

Figure 13. DFT(PBE)-calculated energy diagrams of C–H bond cleavage reactions over the 

predicted Ga-oxo species. Energies are given in kJ/mol and include the vdW-D3 dispersive 

correction. Reprinted with permission from ref 46. Copyright 2020 Elsevier.

4. Isolated In-hydrides in CHA zeolite for selective EDH 45

Surface-isolated hydrides have been studied since the 1970s as key species for 

hydrogenation, dehydrogenation, and hydrogenolysis reactions of heterogeneous 

catalysts75,76. The reported studies are classified into two main groups: (1) cleavage of H2 on 

metals and metal oxides to produce metal-hydrogen (M‒H) bonds77–84 and (2) 

hydrogenolysis of organometallic species on metal oxides to synthesize well-defined metal 

hydrides (surface organometallic chemistry (SOMC))85–89. Despite the fact that various 

transition metal hydrides have been synthesized, these hydrides are unstable and thermally 

decomposed at high reaction temperatures above 200–300 ˚C, resulting in limited catalytic 

applications. Zeolites are also potential supports for the formation of isolated metal hydrides 

because well-defined–cation-exchange sites are available in their pores 90,91. As mentioned 

above, several research groups have studied the formation and catalysis of isolated Ga-
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hydride. The formation and speciation of zeolite-supported Zn92–94, Ag95, and Rh hydrides96 

were also revealed by several spectroscopic techniques with the aid of theoretical 

investigations. Compared to SOMC systems, zeolite-supported isolated metal hydrides have 

been much less frequently reported. The study of synthesis and catalysis of surface metal 

hydrides remains a formidable task.

Figure 14. (A) In K-edge XAFS spectra of In-CHA after RSSIE under a H2 atmosphere at 

room temperature, the corresponding precursor (In2O3/CHA at room temperature), and 

reference samples (In2O3, In foil). (B) Corresponding FT of the EXAFS spectra. Reprinted 

with permission from ref 45. Copyright 2020 American Chemical Society.

The presence of isolated indium hydrides in CHA zeolites was first determined by in-situ In 

K-edge XANES measurements. Before RSSIE (In2O3/CHA), the XANES spectrum and its 

absorption edge were similar to those of In2O3 (Figure 14A). During the RSSIE of In2O3/CHA 

to prepare In-exchanged CHA (In-CHA), the XAFS spectrum of In-CHA showed no scattering 

peak in the EXAFS region (Figure 14B). A similar disappearance of EXAFS features during 

RSSIE was observed in an in-situ Ga K-edge XAFS study of Ga-exchanged zeolites by 

Iglesia et al70. The absorption edge shifted toward a lower energy value by ca. 4 eV, and its 

energy value was different from that of the In foil. This edge shift is also similar to the case 

of in-situ Ga K-edge XANES during RSSIE of Ga-modified zeolites as described above70–73. 

Hock et al. discussed that the shift of the absorption edge in the In K-edge XANES spectra 

of SiO2-supported In ions during H2 treatment is interrupted by the formation of In-hydrides, 

despite the unsuccessful observation of In−H groups by other spectroscopic techniques. Our 

results were obtained using in-situ In K-edge XANES measurements and implied the 

formation of reduced In species, including In-hydrides.

To investigate the formation of In-hydrides, we performed in-situ FTIR measurements, 

including isotope experiments. The FTIR spectrum of In-CHA after H2 treatment (denoted as 

In-CHA(H2)) showed an absorption band assignable to the In−H stretching vibration at 1720 
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cm−1 (Figure 15). The introduction of ethylene at 200 °C resulted in the disappearance of this 

band and the appearance of other bands derived from the C−H stretching vibration of 

adsorbed ethane and/or ethyl fragments, indicating the occurrence of the reaction between 

In-hydrides and ethylene. When In-CHA was treated with D2 (denoted In-CHA(D2)), the band 

derived from In−H was not observed. In the reaction of In-CHA(D2) with ethylene, a new band 

assignable to the C−D stretching vibration of partially deuterated ethane and/or the 

corresponding ethyl fragments appeared at approximately 2200 cm−1. In the H−D exchange 

reaction of In-CHA(H2) under a D2 atmosphere monitored by in-situ FTIR, the band around 

1720 cm−1 disappeared at 200 °C and the successive treatment with H2 at 200 °C 

regenerated a similar band (Figure 16). Consumption of D2 and generation of HD were also 

observed in the reaction of In-CHA(H2) with D2, when using a flow-type reactor with online 

mass spectrometry analysis. These results demonstrate the presence of In-hydrides in In-

CHA. 

