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Abstract  

A catalytic system for activation of CH4 under mild conditions is in high demand. In this study, Ga-oxo 

clusters in CHA zeolites were prepared by reductive solid-state ion-exchange followed by O2 

treatment. Formation of the Ga-oxo clusters was demonstrated using X-ray absorption fine structure 

(XAFS) measurements. Plausible models of the cluster were developed by using an ab initio 

thermodynamic analysis. Importantly, the CHA zeolite-supported Ga-oxo clusters promote partial 

oxidation of CH4 to yield adsorbed formaldehyde and formic acid. The results of density functional 

theory (DFT) calculations, designed to gain information about the mechanism of the process, show 

that the [Ga2(O)(OH)2]2+ ion is likely the most active cluster for C–H bond activation of CH4. 

Observations made in this experimental and theoretical effort demonstrate that main-group metal-oxo 

clusters have the potential of serving as active species for transformations of CH4. 
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1. Introduction 

CH4 is an abundant natural resource present in shale gas. Although, various homogeneous and 

heterogeneous catalysts have been developed to activate the C–H bond in CH4 for functionalization, 

most require high temperatures [1]. Thus, new methods for CH4 activation under mild conditions are 

in great demand. Zeolite-supported metal catalysts have attracted significant attention in this context 

[2-14]. For example, O2-activated Cu-zeolites are well-known to promote partial oxidation of CH4 to 

produce an adsorbed methoxy species which can be desorbed in the form of methanol by using steam 

[2]. Various experimental and theoretical studies have been conducted to analyze the formation of 

dinuclear and trinuclear Cu-oxo clusters as CH4 activating species [3] and to establish structure-

activity relationships between formed Cu-oxo clusters and the nature of the activation process [4–6]. 

Fe-zeolites have also been explored as catalysts for the hydroxylation of CH4 by the oxidants H2O2 

[7] and N2O [8,9], and dinuclear and mononuclear Fe-oxo ions are proposed to function as active 

sites. Recently, a ZSM-5-supported Rh catalyst was developed for catalytic oxidation of CH4 in the 

presence of both O2 and CO to form acetic acid and methanol [10]. Other zeolite-supported metal(-

oxo) species, including those of Co, Ni, Au, and Ag, have been subjected to experimental and 

theoretical studies in order to evaluate their use in CH4 activation under mild conditions [5,11–14]. In 

contrast to the large number of investigations carried out to date on transition metal incorporated 

systems, efforts focusing on main-group metal catalyst loaded zeolites for CH4 activation are rare. 

Since the 1990s, Ga-exchanged zeolites have been shown to be capable of activating low molecular 

weight alkanes and have been applied industrially as efficient catalysts for the 

dehydrocyclodimerization (DHCD) of propane to form aromatic compounds (Cyclar process) [15–17]. 

Ono et al. investigated the use of Ga-exchanged ZSM-5, prepared by using the liquid phase ion-

exchange method, as a catalyst for dehydrocyclization reactions of light alkanes/alkenes at 773 K and 

discussed the mechanism of the process [18]. In a later investigation, Dooley et al. explored reductive 

solid-state ion-exchange (RSSIE) between Ga2O3 and proton-type ZSM-5 with the goal of improving 

catalytic activity by loading more Ga species in the zeolite [19,20]. Although identification of the form 

of Ga that is responsible for catalysis has been controversial, it has been proposed that Ga+ and Ga-

hydride ions are active species [21]. In the 2000s, Hensen et al. demonstrated by using infrared (IR) 
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spectroscopy that Ga-hydride species are formed on zeolites after RSSIE [15] and employed DFT 

calculations to describe the mechanism of dehydrogenation and oligomerization on this species [22–

25]. Following these efforts, several groups demonstrated that Ga-hydride species, such as [GaH2]+ 

and [GaH]2+, are active sites by employing a combination of experimental and theoretical methods 

[26–28]. Hensen et al. also observed in 2007 an acceleration effect of water on Ga-ZSM-5 catalyzed 

dehydrogenation reactions of alkanes [29] and then on the basis of the results of a theoretical study 

proposed that dinuclear Ga-oxo clusters are active species [30,31]. A selective catalytic reduction of 

NOx with CH4 (573-873 K) using Ga-exchanged zeolites was investigated by Kikuchi et al. [32]. By 

using an H/D exchange process, Stepanov et al. explored the ability of Ga-exchanged BEA zeolites 

to activate CH4 at lower temperatures (423-563 K) [33]. A theoretical study of [Ga=O]+ ion in ZSM-5 

has also been carried out by Miyamoto et al. [34] Although many investigations of Ga-zeolite catalyzed 

activation/transformation of light alkanes including CH4 have been conducted, thus far none have led 

to the development of methods for promoting these processes at room temperature.  

