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ABSTRACT: The catalytic coupling conversion of naphtha and CO, to aromatics Dynamical structure

over metal-zeolites offers a fascinating route for aromatics production, yet, the XAS-XRD-FTIR % - Toluene
exploitation of efficient metal-zeolite catalysts and CO, coupled naphtha to make _ /@15 y cos*

CO, transformed into high-value-added chemicals remain great challenges. Herein, Q 7 ot v ?

we synthesized a framework-anchored Ga-MFI catalyst synthesized via ligand- als P ¥
assisted hydrothermal crystallization, achieving 80.76% aromatic selectivity at Cyclohexaneq o P Benzene
99.57% cyclohexane conversion (550 °C, 0.1 MPa, WHSV = 1 h™") with over 110 1COo Aromatics

h stability for CO, and cyclohexane (as a model naphthenic compound) coupling IE Alkanes & Alkenes [ —
reaction. Multimodal in situ characterization (XAFS, synchrotron XRD, and FTIR) The pathway of the carbon atom in ®CO,
reveals that isolated Ga(III) species undergo reversible coordination switching to

GaH,, under reaction conditions, dynamically mediating CO, activation through Ga species transfer. Tetrahedrally coordinated Ga—
O sites synergize with proximal Brensted acid sites. Isotopic tracing ("*CO,) demonstrates 56.4% of aromatic carbon originates. The
catalyst’s self-recovery capability ensures structural integrity and suppresses deactivation. This work establishes a dynamic single-site
catalysis framework for a CO, coupled alkane, advancing the design of zeolite-confined metal catalysts through precise

m Metrics & More ’ Q Supporting Information

microenvironment engineering.

1. INTRODUCTION
‘%

Naphtha is a basic feedstock for the petrochemical industry,'
supplying hydrocarbons that undergo catalytic transformations
into benzene, toluene, and xylene.d"5 These aromatic
compounds are essential for polymer synthesis and specialty
chemicals.”” Conventional metal-catalyzed aromatization
processes, however, remain energy-intensive, often requiring
temperatures exceeding 600 °C while achieving suboptimal
atom economy.”” These systemic inefficiencies amplify the
environmental burden of chemical manufacturing, particularly
when juxtaposed with escalating global mandates for CO,
emission mitigation. 1ot

The urgency to repurpose CO,, a greenhouse gas with
relentlessly rising atmospheric levels, has catalyzed innovations
in its synergistic coupling conversion with hydrocarbons.'”"?
CO,-coupled alkane aromatization, abundant in petroleum
fractions, offers platforms for CO, valorization.'*" Specifi-
cally, using CO, not only enables the conversion of waste CO,
into valuable chemicals but also enhances the overall energy
efficiency of the process by reducing the need for external
hydrogen or high temperatures. Early breakthroughs demon-
strated that molecular sieves like H-ZSM-5 could leverage CO,
as a mild oxidant to enhance aromatic yields in n-butane
conversion,'®'” while platinum-based bimetallic systems
enabled propane dehydrogenation beyond thermodynamic
limits through CO,-mediated pathways.'*"*" Despite these
advances, practical implementation faces intractable compro-
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mises: noble metal catalysts impose prohibitive costs, whereas
transition metal oxides degrade rapidly under cyclic redox
stresses.”"”

Gallium-incorporated zeolites have recently garnered
attention as redox-adaptive catalysts capable of circumventing
these limitations.””** The chameleonic nature of Ga species,
which can fluctuate between oxidized and hydridic states under
reaction conditions, suggests an intrinsic ability to mediate
both C—H activation and CO, reduction.””>*° Spectroscopic
evidence from reduced Ga/ZSM-$ systems hints at transient
Ga—H intermediates as potential active sites, yet their kinetic
lability and spatial distribution within zeolite frameworks
remain poorly resolved.””** This ambiguity stems partly from
the inadequacy of conventional characterization techniques in
tracking dynamic metal speciation during operando conditions,
a challenge magnified in CO,—alkane coupling systems
demanding precise orchestration of acid—base and redox
functionalities.