Figure 15. (A) FTIR spectra of In-CHA after treatment with H2 at 500 °C (In-CHA(H2)) followed 

by vacuum treatment or introduction of C2H4/He at 200 °C, and In-CHA after treatment with 

D2 at 500 °C (In-CHA(D2)). (B) Spectra after the introduction of C2H4/He at 200 °C for 20 min 

to In-CHA(H2) and In-CHA(D2). Enlarged views of (B) at approximately (C) 3100−2700 cm−1 

and (D) 2300−2100 cm−1. Reprinted with permission from ref 45. Copyright 2020 American 

Chemical Society.
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Figure 16. (A) FTIR spectra after H−D exchange reactions between In-CHA(H2) and D2 at 

100 or 200 °C, as well as after the treatment of In-CHA used for the H−D exchange reaction 

with H2 at 473 K. (B) Mass profiles for m/z = 2, 3, and 4 during the reaction between In-

CHA(H2) and D2. The profiles for the control experiment using proton-type CHA (H-CHA) 

instead of In-CHA are indicated by dotted lines. Reprinted with permission from ref 45. 

Copyright 2020 American Chemical Society.

The detailed structure of In-hydrides was discussed by vibration analysis with a comparison 

of experimental results. The [InH]2+ and [InH2]+ models at different paired Al sites were 

considered. The wavenumber of the In–H stretching vibration of [InH]2+ is predicted to be 

approximately 1760–1800 cm−1, whereas that of the asymmetric In–H stretching vibration of 

[InH2]+ ranged from 1721.1 to 1735.6 cm−1. It was concluded that [InH2]+ was the main 

isolated In-hydrides in the CHA zeolite. TS calculations for the formation and decomposition 

of [InH2]+ were performed (Figure 17). The activation enthalpy for the decomposition of [InH2]+ 

to In+ was relatively high (approx. 260 kJ/mol), although [InH2]+ is thermodynamically less 

stable than In+. [InH2]+ is kinetically wrapped by the zeolite cage, resulting in thermal stability 

of the isolated In-hydrides. Similar calculation results were obtained in the previous report by 

Bell et al.97.
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Figure 17. Optimized structure of the [InH2]+ ion [AlO4]− site (Z[InH2]) in the CHA zeolite and 

formation of Z[InH2] from Z[In] via direct and indirect pathways, as well as desorption of H2 

from Z[InH2]. Activation enthalpies were estimated using TS calculations. Reprinted with 

permission from ref 45. Copyright 2020 American Chemical Society.

To explore the catalysis of In-hydrides in CHA zeolites, non-oxidative EDH was performed 

using several catalysts, including In-CHA, at 660 °C. In-CHA exhibited the high ethylene 

selectivity (> 96%) at ca. 26 % conversion with high carbon balance value (> 98%) (Figure 

18). Notably, the initial conversion value did not decrease for at least 90 h, demonstrating 

the high durability of In-CHA. In contrast, Ga- and Zn-exchanged zeolites exhibited low to 

moderate ethylene selectivity (64–78%) and carbon balance value (62–82%), although the 

initial conversion values were higher (53–58%) than that of In-CHA. The conversion values 

quickly decreased within a few hours and reached below 26% after 20 h, indicating their low 

durability. A well-studied PtSn alloy catalyst (PtSn/Al2O3)98 also decreased the conversion 

value by extending the reaction time to 90 h, resulting in the lower conversion value than that 

for In-CHA. The high selectivity of In-CHA was also demonstrated by the relationship 

between the conversion and selectivity of In-CHA, PtSn/Al2O3, and Ga-ZSM-5. Temperature-

programmed oxidation (TPO) of the catalysts used for the 2 h reaction showed that coke 

formation occurred significantly for Ga- and Zn-exchanged zeolites and PtSn/Al2O3, whereas 

the peak derived from coke combustion was quite small for In-CHA. The high durability of In-

CHA is ascribed to the suppression of coke formation. In-CHA selectively promoted EDH 

even under high-temperature conditions and was regenerable by O2 treatment. 
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Figure 18. Time course of non-oxidative EDH using (A) In-, Ga-, and Zn-CHA for 20 h and 

(B) In-CHA, Al2O3-supported PtSn catalyst (PtSn/Al2O3) for 90 h, PtGa/Al2O3 for 20 h, and 

Ga-ZSM-5 for 40 h. (C) Effect of In/Al ratio on the carbon balance (blue) and relative number 

of Brønsted acid sites normalized to H-CHA (red). (D) TPO spectra of the catalysts used for 

the 2 h reaction. (E) Relationship between the conversion and selectivity for In-CHA, 

PtSn/Al2O3, and Ga-ZSM-5. Reprinted with permission from ref 45. Copyright 2020 American 

Chemical Society.