Recently, we found that O2 treatment for Indium (In)-exchanged CHA zeolite generates multinuclear 

In-oxo clusters, which promote oxidation of CH4 at room temperature to form formic acid [35]. 

Encouraged by the results of this early study and the thought that Ga-zeolites can be employed for 

C−H activation, we designed an investigation aimed at the synthesis of Ga-oxo clusters in CHA 

zeolites (GaOx-CHA) and an assessment of their ability to induce oxidation of CH4 at room 

temperature. As described below, in the effort we demonstrated by using Ga K-edge XAFS that O2 

treatment of a RSSIE prepared Ga-exchanged zeolite forms a Ga-oxo cluster. Ab initio 

thermodynamic analysis was also carried out to gain information about plausible structures of the Ga-

oxo species that exist in GaOx-CHA at various temperatures. By using Fourier transform (FT)-IR 

spectroscopy, we showed that reaction of CH4 promoted by zeolite-supported Ga-oxo clusters at room 

temperature generates adsorbed formaldehyde and formic acid. The mechanism of C–H bond 

cleavage in CH4 was explored by using DFT calculations to evaluate possible transition states (TS) 

for the process.  
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2. Experimental and Methodology 

2.1 Preparation of Ga-modified CHA zeolites 

The preparation of GaOx-CHA was conducted through impregnation of Ga species, RSSIE with H2, 

and O2 treatment. Specifically, a 1.0 g of CHA zeolite (Tosoh, NH4
+-type, SiO2/Al2O3 = 22.3, NH4-

CHA) and a 0.142 g of Ga(NO3)3•nH2O (n = 7-9, Wako) were added to 50 mL of deionized water 

(Ga/Al = ca. 0.4). The mixture was stirred, and the water was removed in vacuo. The resulting solid 

was dried in an oven and calcined at 773 K under an air atmosphere for 1 h, giving gallium oxide-

modified CHA zeolite (denoted as Ga2O3/CHA). For RSSIE, Ga2O3/CHA was treated under a H2 flow 

(20 mLmin−1) at 973 K for 30 min to form Ga-exchanged CHA zeolite (denoted as Ga-CHA). O2 

treatment of Ga-CHA was carried out under an O2 flow (20 mLmin−1) at 773 K for 30 min to produce 

O2-treated Ga-CHA (GaOx-CHA) as a white powder. 

 

2.2 Characterization 

A temperature programmed reaction using H2 (H2-TPR) was performed with BELCAT II 

(MicrotracBEL). Ga2O3/CHA (ca. 50 mg) was pretreated at 773 K for 1 h and under a He atmosphere 

and then cooled to 373 K. The gas flow was switched to 5% H2/Ar (30 mLmin−1) while a thermal 

conductive detector was employed to observe H2 consumption. A Ga K-edge XAFS measurement 

was conducted in the transmission mode in a BL14B2 station attached to a Si(311) monochromator 

at SPring-8 (JASRI), Japan (Proposal Nos. 2018B1768 and 2019A1614). The flow reaction system 

containing a flow-type cell was used for in situ XAFS measurements. Comparison of X-ray absorption 

near-edge structure (XANES) spectra was made using Athena (Demeter 0.9.26) while extended X-

ray absorption fine structure (EXAFS) spectra were analyzed using the REX ver. 2.5 program 

(RIGAKU). Curve-fitting analysis was carried out using the parameters for the Ga–O and Ga–(O)–Ga 

shells provided by Mckale [36]. 

 

2.3 FT-IR spectroscopic monitoring of room temperature activation of CH4 on GaOx-CHA 

FT-IR spectroscopy was conducted using a JASCO FT/IR-4600 spectrometer equipped with a 

triglycine sulfate (TGS) detector. A flow-type IR cell connected to a flow reaction system was used. 
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The powder sample of Ga2O3/CHA (40 mg) was subjected to a H2 flow at 973 K for 30 min, and then 

set in the IR cell after pelletizing. The pellet was subjected to an O2 flow (10% balanced with N2, 100 

mLmin−1) at 773 K, prior to measurement of a background spectrum under a N2 flow (90 mLmin−1) at 

303 K. A CH4 flow (10% balanced with N2, 100 mLmin-1) was introduced to the IR cell after beginning 

continuous IR measurements. β-Ga2O3 was obtained by calcination of Ga(NO3)3•nH2O at 1073 K for 

4 h. α-Ga2O3 was prepared by calcination of commercially supplied gallium hydroxide (Mitsuwa 

Chemicals) at 823 K for 4 h [37]. 