Our work confronts these dual challenges through the
rational design of a framework-anchored Ga-MFI catalyst
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Figure 1. Catalyst structure. (a) XRD patterns of Ga-MFI with different Ga contents, where x represents the Ga content obtained by XRF. (b)
Rietveld synchrotron radiation (SR) XRD pattern of Ga,¢-MFI (4 = 0.5427 A). (c) High-angle annular dark-field (HAADF) TEM images of
Ga,-MFL (d) Elemental mapping image of Ga,-MFL (e) Fourier transform infrared spectrum of Ga-MFI with a black background. (f)
Normalized XANES spectrum of Ga-MFI at Ga K-edge. (g) K>-weighted Fourier transform EXAFS spectrum of Ga-MFL (h) Ga K-edge wavelet

transform (WT)-EXAFS of Ga, -MFI, Ga/S-1 and Ga,0,.

synthesized via ligand-modulated crystallization. The coupling
conversion of cyclohexane (a model naphtha component) with
CO, under moderate conditions realized efficient aromatics
production. Time-resolved X-ray absorption spectroscopy
reveals that the zeolite-confined Ga centers undergo reversible
coordination switching between oxide and hydride states
during the coupling conversion. Advanced microscopy further
uncovers a critical spatial relationship between gallium sites
and proximal Brensted acid groups, where subnanometer
proximity amplifies cooperative polarization of reactant
molecules. Isotopic pulse experiments and operando mass
spectrometry collectively disentangle the multifunctional role
of CO,. These insights collectively establish Ga-MFI as a
dynamic single-site catalysis platform, bridging the mechanistic
understanding with scalable strategies for CO,-coupled
hydrocarbon upgrading.

2. RESULTS AND DISCUSSION

2.1. Structure and Phase Analysis. The incorporation of
gallium into MFI zeolites confers exceptional CO,-coupled
cyclohexane aromatization activity.””*° In this work, Ga-MFI
catalysts with controlled Ga loadings (0.37—2.61 wt %) were
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synthesized via an ethylenediamine-assisted hydrothermal
protocol (Figure S1). XRD analysis confirms Ga-MFI
crystallization, with characteristic Bragg reflections showing
systematic peak broadening at higher Ga contents (Figures
lab and S5 and Table S1). This distortion arises from the
substitution of a smaller Si by a larger Ga in tetrahedral
coordination.

Morphological characterization reveals uniform Ga-MFI
nanoparticles (200—300 nm) with well-defined crystallinity,
as evidenced by scanning electron microscope (SEM) imaging
(Figure S2) and transmission electron microscopy (TEM)
lattice fringe analysis (Figure S3). Atomic-resolution HAADF-
STEM (Figure S4) combined with EDS mapping (Figure 1c,d)
demonstrates the homogeneous distribution of Ga atoms
within the MFI framework, with no detectable Ga clusters or
secondary phases, which is a critical indicator of successful
isomorphous substitution.

N, physisorption isotherms (Figure S6 and Table S2)
confirm the microporous architecture of Ga-MFI, exhibiting
characteristic Type 1 behavior with a BET surface area and
pore volume. Acidic properties, probed through NH;-TPD and
pyridine-IR spectroscopy (Figure S7 and Table S3), reveal a
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Figure 2. Catalytic performance of the Ga-MFI catalyst. (a) Effect of Ga contents on cyclohexane aromatization. (b) The impact of reaction
temperature. (c) Comparison of cyclohexane aromatization and CO,-coupled cyclohexane aromatization over Ga, 4;-MFL (d) Durability test of the
catalyst in the CO,-coupled cyclohexane aromatization over Ga,¢-MFL (e) Effect of different space velocities in the CO,-coupled cyclohexane
aromatization over Ga, s -MFL (f) *CO, isotope tracer technology tracks the distribution of C in the products of CO, conversion. (g) The
aromatics and CO selectivity in comparison to those reported.g'm’]5'17’28'36_38 Reaction conditions: (a) T = 550 °C, P = 0.1 MPa, WHSV =2 h7},
Ar: Cyclohexane = 10:1, m,. = 0.25 g. (b) P = 0.1 MPa, WHSV = 2 h™/, Ar: cyclohexane = 10:1, m,, = 0.25 g, and Ga, 5;-MFL (c) T = 550 °C, P
= 0.1 MPa, WHSV = 2 h™/, cyclohexane: CO,: N, = 1:8:2, m,, = 0.25 g, Ga, 5;-MFL (d) T = 550 °C, P = 0.1 MPa, cyclohexane: CO,: N, = 1:8:2,
mg, = 0.25 g, WHSV = 1 h™!, Ga,5,-MFL (e) T = 550 °C, P = 0.1 MPa, cyclohexane: CO,: N, = 1:8:2, m,, = 0.25 g, Ga, 5;-MFL (f) T = 550 °C,
P = 0.1 MPa, cyclohexane: CO,: N, = 1:8:2, m,, = 0.25 g, WHSV = 2 h™!, Ga,-MFL