The most plausible active In species (In+, [InH]2+, and [InH2]+) for ethane dehydrogenation 

are discussed based on a combination of kinetic and theoretical studies (Figures 19 and 20). 

A previous study on Ga-exchanged zeolites reported by the group of Bell investigated the 

effects of H2 partial pressure (p(H2)) and Ga/Al ratio on the reaction rate in propane 

dehydrogenation24. A negative reaction order value (−0.1 to −0.3) was obtained, which was 

interpreted as the interconversion of more active [GaH]2+ with H2 to less active [GaH2]+ and 

H+. The highest reaction rate normalized to the catalyst amount was observed at Ga/Al = 0.5, 

indicating that divalent [GaH]2+ was the active site in the Ga-CHA tested in this study. Similar 

results were obtained for EDH using Ga-CHA. In contrast, In-CHA exhibits different kinetics. 

The zero-order reaction order with respect to p(H2) dependency was obtained while the 

reaction rate proportionally increased with the increase of In/Al from 0.4 to 0.8 (Figure 19A 

and C), indicating that monovalent In species, such as In+ and [InH2]+, are more plausible 

rather than divalent [InH]2+. The apparent activation enthalpy (ΔH) of EDH using In-CHA was 

determined to be 236 kJ/mol (Figure 19D). TS calculations of EDH over In-hydrides ([InH]2+ 

or [InH2]+) and In+ in different reaction mechanisms were investigated, and the highest ΔH 

values were compared. The highest ΔH in EDH over In-hydrides was calculated to be around 

210‒240 kJ/mol, except for the reaction over [InH2]+ in the σ-bond metathesis mechanism 
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(Figure 20), whereas the TS calculation of ethane dehydrogenation over In+ in the alkyl 

mechanism resulted in the highest ΔH of 410 kJ/mol. Based on spectroscopic, kinetic, and 

theoretical results, [InH2]+ is the most plausible active site for ethane dehydrogenation. This 

is the first example of the formation and catalysis of isolated In-hydrides in zeolites. 

Figure 19. Kinetic studies of EDH using In-CHA (blue) and Ga-CHA (red). Comparison of 

TOF dependence of (A) p(H2) and (B) p(C2H6). (C) Effect of M/Al ratio on the formation rate 

of ethylene. Conditions: 0.1 g of catalyst, 50 mL/min of H2/C2H6/He, 600 °C for In, or 580 °C 

for Ga. (D) Eyring plot for ethane dehydrogenation (600–660 °C). The data for the kinetic 

studies were obtained under conditions yielding ethane conversions of <15%; the detailed 

conditions for each experiment are provided in the Supporting Information. Reprinted with 

permission from ref 45. Copyright 2020 American Chemical Society.
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Figure 20. Enthalpy (solid lines) and free energy (dashed lines) profiles for ethane 

dehydrogenation over Z[InH2] (A) via a concerted mechanism, (B) via an alkyl mechanism, 

and (C) via a σ-bond metathesis mechanism. Reprinted with permission from ref 45. 

Copyright 2020 American Chemical Society.

It is well known that surface Brønsted acid sites (BASs) induce coke formation via 

carbocation species, resulting in low selectivity and deactivation. The TS calculation of EDH 

over [InH]2+ ions indicated that BASs or carbocations were formed by the C-H cleavage of 

C2H6 as relatively stable species. In contrast, EDH over [InH2]+ ions does not involve the in-

situ generation of BASs as stable intermediates, suggesting that the abundance of in-situ 

generated BASs or carbocations in EDH over [InH2]+ ions is less than that over [InH]2+ ions. 

The TS calculation for EDH by Ga-zeolites from Bell’s group also indicated a similar 
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difference in the reaction mechanisms between [GaH]2+ and [GaH2]+ ions97 The difference in 

the local structure of active metal hydrides, dihydrides, or monohydrides resulted in the 

suppression of coke formation as well as superior selectivity and durability of In-CHA. 

5. Control of Ga-hydride formation in MFI zeolites for selective EDH 47

As described in the previous section, we observed the formation of isolated In-hydrides in 

the form of [InH2]+ by high-temperature H2 treatment of In-exchanged CHA zeolite (In-CHA) 

prepared via the RSSIE reaction. Although In-CHA exhibited higher selectivity and durability 

for EDH than Ga-CHA, the apparent activation barrier for Ga-CHA was much lower than that 

for In-CHA. We envisioned that [GaH2]+ ions would be reasonable active sites that exhibit 

higher activity than [InH2]+ ions and higher selectivity than [GaH]2+ ions, leading to the 

development of effective Ga-zeolite catalysts for EDH.