 

2.4 DFT Calculations 

DFT calculations were carried out using the periodic boundary condition under the Kohn–Sham 

formulation [38,39] as implemented in the Vienna ab-initio simulation package (VASP) [40,41]. The 

projected augmented waves (PAW) method was employed for the Kohn-Sham equations [42,43]. All 

atoms were allowed to fully relax during calculations and Spin-polarization was taken into account in 

all calculations. Electron exchange-correlation was treated by using the generalized gradient 

approximated Perdew-Burke-Ernzerhof (GGA-PBE) functional [44]. The plane basis set with a cut-off 

energy of 500 eV was used. The Γ point was used for Brillouin zone sampling. The semi-empirical 

Grimme's D3 method was employed to consider van der Waals (vdW) dispersion corrections [45,46]. 

During the calculations, the lattice constants of CHA zeolite were fixed at values given in the 

International Zeolite Association (IZA) database (a = b = 13.675 Å, c = 14.767 Å, α = β = 90.0° and γ 

= 120°) [47]. Three paired Al sites (Z2, an Al site is denoted as Z) in CHA are considered as a third-

nearest-neighbor site in a six-membered-ring (6MR(3NN)), and a third-nearest-neighbor site and a 

fourth-nearest-neighbor site in an eight-membered ring (8MR(3NN) and 8MR(4NN), respectively). 

The unit cell of CHA zeolite along with these paired Al sites are illustrated in Fig. 1. 

Ab initio thermodynamic analysis was applied to consider the effect of O2, water and temperature on 

Ga-oxo ions in CHA zeolites [48]. Enthalpies and entropies at each temperature, and the standard 

state pressure (0.1 MPa) were obtained from NIST-JANAF Thermochemical Tables [49]. The 

following equilibrium reaction was considered; 
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xGaOH CHA⁄ + (1 − x)CHA_2H +
(2m − 3x − n + 2)

4
O2 +

(x + n − 2)
2

H2O ⇋ GaxOmHn CHA⁄  (1) 

where the reaction energy is denoted as 

∆𝐸𝐸 = 𝐸𝐸𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂𝑚𝑚𝐻𝐻𝑛𝑛 𝐶𝐶𝐻𝐻𝐶𝐶⁄ − 𝑥𝑥𝐸𝐸𝐺𝐺𝐺𝐺𝑂𝑂𝐻𝐻 𝐶𝐶𝐻𝐻𝐶𝐶⁄ − (1 − 𝑥𝑥)𝐸𝐸𝐶𝐶𝐻𝐻𝐶𝐶_2𝐻𝐻 −
(2𝑚𝑚 − 3𝑥𝑥 − 𝑛𝑛 + 2)

4
𝐸𝐸𝑂𝑂2 −

(𝑥𝑥 + 𝑛𝑛 − 2)
2

𝐸𝐸𝐻𝐻2𝑂𝑂   (2) 

 In this way, 𝐸𝐸𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂𝑚𝑚𝐻𝐻𝑛𝑛 𝐶𝐶𝐻𝐻𝐶𝐶⁄  represents the total energy of the CHA zeolite model containing Ga-oxo 

ions. 𝐸𝐸𝐺𝐺𝐺𝐺𝑂𝑂𝐻𝐻 𝐶𝐶𝐻𝐻𝐶𝐶⁄  is that of the Ga-CHA model containing Z2[GaOH] (Z2[GaOH] denotes the [GaOH]2+ 

ion on paired Al site). 𝐸𝐸𝐶𝐶𝐻𝐻𝐶𝐶_2𝐻𝐻, 𝐸𝐸𝑂𝑂2 and 𝐸𝐸𝐻𝐻2𝑂𝑂 represent the total energies of the unit cell of CHA 

zeolite possessing two protons for charge compensation, gaseous water, and oxygen molecules, 

respectively. The Gibbs free energy ΔG is given as  

∆𝐺𝐺(𝑇𝑇,𝑝𝑝) =
1
𝐴𝐴
�∆𝐸𝐸 −

(2𝑚𝑚− 3𝑥𝑥 − 𝑛𝑛 + 2)
2

∆𝜇𝜇𝑂𝑂 −
(𝑥𝑥 + 𝑛𝑛 − 2)