Ga-dependent increase in total acid sites from 3.71 to 98.59
pumol/g and the varied Bronsted/Lewis acidity.

Fourier transform infrared (FTIR) spectroscopy (Figure le)
was employed to probe surface functional groups and acid sites
in Ga-MFI. Distinct vibrational bands at 3714 cm™ (silanols)
and 3593 cm™" (Brensted acid sites) confirm the coexistence
of hydroxyl groups and protonic acid centers.””*" The broad
FTIR band at ~3500 cm™ is attributed to perturbed silanol
groups, likely due to framework distortion and partial silanol
nest formation induced during Ga incorporation. The Bronsted
acid signal intensity exhibits a Ga-loading-dependent enhance-
ment, directly correlating with framework Ga species
incorporation that generates protons for charge-compensating.
This trend aligns with pyridine-IR spectroscopy and XRD data,
demonstrating that the isomorphous Ga substitution tailors
acidity.

X-ray absorption spectroscopy provides atomic-level insights
into Ga coordination states. The Ga K-edge XANES spectra
(Figure 1f) exhibit an absorption maximum at 10,374 eV,
closely matching f3-Ga,O; references.’”*” First-derivative edge

energy analysis (Figure S8) confirms the oxidation state of
framework Ga. Fourier transform EXAFS (Figure 1g) further
differentiates the Ga-MFI environment from -Ga,O; controls,
showing attenuated second-shell Ga—Si contributions that
confirm framework incorporation over extra-framework
clustering. Wavelet-transformed EXAFS (Figure 1h) resolves
tetrahedral Ga—O coordination without detectable Ga—Ga
paths.

The EXAFS spectra for both Ga-MFI and f-Ga,0O; exhibit
prominent features in the first coordination shell. A distinct
peak in -Ga,O; corresponds to Ga—Ga backscattering, while
weaker features in the same region for Ga-MFI arise from Ga—
Si interactions within the framework. Wavelet transforms of
the k*>-weighted EXAFS spectra (Figures 1f—h and S9) reveal a
dominant feature at 3.25 A (r-space) and 7—10 A™" (k-space),
consistent with tetrahedrally coordinated Ga centers in Ga-
MFI. Quantitative EXAFS fitting (Table S4 and Figures S10—
S13) yields an average Ga—O bond length of 1.81 A with
tetrahedral coordination geometry. This contrasts sharply with
p-Ga,O; (mixed tetrahedral/octahedral sites)’**> and sup-
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Figure 3. Dynamic evolution of catalysts. (a,b) In situ Fourier transform infrared (FTIR) spectra of Ga, ¢;-MFI treated at 550 °C in H, atmosphere
for 10 min. (c) Schematic diagram of in situ synchrotron radiation (SR) XRD. (d) In situ synchrotron radiation (SR) XRD patterns of Ga,¢-MFI
treated at S50 °C in H, atmosphere and Ar atmosphere. (e) XANES spectra of the Ga K-edge of Ga,¢-MFI after H, reduction. (f) Fourier
transform amplitude of Ga K-edge EXAFS spectra of Ga, ¢ -MFI after H, reduction.

ported Ga/S-1 (disordered clusters), confirming tetrahedral
coordination dominance in the MFI framework.