The preferential formation of [GaH2]+ ions over [GaH]2+ ions is theoretically induced by 

increasing the Ga loading amount at Ga/Al = 1.0, because monovalent Ga ions can be 

stabilized by one Al site, whereas divalent Ga ions can be formed only on paired Al sites. 

Even though the formation of inactive Ga+ cations is also induced, Ga+ cations likely act as 

spectators to suppress coke formation by replacing BASs with charge-compensating cations 

(Figure 21). In this study, we found the high-loading Ga-MFI (Ga/Al = 1.0) treated at a high 

temperature of 800 °C (Ga-MFI-1.0(800)) afforded [GaH2]+ ions as the major Ga-hydride 

whereas [GaH]2+ ions were preferentially formed in the low-loading Ga-MFI (Ga/Al = 0.3) 

treated with H2 at a conventional temperature of 550 °C (Ga-MFI-0.3(550)). In EDH, Ga-MFI-

1.0(800) exhibited much higher selectivity owing to much less coke formation compared to 

low- and medium-loading Ga-MFI, indicating that [GaH2]+ ions likely serve as selective and 

coke-resistant active sites for EDH. Although most previous studies have focused on the 

characterization and dehydrogenation catalysis of low- to medium-loading Ga-MFIs23–26,99,100, 

studies on Ga-MFIs with high Ga loading (Ga/Al = ca. 1.0) have been limited22,101.

 
Figure 21. The formation of isolated Ga-hydrides in MFI controlled by increasing the Ga 

loading toward selective EDH.
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First, we investigated the effects of the Ga loading amount (Ga/Al) and H2 treatment 

temperature on the RSSIE to control the formation of Ga-hydrides (Figure 22). The IR 

spectrum for Ga-MFI prepared under the conditions (Ga/Al = 0.3 and treated with H2 at 

550 °C, denoted as Ga-MFI-0.3(550)) exhibited a stronger peak around 2060 cm−1 with a 

weaker peak around 2040 cm−1. These peaks are assignable to the Ga−H stretching vibration 

of [GaH]2+ and [GaH2]+, respectively24. With increasing Ga loading amount (from Ga/Al = 0.3, 

0.5, and 1.0) and the temperature of the H2 treatment (from 550 to 700 °C and 800 °C), the 

peak intensity corresponding to [GaH]2+ decreased and that corresponding to [GaH2]+ 

increased. The main formation of [GaH2]+ was observed over Ga-MFI-1.0(800), prepared 

with Ga/Al = 1.0, and H2 treatment at 800 °C. The other Ga species and remaining Brønsted 

acid sites (BASs) were also characterized by in-situ FTIR spectroscopy using pyridine and 

NH3 as probe molecules, respectively. The unreacted GaOx species and BASs were 

considerably remained for Ga-MFI-0.3(550). For Ga-MFI-1.0(800), a strong peak derived 

from Ga+ was observed, while the peaks corresponding to GaOx and BASs were much 

smaller than those of the other Ga-MFIs. The high Ga loading amount and high-temperature 

H2 treatment are favorable not only for the main formation of [GaH2]+ but also for decreasing 

the number of remaining BASs.

Figure 22. Characterization of Ga species in Ga-MFI-X(Y) (X: Ga/Al ratio, Y: H2 treatment 

temperature). (a) Difference in FTIR spectra at 50 °C without exposure to air. (b) FTIR spectra of 

the adsorbed pyridine (Py) species at 150 °C. (c) IR spectra of the adsorbed NH3 species at 50 °C. 

For (b) and (c), the spectra were recorded after the saturation of Py or NH3 adsorption followed 

by He purging.

 A series of Ga-MFIs was applied to EDH, and their catalytic performances were compared 

(Figure 23a). Although a few studies on EDH using Ga-MFIs have been reported, the 
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catalysts were prepared with low-to-medium Ga/Al values. Alkane dehydrogenation using 

high-loading Ga-MFIs has rarely been investigated. Ga-MFI-0.3(550) showed a relatively 

high initial conversion (78%), whereas both the ethylene selectivity and carbon balance 

values were very low (55% and 34%, respectively). The activity rapidly decreased within a 

few hours, and the conversion value at 15 h was 18%. The Ga-MFIs prepared with higher 

Ga/Al and higher temperature H2 treatment exhibited better ethylene selectivity and carbon 

balance values, achieving superior durability, although the initial conversion value decreased. 

The highest durability was achieved using Ga-MFI-1.0(800), where good ethylene selectivity 

and carbon balance values were observed. Notably, the developed Ga-MFI-1.0(800) was 

applicable under high-concentration conditions (50%), where a good conversion value and 

high ethylene selectivity were maintained for at least 30 h. The ethylene formation rate 

reached 72.1 mmol g−1 h−1, which was the highest value among the reported Pt-free catalysts 

(Table 1).102 The comparison of catalytic performance with representative reported catalyst 

system is summarized in Table 1.