2
∆𝜇𝜇𝐻𝐻2𝑂𝑂�     (3) 

𝐴𝐴 represents the area of the unit cell. The change of chemical potential ∆ 𝜇𝜇 is defined as 

∆𝜇𝜇𝑂𝑂(𝑇𝑇,𝑝𝑝) =  
1
2 �
𝛥𝛥𝜇𝜇𝑂𝑂2(𝑇𝑇,𝑝𝑝0) + 𝑅𝑅𝑇𝑇 𝑙𝑙𝑛𝑛 �

𝑝𝑝𝑂𝑂2
𝑝𝑝0
��     (4) 

∆𝜇𝜇𝐻𝐻2𝑂𝑂(𝑇𝑇,𝑝𝑝) = 𝛥𝛥𝜇𝜇𝐻𝐻2𝑂𝑂(𝑇𝑇,𝑝𝑝0) + 𝑅𝑅𝑇𝑇 𝑙𝑙𝑛𝑛 �
𝑝𝑝𝐻𝐻2𝑂𝑂
𝑝𝑝0

�     (5) 

The conjugate gradient method was used to optimize intermediate structures during the climbing-

image Nudge elastic band (CI-NEB) calculations as implemented in VTST-Tools [50]. Once the 

maximum forces on all atoms are less than 0.03 and 0.05 eV Å-1, the geometry optimizations and CI-

NEB calculations are considered converged, respectively. For CI-NEB calculations, a 400 eV cut-off 

energy was employed to reduce the computational cost. The spring constant between adjacent 

images was set to 5.0 eV/Å2. All structure graphics were generated by using visual molecular 

dynamics software (VMD) [51]. 
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Fig. 1 Unit cell of CHA zeolite and paired Al sites investigated in periodic DFT calculations. Yellow: 

Si, Red: O, and Green: Al. 
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3. Results and Discussion 

3.1 XAFS and H2-TPR measurements 

GaOx-CHA was prepared by calcination (773 K) of a mixture of Ga(NO3)3 and NH4-CHA, obtained by 

impregnation, followed by sequential RSSIE with H2 (973 K) and O2 treatment (773 K). To trace the 

redox characteristics of Ga species formed during preparation of GaOx-CHA, Ga K-edge XANES 

spectroscopic analysis was performed. Normalized XANES spectra of a sample of Ga-modified CHA 

zeolites at different points in the preparative sequence, along with those of reference samples (β-

Ga2O3 and Ga(acac)3, acac denotes acetylacetonate) are displayed in Fig. 2(a). It is well-known that 

XANES spectra of gallium oxides contain two distinguishable peaks assignable to respective 

octahedral and tetrahedral Ga3+ species [37,52]. The XANES spectrum of β-Ga2O3, which contains 

both of these Ga3+ species, contains an absorption maximum at 10376 eV and a shoulder around 

10373 eV, while one narrow peak at 10376 eV exists in the spectrum of Ga(acac)3. The spectrum of 

Ga2O3/CHA following calcination contains the two characteristic absorption peaks corresponding to 

octahedral and tetrahedral Ga3+ species. Upon H2 treatment of the calcinated sample at 973 K, the 

absorption edge shifts to lower energy by 4-5 eV (Ga-CHA), indicating that reduction of Ga species 

by H2 occurs during RSSIE. This conclusion is supported by H2-TPR, which showed that consumption 

peak for H2 is generated from 873 to 973 K (Fig. 3). Also, in situ XANES measurements were carried 

out on a sample subjected to a 5% H2/He flow at 973 K. The in situ XANES spectra and corresponding 

ΔXANES spectra, obtained by subtraction of the spectrum of Ga2O3/CHA at the beginning of H2 

treatment at room temperature (298 K), are given in Fig. 2(c) and (d), respectively. The data show 

that the broad peak at 10373 eV in the ΔXANES spectrum disappears in concert with the appearance 

of another narrow peak at 10368 eV. The observed shift in the absorption edge in the ΔXANES 

spectrum is nearly the same as those observed by Hock et al [53] for H2 reduction of Ga-modified 

BEA zeolite, and rationalized to correspond to formation of a [GaH2] + ion from gallium oxide via a 

[GaH]2+ ion. Thus, it appears that a similar phenomenon is occurring with the CHA zeolite. 