The integrated characterization protocol conclusively
demonstrates that Ga-MFI possesses a well-defined crystalline
architecture with atomically dispersed Ga centers in tetrahedral
coordination, as evidenced by X-ray absorption spectroscopy
(XAS) and HAADF-STEM analysis. Isomorphous substitution
of Ga into the MFI framework induces dual functionality: (i)
enhanced Brensted acidity through Ga incorporation to
generated bridge hydroxyl groups Ga—OH-Si, and (ii)
modified electronic properties. These synergistic effects Ga-
MFI as an archetypal single-site catalyst for demanding
hydrocarbon transformations, particularly those requiring
acid—redox bifunctionality.

2.2. Catalytic Performance. The CO,-coupled cyclo-
hexane aromatization reaction demonstrates CO, as a reactive
participant. CO, shifts reaction equilibrium by consuming
hydrogen through the reverse water—gas shift (RWGS) while
simultaneously contributing to aromatic formation via oxygen-
ate intermediates (Figure S14). Compared with the hydrogen
reduction pretreatment, the treated catalyst did not maintain
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efficient conversion (Figure S15). As shown in Figure 2a and
Table SS, catalytic activity exhibits pronounced Ga-loading
dependence, peaking at 2.61 wt % Ga with 84.37% cyclohexane
conversion and 86.34% aromatic selectivity. Temperature-
dependent studies (Figure 2b) show cyclohexane conversion
increasing from 52.02% (500 °C) to 96.59% (600 °C) while
maintaining >80% aromatic selectivity.

The synergistic coupling of cyclohexane with CO,
demonstrates exceptional efficacy for aromatic synthesis. As
evidenced in Figure 2, introducing CO, elevates cyclohexane
conversion from 80.8% (N, atmosphere) to 91.76%. In
addition, under certain conditions, increasing the feed ratio
of CO, and cyclohexane can increase cyclohexane conversion
(Figure S15). Kinetic analysis reveals an activation energy of
120.06 kJ/mol for cyclohexane dehydrogenation (Figure S15).
Under 1 h™ space velocity, almost complete cyclohexane
conversion (99.57%) was achieved with 80.76% aromatic
selectivity, achieving simultaneous high activity and product
specificity rarely reported in thermal catalysis.

The Ga-MFI catalyst exhibits exceptional operational
stability under optimized conditions, maintaining 94% cyclo-

https://doi.org/10.1021/jacs.5c09737
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hexane conversion after 110 h of continuous operation—a
mere 5.6% decline from the initial 99.6% conversion (Figure
2d). Postreaction thermogravimetric analysis quantifies coke
deposition at 8 wt % (Figure S16). Pressure-dependent studies
reveal a 22% reduction in aromatic selectivity when increasing
from 0.1 to 2 MPa (Figure S15). Residence time optimization
further demonstrates competing reaction networks: prolonging
contact duration elevates alkane selectivity to 12.3% yet
preserves 7.35% CO, conversion efficiency (Figure 2e).

To probe the hydrogenation functionality of Ga-MFI, CO,
hydrogenation tests were conducted at varied temperatures
and pressures (Figures S17 and S18). GC-MS analysis
identifies methanol as a primary intermediate and subsequent
alkane/aromatic formation via methanol-to-hydrocarbon path-
ways. This hydrogenation proficiency is further quantified
through *C isotopic tracing: cofeeding '*CO, with unlabeled
cyclohexane (Figure 2f) reveals $6.4% of aromatic carbon
atoms originated from CO,, directly verifying its incorporation
into hydrocarbon chains. The calculation method of product
isotopic distribution was similar to that reported by Dahl and
Kolboe.” Compared with the reported ones, it has obvious
advantages in the selectivity of aromatics and CO (Figure 2g).

The catalyst is underscored through naphtha feedstock trials
(Figure S19). For cycloalkane-rich feeds (72% methyl
cyclopentane, 18% cyclohexane), the total aromatic and olefin
selectivity reaches 88.4% at WHSV = 1 h™, outperforming
linear alkane-dominated feeds (65% n-hexane), where
selectivity is 81%. These results collectively validate the
versatility of Ga-MFI in processing complex hydrocarbon
mixtures while maintaining a CO, utilization efficiency.