Figure 23. (a) Conversion and selectivity of EDH using Ga-MFI-X(Y). Reaction conditions: 100 

mg of Ga-MFI-X(Y), 10 mL/min of 10% C2H6/He, 660 °C. (b) TPO profiles of a series of Ga-MFI 

after reaction for 2 h. (c) Plots of reciprocals of kd in dehydrogenation tests and ACO2 in TPO 

experiments (indices of durability and coking suppression, respectively) as a function of the 

relative amount of the remaining BASs based (H+/H+
H-MFI). The upper and lower inset pictures are 

Ga-MFI-1.0(800) and 0.3(550), respectively, after 2 h of reaction. (d) Plots of reciprocals of kd and 

ACO2 as a function of A[GaH2]+/A[GaH]2+.
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Table 1. Comparison of conversion, selectivity, and deactivation rate of Ga-MFI and 

representative reported Pt-free catalysts in non-oxidative EDH.
Catalyst Temp

.

[˚C]

Cat.

[mg]

Flow 

[mL/min]

C2H6

Conc.

[%]

C2H6

Conv.

[%]

C2H4

Sel.

[%]

C2H4

Formation 

Rate

[mmol/(g‧h)]

Deactivation

Rate (kd)

[h−1]

Ref.

660 100 10 10 43.1 89.7 10.4 0.024 (15 h) 47Ga-MFI-

1.0(800) 660 50 10 50 28.5 92.6 72.1 0.014 (30 h) 47

Ga-MFI-

0.3(550)

660 100 10 10 79.1 55.0 11.7 0.190 (15 h) 47

In-CHA 700 100 7.5 13 37.4 95.1 9.2 0.0025 (20 

h)

45

Cr0.8MFI 650 100 10 10 36.2 > 99 19.2 0.0046 (40 

h)

103

Fe-containing 

MFI siliceous 

zeolite

600 200 6.6 30 26.3 97.5 10.4 n.a. 104

0.10Ba-Ga-α-

Al2O3

700 100 143 12.6 1 98 4.7 n.a. 105

FeZSM5 600 100 60 9 28 71.6 29.0 0.071 (4.5 

h)

106

Ga/SiO2-

doped TiO2

650 200 30 3 46.0 84.9 4.7 0.81 (6 h) 107

5Cr/MCM-41E 650 160 50 15 23 99 28.6 n.a. 108

Co-MFI 650 200 30 3 54.5 87.8 5.8 0.078 (6 h) 109

Ni3Ga/Al2O3 600 100 20 10 10.0 94.0 5.0 0.018 (30 h) 110

Pd-In-0.8/SiO2 600 200 50 5 24.0 >99 8.0 0.090 (3 h) 111

6% Co@MFI 600 300 30 90 16.2 99 38.6 n.a. 112

In our previous study, we investigated the relationship between durability, coke formation, 

and the remaining BASs; however, the influences of [GaH2]+/[GaH]2+ formation at different 

ratios on catalytic performance were not systematically studied. In this Perspective, the 

formation ratio of [GaH2]+/[GaH]2+ was estimated by the peak area of the FTIR measurement, 

including peak deconvolution (A[GaH2]+/A[GaH]2+), and its relationship with coke formation and 

durability was examined. The reciprocals of the deactivation rate (1/kd) and relative CO2 peak 
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area (1/ACO2) obtained from TPO were used as indices of the durability and suppression of 

coke formation. These two indices were plotted as a function of the remaining BASs (H+/H+
H-

MFI) and the formation ratio of [GaH2]+, A[GaH2]+/A[GaH]2+ (Figure 23c and d). For low-to-medium-

loading amount Ga-MFIs, 0.3(550), 0.5(550), and 0.5(700), showed higher 1/kd and 1/ACO2 

values with the decrease of H+/H+
H-MFI. However, in the case of high-loading Ga-MFIs, 

1,0(700) and 1.0(800), coke formation was suppressed and better durability was achieved 

for Ga-MFI-1.0(800) despite the similarity (H+/H+
H-MFI). In the plot of as a function of 

A[GaH2]+/A[GaH]2+, both 1/kd and 1/ACO2 monotonically increased with an increase in 

A[GaH2]+/A[GaH]2+. These results show that the different formation ratios of isolated Ga-hydrides 

influence coke formation, affecting durability. The high durability and coke-resistance of Ga-

MFI-1.0(800) were ascribed to not only the low remaining BASs but also the main formation 

of [GaH2]+. The Eyring plots for EDH were further compared for Ga-MFI-1.0(800), 0.3(550), 

and In-CHA as catalysts with different active isolated hydrides, [GaH2]+, [GaH]2+, and [InH2]+, 

respectively (Figure 23b). The experimental ΔH value of Ga-MFI-1.0(800) was determined 

to be 97 kJ/mol, which is similar to that of Ga-MFI-0.3(550) (86 kJ/mol) and much lower than 

that of In-CHA (236 kJ/mol). The lower activation energy of Ga-exchanged zeolites than that 

of In-exchanged zeolites in EDH was also reported by Lobo113 The combined results suggest 

that [GaH2]+ is a reasonably active Ga-hydrides showing both high activity and selectivity for 

the EDH reaction. 