Upon exposure to O2 at 773 K, the absorption edge shifts to higher energy in a manner that is similar 

to that of β-Ga2O3, and spectrum contains mainly one peak associated with tetrahedral Ga. These 

results suggest that a Ga-oxo species different from Ga2O3 is produced. To gain more insight into the 
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nature of the Ga-oxo species formed in the above process, extended XAFS (EXAFS) spectra were 

analyzed for β-Ga2O3 and GaOx-CHA at room temperature (Fig. 2(b)). The FT-EXAFS spectrum of 

GaOx-CHA, which is different from that of β-Ga2O3, contains two peaks which correspond to Ga–O 

and Ga−(O)–Ga shells. The intensity of a peak derived from Ga−(O)–Ga shell for GaOx-CHA was 

lower than that for β-Ga2O3. The results of curve-fitting analysis show that the coordination number 

(CN) and interatomic distance (R) of the Ga−(O)−Ga shell are 1.06 and 2.96 Å, respectively (Table 

1). Based on these findings, we conclude that a Ga-oxo cluster is generated in CHA zeolite by O2 

treatment of Ga-exchanged CHA, prepared by using RSSIE. 

 

Table 1. Results of curve-fitting analysis of Ga K-edge EXAFS of GaOx-CHA 

Shell CNa Rb (Å) ΔEc (eV) σd (Å) Re (%) 

Ga−O 4.82 ± 1.04 1.90 ± 0.02 6.11 0.11 0.60 

Ga−(O)–Ga 1.06 ± 0.84 2.96 ± 0.05 -8.07 0.08 -  

a Coordination number. b Bond distance. c Increase in the threshold energy. d Debye–Waller factor. e 

Residual factor. 
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Fig. 2 (a) Normalized Ga K-edge XANES spectra of β-Ga2O3, Ga(acac)3, Ga2O3/CHA, Ga-CHA (after 

H2 treatment of Ga2O3/CHA at 973 K), GaOx-CHA (after O2 treatment of Ga-CHA at 773 K). (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 treatment of Ga2O3/CHA. (d) Corresponding ΔXANES 

spectra obtained by subtraction of the spectrum of Ga2O3/CHA at the beginning of H2 treatment at 

room temperature (298 K).  

Fig. 3 H2-TPR profile of Ga2O3/CHA under H2 flow.  
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3.2 Ab initio thermodynamic analysis 

An ab initio thermodynamic approach was carried out to gain information about plausible structures 

of the Ga-oxo species in GaOx-CHA [54,55]. This method has been applied to the analysis of stabilities 

of multinuclear metal-oxo clusters, such as those of Cu, Al, and Fe, in zeolites [48,56,57]. The relative 

Gibbs free energies of various Ga-oxo ions at possible coordination sites as a function of O2 chemical 

potential and temperature were calculated. For this purpose, the chemical potential of water was fixed 

so that the corresponding partial pressure is 0.001 atm (dehydration conditions). Three kinds of paired 

Al sites, 6MR(3NN), 8MR(3NN), and 8MR(4NN) (Fig.1), were considered as coordination sites in CHA. 

The feasibility of these models was validated by recent theoretical works describing paired Al sites to 

accommodate cationic species [58,59] and experimental works investigating the presence of paired 

Al sites [60,61]. The calculated free energies for the formation of Ga-oxo ions ((a)-(c)) and a phase 

diagram predicting which of the Ga(-oxo) ion on paired Al sites (Z2) is the most thermodynamically 

stable ((d)–(f)) are given in Fig. 4. O2 chemical potentials were translated into the O2 partial pressures, 

denoted as log(pO2). The phase diagram obtained for 6MR(3NN) (Fig. 4(d)) shows that Z2[Ga2(OH)4] 

dimer is the lowest energy Ga-oxo species below 300 K and that Z2[GaOH] monomer is the most 

stable one at higher temperatures. In the case of 8MR(3NN) (Fig. 4(e)), the most stable species in 

the lower temperature region is Z2[Ga2(OH)4] dimer, however, Z2[Ga2O2] dimer rather than Z2[GaOH] 

monomer is the lowest energy species as the temperature rises from 400 K to 600 K. It is also 

predicted that thermal reduction of Z2[Ga2O2] to form the Ga+ cation occurs at higher temperature 

(1200 K) and very low pO2 (< 1×10-6 atm). The existence of similar dinuclear [Ga2O2]2+ ions in other 

zeolites was proposed by Hensen et al [30]. Finally, in the case of 8MR(4NN) (Fig. 4(f)), the nature of 

the lowest energy ion dependencies on log(pO2) and temperature are similar to those in 8MR(3NN), 

although the temperature region over which Z2[Ga2O2] exists is wider (450-1200 K). 