2.3. Identification of Active Sites. The transformation of
Ga to hydridic species under H, treatment was systematically
characterized by using in situ Fourier transform infrared
(FTIR) spectroscopy. Prior to reduction, dehydrated Ga-MFI
exhibits distinct vibrational signatures at 3709 cm™" (Si—OH
silanols) and 3593 cm™" (bridged Bronsted acid sites, BAS), as
shown in Figure le. Exposure to H, at 550 °C (1 atm) triggers
the emergence of new peaks at 2046 cm™' and 2030 cm™/,
which are assigned to [GaH]** and [GaH,]" species,"”"'
respectively. The simultaneous reduction of BAS-related
vibrations at 3593 cm™' and the enhanced intensity of Si—
OH stretching modes at 3709 cm™" suggest the cleavage of
Ga—O bonds and subsequent formation of GaH, species
(Figure 3a,b). These Ga hydrides remain relatively long for a
period of time under inert Ar atmospheres but undergo rapid
degradation upon CO, introduction, concomitant with CO
production, directly linking GaH,, species to CO, activation.
Hydride regeneration rates exhibit temperature dependence,
with higher reduction temperatures accelerating GaH,
formation. Sequential reduction cycles reveal GaH, signal
intensity (Figures S20—S25), indicative of Ga redistribution
rather than permanent site loss. To further validate the role of
Ga sites in hydrogen activation, complementary H—D
exchange experiments (Figure S26) demonstrate their capacity
for hydrogen adsorption and dissociation, consistent with the
hydride-mediated catalytic cycle. Bulk H,-TPR measurements
(Figure S27) show no evidence of conventional redox
behavior; however, in situ spectroscopy reveals a local
transformation from Ga—O to Ga—H. Collectively, these
results establish that the catalytic prowess of Ga-MFI stems
from synergistic interactions between persistent acid sites and
transient Ga hydrides, rather than from isolated redox-active
centers. Figures 3¢,3d and $28 and S29 illustrate the evolution

of active sites in Ga-MFI zeolite through in situ synchrotron
radiation X-ray diffraction (SR-XRD) analysis under H,
reduction conditions. The sample was exposed to a 10 vol %
H,/Ar mixed gas to monitor dynamic changes in its crystal
structure. The results showed that while the diffraction peak
intensity of the MFI phase in Ga-MFI remained stable under
the high-temperature reducing environment, indicating high
crystal structure stability, the diffraction peak position shifted
to a higher angle (Figure 3d). This shift reflects a slight
decrease in the unit cell parameters, which may be linked to
the reduction of Ga species and the release of framework stress
during the H, reduction process (Figure 3d). This suggests
that Ga species might have partially migrated, thereby altering
the local environment of the active sites. When the H,
reduction was halted and replaced with a pure Ar purge, the
diffraction peak position gradually returned to its initial state,
indicating that the change in the unit cell parameters was
reversible. This phenomenon highlights that the structural
chan§es induced during the reduction process are dynam-
ic,"" likely due to the transformation of Ga species within the
framework and the self-recovery properties of the local
structure. This dynamic process emphasizes the structural
and chemical transformations of active sites under different
reactive atmospheres in Ga-MF]I, offering insights into further
optimizing its catalytic performance. Combined with subse-
quent XANES and EXAFS analyses, the oxidation state
transition of Ga and its relationship with structural changes
in the active sites can be further explored, providing a more
comprehensive understanding of the active site regulation
mechanism in Ga-MFI under reducing conditions. In situ X-ray
absorption near-edge structure (XANES) analysis of Ga-MFI
after H, treatment (Figure 3e) reveals detailed redox behavior:
while the Ga K-edge absorption maximum remains stable at
10368.9 eV, indicating framework-incorporated Ga species, the
edge energy shift of 1.5 eV and the weakened white line
intensity signal indicated the formation of GaH, species
formation (Figures S30 and S31). This phenomenon aligns
with the established ligand substitution trends in the
coordination sphere of Ga-MFI, where replacing one oxygen
ligand with a o-donating hydride reduces edge energy.”” A
decrease in coordination number from 3.21 A (T = 550 °C,
Ar) to 2.98 A (T = 550 °C, H,) induces an additional 1.5 eV
red shift, collectively explaining the observed spectral
evolution.