6. Formation and catalysis of isolated In- and Ga-hydrides in different zeolite 
frameworks 48,49 
In the development of zeolite-based catalysts, the framework type often affects the formation 

of active metal cation species, resulting in different catalytic performances. Although a few 

examples of isolated metal hydrides in zeolites have been reported (vide infra), the effect of 

the zeolite framework type on formation and catalysis has not yet been investigated. As our 

continuous studies, we further investigated the formation and catalysis of isolated In- and 

Ga-hydrides in other zeolites for EDH reaction48,49.

For In-exchanged zeolites48, In-MFI (10-membered rings), BEA, and MOR (12-membered 

rings) were examined for comparison with CHA (8-membered ring). Note that their SiO2/Al2O3 

ratios are similar (20.0 to 25.0) and RSSIE was conducted with the same In loading amount 

(In/Al = 0.8). In the EDH reaction, In-CHA uniquely showed higher activity compared to other 

In-exchanged zeolites, although high ethylene selectivity was obtained for all In-CHA zeolites 

(Figure 24). The Eyring plots revealed that ΔH in EDH using In-MFI, BEA, and MOR ranged 

from 300–364 to kJ/mol, which was much higher than that in EDH using In-CHA. A CHA 

zeolite with a higher Al content (SiO2/Al2O3 = 13.7) was also used to prepare the 
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corresponding In-CHA (In-CHA(Al-rich), In/Al = 0.8). In-CHA(Al-rich) exhibited a higher 

conversion value than In-CHA, whereas ΔH was similar to that of In-CHA (258 kJ/mol and 

236 kJ/mol). In-situ FTIR spectroscopy of In-CHA(Al-rich) revealed the formation of In-

hydrides. Active In-hydride species are likely to be formed only in CHA zeolites, resulting in 

the superior activity of In-CHA and In-CHA(Al-rich) to other In-exchanged zeolites. To discuss 

this, H‒D exchange reactions were additionally conducted for In-MFI and In-MOR (Figure 

25). As described above, in the case of In-CHA, the In-hydrides generated after H2 treatment 

at 500 °C reacted with D2 (m/z = 4) to afford HD (m/z =3) as a product of H‒D exchange 

reactions. When the reaction of H2-treated In-MFI and In-MOR under D2 flow was 

investigated, any consumption of D2 and formation of HD formation were not observed under 

the same reaction temperatures. These results prove the absence of active In-hydrides in In-

MFI and In-MOR, supporting the interpretation of the effect of zeolite framework type on the 

EDH catalysis of In-exchanged zeolites.

Figure 24. (a) Effect of zeolite host on turnover frequency (TOF) normalized to the amount 

of In obtained at 600 °C. (b) Eyring plots and apparent activation enthalpies for ethane 

dehydrogenation (600–660 °C) using In-MFI (pink), In-MOR (green), In-BEA (black), and In-

CHA(Al-rich) (red). The plots were obtained under ethane conversion below 15%.
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Figure 25. Mass profiles for m/z = 2, 3, and 4 during the reaction between In-exchanged 

zeolites (In-CHA, MFI, and MOR) and D2.

In the context of Ga-exchanged zeolites49, low- and high-loading Ga-exchanged MOR and 

CHA zeolites (Ga-MOR and -CHA) were prepared under identical conditions (Ga/Al = 0.3, H2 

at 550 °C, and Ga/Al = 1.0, with H2 at 800 °C, denoted as 0.3(550) and 1.0(800), respectively) 

and then compared with Ga-MFIs. The peak was hardly observed around 2050 cm−1 in IR 

spectrum for Ga-CHA-0.3(550). With an increase in the Ga/Al ratio and H2 treatment 

temperature (Ga-CHA-1.0(800)), a peak at 2050 cm−1, assignable to the Ga‒H stretching 

vibration, was observed. In the case of Ga-MOR, two peaks at 2077 and 2050 cm−1 were 

observed for Ga-MOR-0.3(550), possibly assignable to [GaH]2+ and [GaH2]+, respectively, 