The calculated relative energies of other Ga-oxo clusters, such as Z2[Ga2(O)(OH)2], Z2[Ga2O2] and 

Z2[Ga3(O)2(OH)3], at log(pO2) = 0.1 and 300 K were compared to the corresponding XAFS data for a 

sample treated with 10% O2 at 773 K followed by cooling to room temperature. Fig. 4(g) shows the 

relative energies of Ga(-oxo) ions on each paired Al site with respect to the lowest-energy Ga-oxo 

ions. At 6MR(3NN), Z2[Ga2(OH)4] has a lower relative energy (ca. 0.1 eV), compared to those of other 
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Ga-oxo clusters (>ca. 0.65 eV). In the case of 8MR(3NN), Z2[GaOH] has the second lowest relative 

energy (ca. 0.5 eV) and the relative energies of other clusters are higher (ca. 0.7-0.8 eV). In contrast, 

at 8MR(4NN), Z2[Ga2(O)(OH)2], Z2[Ga2O2], and Z2[Ga3(O)2(OH)3], have lower relative energies (ca. 

0.25 to 0.6 eV). Note that higher oligomers, such as Z2[Ga4O4], have much higher relative energies 

(>ca. 1.4 eV) at all paired Al sites. Based on these results, it is predicted that Ga-oxo clusters, such 

as the Z2[Ga2(O)(OH)2], Z2[Ga2O2], and Z2[Ga3(O)2(OH)3], are likely to be present at 8MR(4NN) rather 

than 8MR(3NN), and 6MR(3NN). One of the main reasons for this is that, among the paired Al sites 

in CHA (Fig. 1), the longest Al−Al distance exists in 8MR(4NN). Thus, 8MR(4NN) has larger space 

compared to that of 8MR(3NN), and 6MR(3NN), which can effectively stabilize multinuclear metal 

cations. Additionally, we investigated pH2O dependency of calculated relative Gibbs free energies of 

Ga-oxo species (Fig. 5). Z2[Ga2(OH)4] and Z2[Ga3(O)2(OH)3] become thermodynamically more stable 

rather than Z2[Ga2(O)(OH)2] with the increase of pH2O. In the theoretical study of CH4 activation (see 

below), we consider Z2[GaOH] at 6MR(3NN) to be a monomer model and Z2[Ga2(O)(OH)2], 

Z2[Ga2(OH)4], Z2[Ga2O2], and Z2[Ga3(O)2(OH)3] at 8MR(4NN) to be cluster models (Fig. 6). 

Fig. 4 Free energy (ΔG) for the formation of the Ga(-oxo) ions on paired Al sites (Z2) in CHA (top) and 

phase diagram showing the lowest-energy species (bottom) as a function of O2 partial pressure 

(log(pO2)) and temperature on (a and d) 8MR(4NN), (b and e) 8MR(3NN), and (c and f) 6MR(3NN). 

(g) Relative energies of Ga(-oxo) ions at each paired Al sites, referenced to the lowest-energy Ga-

oxo ions, O2 partial pressure: 0.1 atm, Temperature: 300 K.  
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Fig. 5 Calculated relative Gibbs free energies (ΔG) of Ga-oxo species at 8MR4NN in CHA zeolite as 

a function of partial pressure of water (log(pH2O)) at 300 K. 

 

Fig. 6 Plausible Ga-oxo species on paired Al sites in CHA zeolite. 
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3.3 Experimental and theoretical studies probing CH4 activation at low temperature 

Although various experimental and theoretical studies have been conducted, the 

activation/transformation of the highly stable C−H bond in CH4 at low temperatures remains a 

formidable task [56-66]. As mentioned in the Introduction, we recently showed that CHA zeolite-

supported In-oxo clusters promotes oxidation of CH4 at room temperature to form adsorbed formic 

acid. To evaluate the abilities of Ga-oxo clusters to activate CH4, in situ FT-IR analysis was carried 

out on a CH4 flow in the presence of GaOx-CHA zeolites at room temperature (Fig. 7). After purging 

with CH4 for 100 min followed by N2 purging, the GaOx-CHA zeolite was found to display one narrow 