In situ EXAFS analysis (Figure 3f) further reveals local
structural changes in Ga species within Ga-MFI during H,
treatment. The Fourier-transformed Ga K-edge EXAFS
spectrum shows a marked decrease in the intensity of the
Ga—O bond after H, treatment, indicating a reduction in the
coordination number of the Ga site. The fitting results also
reveal that the coordination number of Ga—O decreases from
321 A (T = 550 °C, Ar) to 298 A (T = 550 °C, H,),
suggesting the partial replacement of oxygen ligands by hydride
(H™). Additionally, a new characteristic peak is observed in the
Fourier transform spectrum, likely corresponding to the Ga—H
bond, further confirming the formation of the [GaH,]* species.
The EXAFS data indicate that the Ga species undergoes a
structural reorganization in the H, environment, consistent
with the observed decrease in the absorption peak position in
the XANES spectra. Notably, despite changes in the
coordination environment, Ga remains within the molecular
sieve framework, indicating that the H, treatment primarily
triggers coordination adjustments rather than migration or
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Figure 4. Mechanism of the Ga-MFI catalyst under working conditions. (a) In situ Fourier transform infrared (FTIR) spectrum of Ga-MFI in a
cyclohexane atmosphere at 550 °C. (b) In situ Fourier transform infrared (FTIR) spectroscopy of Ga-MFI in a CO,/H, atmosphere at 250 °C. (c)
In situ synchrotron radiation (SR) XRD patterns in a CO,/cyclohexane atmosphere at S50 °C. (d) In situ XANES spectra in a CO,/H, atmosphere

at 250 °C and a CO,/cyclohexane atmosphere at 550 °C.

complete reduction of Ga species. Table S4 presents the
detailed fitting analysis of the first and second coordination
shells from which bond lengths for Ga—O and Ga—Si can be
inferred, supporting the formation of GaH, species and
suggesting that they may serve as catalytic active centers.

In situ EXAFS analysis (Figure 3f) elucidates the dynamic
coordination evolution of the Ga species in Ga-MFI during H,
treatment. Fourier transform analysis of Ga K-edge EXAFS
spectra quantifies progressive ligand substitution: the Ga—O
coordination number decreases from 3.21 A (T = 550 °C, Ar)
to 2.98 A (T = 550 °C, H,) (Table S4). Quantitative bond
length analysis (Table S4) resolves emerging Ga—O bonds at
1.76 A and preserved Ga—Si interactions at 2.94 A. These
reversible coordination adjustments, distinct from permanent
structural degradation, establishing GaH, centers as dynamic
active sites for H-mediated catalysis.

2.4. Reaction Mechanism. The dynamic evolution of the
active centers of Ga-MFI under operando conditions was
decoupled through integrated in situ characterizations:
synchronized FTIR analyses, synchrotron XRD (SR-XRD),
and XAFS-mass spectrometry (XAFS-MS). In situ FTIR
spectroscopy reveals mechanistic insights into the cyclo-
hexane—CO, coupling process. Under Ar atmosphere (Figure
4a), adsorbed cyclohexane exhibits characteristic C—H
vibrations at 2934 cm™, 2862 cm™!, and 1458 cm™!, with
aromatic C—H vibrations at 3082 cm™, 3058 cm™!, and 1498
em L consistent with NIST reference spectra. Introducing
CO, generates gas-phase signals at 3740 cm™', 3700 cm™,
3630 cm™’, and 3595 cm™', alongside a distinct 2178 cm™'
band indicative of CO formation, while oxygenates like
lactones/cycloalkenones remain undetected (Figure S$32).
Isotopic switching with *CO, induces 85 cm™' and 40 cm™
red shifts for CO, from 3595 to 3510 cm™ and for CO from
2178 to 2119 cm™, respectively (Figure S33). In CO, and
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hydrogen atmosphere (Figures 4b and S34 and S3S) further
identify adsorbed intermediates: 1608 cm™' (r,,0CO,
HCOO%*), 1684 cm™! (vC=0, COOH*), and 2964 cm™!
(vC—H, CH,0%) with the formation of methanol.***’ The
captured adsorbed species further determined the feasibility of
the methanol route, corresponding to the GC-MS results.
These results collectively validate the bifunctional capacity of
Ga-MFI to activate C—H bonds and reduce CO,.