whereas a main peak corresponding to [GaH2]+ was detected at 2050 cm−1 with a much 

higher intensity compared to Ga-CHA-1.0(800). In the EDH reaction, Ga-MOR-1.0(800) 

exhibited good ethylene selectivity and durability, although the conversion value was lower 

than that of Ga-MFI-1.0(800), as discussed above. In contrast, the activity of other Ga-CHA 

and -MOR decreased with the extending the reaction time, and the conversion values were 

lower than that for Ga-MOR-1.0(800). To understand the effects of the zeolite framework 

types and preparation conditions, the relative amounts of active Ga-hydrides were estimated 

by the H‒D exchange reaction monitored with in-situ FTIR spectroscopy. The steady-state 

ethylene yield at 3 h as an index of activity was plotted as a function of the intensity of the 

negative band around 2050 cm−1 (Figure 26).  A linear relationship was obtained where both 

the activity and the relative amount of active Ga-hydrides increased in the following order: 

Ga-CHA-0.3(550) < Ga-CHA-1.0(800) < Ga-MOR-0.3(550) < Ga-MOR-1.0(800) < Ga-MFI-

1.0(800). The kinetic study of EDH using Ga-CHA-1.0(800) and Ga-MOR-1.0(800) was also 
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examined. Although the ΔH values were similar among the tested catalysts, the reaction 

order of C2H6 partial pressure for Ga-CHA-1.0(800) was lower than those for Ga-MFI-

1.0(800) and Ga-MOR-1.0(800) (Figure 27). These results demonstrate that isolated Ga-

hydrides are responsible for the EDH reaction, regardless of the different zeolite framework 

types and kinetics/mechanisms.

Figure 26. (a) FTIR spectra of the H‒D exchange experiments in Ga-CHA, MOR, and MFI-

1.0(800) at 50 °C. The catalysts were treated with D2 at 400 °C for 15 min after the H2 

treatment at 800 °C. (b) Plot of ethylene yield at 3 h in ethane dehydrogenation tests and 

intensity at 2050 cm−1 as a function of the amount of Ga-hydrides. Reprinted with permission 

from ref 49. Copyright 2022 Elsevier.

Figure 27. Kinetic study for C2H6 dehydrogenation by using Ga-CHA-1.0(800) and Ga-MOR-

1.0(800). Dependence of C2H4 formation rate on (a) p(C2H6) and (b) reaction temperature. 

Reaction conditions: 100 mg of catalyst, (a) 50 mL/min of 2–8% C2H6/He, and 600 °C. (b) 50 

mL/min of 4% C2H6/He, 550–610 °C. Reprinted with permission from ref 49. Copyright 2022 

Elsevier.
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Conclusions and Outlook
In this Perspective, we described our continuous study of In- and Ga-exchanged zeolites for 

CH4 and C2H6 transformations. For the preparation of In- and Ga-exchanged CHA, the 

RRSIE reaction for Ga2O3/CHA required a higher temperature to promote the exchange 

reaction considerably (above 700 °C) than the RSSIE reaction for In2O3/CHA. The O2 

treatment of In- and Ga-CHA resulted in the formation of the corresponding metal–oxo 

clusters, as indicated by XAS spectroscopy. Both InOX–CHA and GaOX-CHA (O2-treated In- 

and Ga-CHA) were active for POM at room temperature to produce surface-adsorbed 

oxygenates. Adsorbed formic acid species were formed over InOX–CHA, whereas surface 

dioxymethylene species (-OCH2O-, adsorbed formaldehyde species) were detected over 

GaOX-CHA. The active In- and Ga-oxo clusters were discussed based on ab initio 

thermodynamics and TS calculations. In both cases, paired Al sites in 8MR were more 

favorable for the formation of clusters than those in 6MR. Among the considered models, 

[In2O2]2+ and [Ga2O(OH)2]2+ showed the lowest activation barrier values (approx. 90 and 100 

kJ/mol), respectively, which are reasonable for CH4 activation at room temperature. The 

different product selectivity in POM (formic acid species for In-CHA and formaldehyde 

species for Ga-CHA) is interpreted as the distinction of the lowest activation barrier values 

between [In2O2]2+ and [Ga2O(OH)2]2+.