FT-IR peak at 1490 cm-1 and two peaks around 1700 and 1400 cm-1. The peak at 1490 cm-1 is 

assignable to scissoring of surface dioxymethylene species (–OCH2O–), which correspond to 

adsorbed formaldehyde [73]. Deconvolution of the peak around 1700 cm-1 revealed that it is 

composed of three peaks at 1719, 1644 and 1609 cm-1, which correspond to C=O stretching of H-

bonded HCO2H, Lewis-acid coordinated HCO2H and water, respectively [74]. The band at ca. 1400 

cm-1 can also be deconvoluted into two peaks at 1377 and 1413 cm-1, which are attributable to 

respective C–H bending of adsorbed HCO2H and waging of surface –OCH2O– groups, respectively 

[74]. The above peaks do not appear in FT-IR spectra recorded on a CH4 flow over bulk oxides such 

as β-Ga2O3 and α-Ga2O3. The absorbance derived from the adsorbed oxygenates decreased with the 

decrease of Ga loading while the similar IR spectrum was obtained using the GaOx-CHA with higher 

Ga loading (Fig. S1). The formation of formaldehyde and formic acid was supported by the FT-IR 

measurement after adsorption of 1,3,5-trioxane (as a synthon of formaldehyde) and formic acid on 

GaOx-CHA and H-CHA as shown in Fig. S2. The reaction of CH4 in the presence of water vapor was 

also carried out using a bubbler filled with water, but any products were not obtained. In the presence 

of water, active Ga-oxo clusters might be converted to less active ones (see below). Furthermore, we 

tried to extract the adsorbed products using D2O and then to evaluate their amounts by 1H NMR. 

Unfortunately, any product was not detected, which would be due to the difficulty of extraction from 

small pores of CHA zeolites. The combined results show that CH4 undergoes oxidation at room 

temperature over Ga-oxo clusters in CHA zeolite to produce adsorbed formic acid and formaldehyde. 

This process is different from CH4 oxidation by InOx-CHA where only adsorbed formic acid is produced.  
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Fig. 7 (a) FT-IR spectra during reaction of CH4 over GaOx-CHA at room temperature. Deconvolution 

of the bands around (b) 1700 cm-1 and (c) 1400 cm-1. 

 

The mechanism for oxidation of CH4 promoted by Ga-oxo clusters in CHA zeolite was explored by 

employing DFT calculations to evaluate possible transition states (TSs) for C–H bond cleavage, which 

is considered to be the rate-determining step in the process [71]. For this purpose, DFT calculations, 

using the periodic boundary condition in the Kohn–Sham formulation [38,39] as implemented in VASP 

[40,41], were performed to obtain activation barriers for the C–H bond cleavage in plausible models, 

including Ga-oxo monomer (Z2[GaOH] at 6MR(3NN)) and clusters (Z2[Ga2O2], Z2[Ga2(OH)4], 

Z2[Ga2(O)(OH)2], and Z2[Ga3(O)2(OH)3] at 8MR(4NN)). The TS structures for the C–H bond cleavage 

step (Fig. 8) and the corresponding energy diagrams (Fig. 9) are displayed. The CH4 adsorption 

energies for the Ga-oxo clusters are calculated to be in the range of -24.4 to -26.3 kJ/mol while that 

for Z2[GaOH] is slightly lower (-22.5 kJ/mol). The energies for absorption of CH4 to the Ga-oxo clusters 

are much lower than those to In-oxo clusters (ca. -40 kJ/mol, given in our previous publication [35]). 

In the context of geometric parameters, the Ga−C bond distances and H−C−H angles directed to Ga 

cations are calculated to be ca. 3.26-4.78 Å and 109-110˚, respectively. These values are smaller 

than those for In-oxo clusters (2.87-2.91 Å and 112-114˚, respectively [34]), an observation that is 

consistent with the lower adsorption energies of Ga-oxo clusters.  

Following adsorption of CH4, Ga-oxo species promote cleavage of the C–H bond. Among those 

induced by Ga-oxo species evaluated in this effort, the C–H bond cleavage reaction promoted by 
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Z2[Ga2(O)(OH)2] has the lowest calculated energy barrier (Ea = 96.8 kJ/mol). The respective activation 

barriers for processes induced by Z2[Ga2(OH)4] and Z2[Ga3(O)2(OH)3] are 135.5 and 139.8 kJ/mol, 

and that for the Z2[Ga2O2]-catalyzed reaction is much higher than those of the other Ga-oxo clusters. 