In situ SR-XRD tracks reversible lattice dynamics: H,-
reduced Ga-MFI maintains GaH,-associated lattice contraction
(Figure S36), while CO, exposure triggers transient expansion
as GaH, regenerates (Figure 4c). This oscillatory structural
response, with contraction/expansion cycles within 2% lattice
strain, confirms the dynamic equilibrium between GaH,
formation (H, activation) and its consumption through
hydrogenation at 250 °C (Figure 4d), coinciding with
methanol detection by mass spectrometry, directly demon-
stating GaH,mediated Ga reduction (Figures $37—S40).
Subsequent cyclohexane—CO, coupling induces partial GaH,
oxidation, generating CO via GaH,, + CO, - Ga—0O—-CO +
H,O pathways.

The reaction pathway for cyclohexane—CO, coupling over
the Ga-MFI zeolite (Figure 5) integrates evidence from in situ
FTIR and isotopic labeling. Cyclohexane is activated at the
Bronsted acid sites and converted to aromatics. With the
introduction of CO,, the reverse water—gas shift reaction
facilitates hydrogen elimination, significantly enhancing cyclo-
hexane conversion to 91.76%. The characteristic CO vibration
at 2178 cm™' and an 85 cm™' red shift upon *CO,
introduction confirm CO, conversion to CO. At lower
temperatures (<550 °C), CO, hydrogenation generates C,—
C, olefins, which further participate in aromatic formation via
H-transfer. At elevated temperatures, GaH, species mediate
direct CO, carboxylation, suppressing oxygenate byproducts
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Figure S. Mechanism illustration. (a) Dynamic transformation of Ga-MFI active centers and the pathway of CO, participation (from in situ FTIR,
XANES, EXAFS, and GC-MS). (b) Schematic depiction of the reaction network for the cyclohexane—CO, coupling process.

(no lactone/cycloalkenone signals in the 1600—1800 cm™
range). This bifunctional mechanism synergistically enhances
aromatic production while maintaining alkane selectivity below
12.3%, highlighting Ga-MFI's unique capability in C—H
activation and CO, utilization.

3. CONCLUSIONS

This work demonstrates the successful incorporation of
isolated Ga species within the MFI zeolite framework,
characterized by a distorted tetrahedral configuration {(=
$i0);Ga(HO—Si=)} as confirmed through SEM, TEM, XAS,
and FTIR spectroscopy. Under optimized conditions, Ga,.q;—
MFI catalyzes efficient coupling conversion of CO, and
cyclohexane, predominantly yielding aromatics (80.76%
selectivity) while minimizing alkane byproducts (<12.3%).
Isotopic tracing and in situ analyses reveal that 56.4% of
aromatic carbon originates from CO,. The catalyst exhibits
exceptional stability, retaining 94% initial activity after 110 h
with negligible coking (8 wt %), attributed to the dynamic
structure of framework-anchored Ga species and the role of
CO, in removing carbon deposits. In situ XAS and FTIR
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studies elucidate dynamic Ga speciation involving reversible
coordination switching between oxidized (Ga—O) and
reduced (Ga—H) states, which facilitates sequential C—H
activation and C=O bond cleavage. This dual-functional
mechanism, synergizing Bronsted acid sites and redox-active
Ga centers, enables efficient adsorption, bond dissociation, and
dehydrogenation steps critical for sustaining catalytic cycles.
These findings establish a scalable strategy for designing stable,
coke-resistant zeolite catalysts, advancing CO, utilization, and

alkane valorization.
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