We also found that isolated In-hydrides were formed in CHA zeolites after RSSIE. Active In-

hydrides were uniquely formed in In-exchanged CHA, whereas the use of other zeolites such 

as MOR and MFI did not afford active In-hydrides. Detailed characterization with the aid of 

vibration analysis indicated that [InH2]+ ions are plausible In-hydrides, as opposed to [InH]2+ 

ions. DFT calculations indicated that [InH2]+ is kinetically trapped by the zeolite cage, 

suppressing decomposition under high-temperature conditions, although In+ is 

thermodynamically more stable than [InH2]+. In the case of Ga-MFIs, both [GaH2]+ and 

[GaH]2+ were formed, and their formation ratio depended on the preparation conditions, such 

as the loading amount (Ga/Al ratio) and H2 temperature in the RSSIE. Conventional Ga-

MFIs, prepared under relatively low Ga loading and low temperature, possess [GaH]2+ ions 

as the dominant Ga-hydrides. High Ga loading and high-temperature conditions are 

favorable for the formation of monovalent [GaH2]+, although Ga+ is also formed. The relative 

number of Ga-hydrides, as determined by FTIR and H‒D exchange reactions, differs among 

the different zeolite frameworks under similar preparation conditions. 

In the context of the catalysis of isolated In- and Ga-hydrides, In-CHA with [InH2]+ selectivity 

promoted EDH and exhibited high durability, where the initial conversion value was 

maintained in long-term reactions. The combined results of spectroscopic, kinetic, and 

theoretical studies revealed that [InH2]+ ions are the most plausible active sites among the 
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reduced In species (In+ cations and isolated In-hydrides). Other In-exchanged zeolites also 

showed high C2H4 selectivity, although the apparent activation enthalpy was much higher 

than that for In-CHA. This is ascribed to the presence or absence of In-hydrides, supporting 

the idea that isolated In-hydrides are active sites for EDH. In the context of Ga-zeolites, Ga-

CHA and conventional Ga-MFIs showed low selectivity and durability, although the initial 

conversion value was higher than that of In-CHA. TS calculations suggest that the local 

structures of isolated In- and Ga-hydrides were closely related to C2H4 selectivity and 

durability. The C‒H bond cleavage of ethane over [MH]2+ (M = In and Ga) ions may induce 

the generation of BASs and/or carbocations as relatively stable intermediates, which may 

promote coke formation, whereas [MH2]+ ions can activate the C‒H bond of C2H6 without the 

formation of BASs or carbocations. The higher selectivity of In-CHA compared to 

conventional Ga-MFIs is ascribed to the difference in the abundance of in-situ generated 

BASs and/or carbocations. Based on this insight, we investigated the EDH catalysis of high-

loading Ga-MFIs with [GaH2]+ as the dominant Ga-hydride. The optimized Ga-MFI (Ga-MFI-

1.0(800)) promoted EDH with relatively good selectivity and durability. The highest C2H4 

formation rate among previously reported Pt-free catalysts was also achieved at high C2H6 

concentrations. A study on the relationship between catalyst durability and the formation ratio 

of [GaH2]+/[GaH]2+ over a series of Ga-MFIs revealed that a catalyst with a higher 

[GaH2]+/[GaH]2+ ratio showed better durability. The distinction in the steady-state EDH 

activity of Ga-exchanged zeolites with different frameworks was interpreted as the relative 

amounts of active Ga-hydrides for the H‒D exchange reaction. These findings indicate that 

isolated In and Ga-hydrides are active for EDH, and the local structure of hydride species is 

key to obtaining high selectivity. The advantage of In-exchanged zeolites over Ga-exchanged 

ones is high ethylene selectivity and low coke formation owing to the exclusive formation of 

[InH2]+, leading to long-term durability. Despite the difficulty in controlling the formation of 

[GaH2]+/[GaH]2+, Ga-exchanged zeolites are more promising than In-exchanged ones from 

the viewpoint of activity.

The catalysis of typical metal groups has been less explored than that of transition metal 

groups. Our recent results demonstrate the catalytic potential of typical metal-exchanged 

zeolites for alkane transformations. In addition, Zn-exchanged zeolites have been studied for 

light-alkane activations/transformations by several research groups, where oxidized and 

reduced Zn species have been proposed as the active sites92–94,114–116. The advantage of 

Ga- and In-exchanged zeolites over other metal-exchanged ones is the stability of reduced 

cationic species in the presence of H2 under high temperature conditions (i,e, difficulty of 

reduction of cationic species to metallic ones). This enables the preparation of high loading 

materials by RSSIE, which possibly reduces the remaining Bronsted acid sites, resulting in 
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the suppression of coke formation and long-term durability. Many challenges remain, 

including the synthesis of other types of metal-exchanged zeolites and how different zeolite 

frameworks affect the formation of active metal species. To control the local structure of 

active metal species, the regulation of Al sites in zeolites is also desirable117–120. From a 

mechanistic perspective, operando spectroscopic studies should be conducted to detect 

active metal hydrides under real operating conditions and to reveal experimentally reveal 

how alkane molecules are activated are formidable tasks.
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