Monomeric Z2[GaOH] has the highest Ea (175.2 kJ/mol), which is about twice that of the C–H bond 

rupture step promoted by Z2[Ga2(O)(OH)2]. Following cleavage of the C−H bond in CH4, a Ga−CH3 

intermediate with Ga−C bond distances of 1.96 Å are formed from all Ga-oxo species. In the cases 

of Z2[Ga2O2], Z2[Ga2(O)(OH)2], and Z2[Ga3(O)2(OH)3] an O−H bond is formed through reaction of a 

bridging O atom with a H atom derived from CH4, and in the Z2[Ga2(OH)4] and Z2[GaOH] promoted 

processes the H atom derived from CH4 reacts with the OH ligand to form water. The C−H bond 

cleavage reactions catalyzed by the Ga-oxo species are calculated to be exothermic (-15.5 to -136.8 

kJ/mol) except for reaction promoted by Z2[Ga2(OH)4] which is endothermic (ΔE = 1.18 kJ/mol). Based 

on the above results, it appears that CH4 weakly adsorbs to all Ga-oxo species regardless of their 

structure and nuclearilty and that C−H bond cleavage in CH4 occurs most efficiently on 

Z2[Ga2(O)(OH)2]. The loss of activity of GaOx-CHA for CH4 activation in the presence of water vapor 

is interpreted as the conversion of the most active Z2[Ga2(O)(OH)2] into less active species such as 

Z2[Ga2(OH)4] and Z2[Ga3(O)2(OH)3], which was indicated by the pH2O dependency of calculated 

relative Gibbs free energies of Ga-oxo species (Fig. 5). 

The mechanism of C−H bond cleavage on Z2[Ga2(O)(OH)2] was subjected to further investigation. It 

is reported that zeolite-supported transition metal catalyst clusters cleave C−H bonds of light alkanes 

in a homolytic manner (Cu, Fe, Ni) [8,75–77] while cleavage of C−H bonds occurs heterolytically on 

main-group metal species (In, Ga) in zeolites [35,78,79]. The results of calculations on the process 

promoted by Z2[Ga2(O)(OH)2] show that the energy of the intermediate methyl radical is two-times 

larger (188.8 kJ/mol) than the activation barrier for C–H bond heterolytic cleavage (96.5 kJ/mol, Fig. 

10). This finding suggests that Ga-oxo induced cleavage of a C−H bond in CH4 occurs heterolytically.  
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Fig. 8 Optimized DFT-calculated structures of intermediates and TSs for C–H cleavage of CH4 

promoted by monomer (Z2[GaOH] at 6MR(3NN)) and clusters (Z2[Ga2O2], Z2[Ga2(OH)4], 

Z2[Ga2(O)(OH)2], and Z2[Ga3(O)2(OH)3] at 8MR(4NN)) together. 
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Fig. 9 DFT(PBE)-calculated energy diagrams of C–H bond cleavage reaction over predicted Ga-oxo 

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

 

Fig. 10 Comparison of energy diagrams for C−H cleavage of CH4 promoted by Z2[Ga2O2] at 

8MR(4NN) occurring through heterolytic (black) and homolytic pathways (red). 
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Conclusion 

In this investigation, we demonstrated that CH4 oxidation at room temperatures is promoted by O2-

activated Ga-exchanged CHA zeolite. The results of in situ XAFS and H2-TPR studies suggest that 

multinuclear Ga-oxo clusters are produced by sequential RSSIE (H2, 973 K) and oxidation (O2, 773 

K). Possible structures of Ga-oxo clusters responsible for this process were explored by using ab 

initio thermodynamic analysis. The results suggest that the plausible active species are Z2[Ga2O2] 

Z2[Ga2(OH)4], Z2[Ga2(O)(OH)2], and [Ga3(O)2(OH)3]2+ under pO2 = 0.1 atm, dry conditions (pH2O = 0.001 

atm), and room temperature (300 K). The generation of adsorbed formic acid and formaldehyde in 

this process was demonstrated by using in situ IR spectroscopic monitoring of reaction of a CH4 flow 

over Ga-oxo clusters in CHA zeolite at room temperature. The energy barriers for C–H bond cleavage 

over possible Ga-oxo species were calculated using DFT calculations. The results show that the 

process promoted by Z2[Ga2(O)(OH)2] ion has the lowest activation barrier. Finally, the results suggest 

that the C−H bond cleavage reaction promoted by Ga-oxo species proceeds through a heterolytic 

pathway rather than a homolytic pathway. Overall, this effort demonstrates the potential of using 

zeolite-supported main-group metal-oxo clusters as catalysts for CH4 oxidation under mild conditions. 
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