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ABSTRACT: Nonoxidative coupling of methane represents a
long-standing challenge in heterogeneous catalysis, as it requires
activation of the carbon—hydrogen (C—H) bond, controlled
carbon—carbon (C—C) bond formation, and effective hydrogen
management without relying on oxidants. Here, we report a low-
temperature C—H activation and nonoxidative C—C coupling of
methane over atomically dispersed titanium—aluminum—boron
nanopowder (Ti—Al-B NP) utilizing a catalytic microreactor
coupled to synchrotron single-photon photoionization reflectron
time-of-flight mass spectrometry. The soft-ionization, in situ
probing method detects the nascent reaction products and radical
intermediates under operando conditions, including methyl radical,
C2 hydrocarbons, and molecular hydrogen. Methane activation is
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initiated at 800 K, approximately 700 K below the gas-phase decomposition threshold, leading predominantly to ethylene formation
with selectivity reaching up to 78% among the C—C coupled products. Electronic structure calculations on model Ti—Al—B clusters
elucidate a cooperative catalytic mechanism in which titanium enables methane adsorption and C—H activation, boron acts as a
reversible hydrogen reservoir, and aluminum stabilizes methylene intermediates, thereby facilitating selective C—C coupling and
dehydrogenation. These findings establish a distinct catalyst architecture for nonoxidative methane coupling based on earth
abundant elements alternative to expensive platinum and other noble metal-containing conventional catalysts and provide molecular-
level design principles for controlling dehydrogenation and subsequent C—C bond formation in challenging light alkane conversions.

B INTRODUCTION

Methane (CH,), the dominant component of natural gas
(95%) and shale gas (70%), represents both an abundant
energy resource and an attractive carbon feedstock for the
sustainable production of value-added chemicals."” Trans-
forming methane into value-added chemicals via catalysis
provides a compelling strategy for sustainable utilization and
reducing greenhouse gas emissions; this involves, e.g, the
synthesis of olefins, aromatics, and hydrogen which can
essentially relieve global energy crisis.” However, the chemical
activation of methane represents a fundamental challenge
considering the high endoergicity of the sp’ C—H bond
cleavage of 439 kJ mol™', which typically requires temperatures
above 1273 K.* The initial C—H bond cleavage constitutes the
rate-determining step in the methane activation process.’
Traditional methane conversions rely on the oxidative
coupling of methane (OCM); this strategy bears the risk of
overoxidation to form carbon dioxide (CO,), thus limiting the
yield of functionalized products from methane.”” Conversely,
the method of nonoxidative coupling of methane (NOCM)
uniquely produces hydrocarbons with two or more carbon
atoms (C2+) such as ethane (C,Hy), ethylene (C,H,), and
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acetylene (C,H,), alongside reported formation of propane
(C3Hg) and benzene (C¢Hg) while avoiding the concerns of
oxidative couplings.*™"® Therefore, nonoxidative couplings
achieve significant economic advantages, high carbon utiliza-
tion efficiency, and zero carbon dioxide emissions.'*' These
NOCM processes require neither oxidants nor energy-
expensive steps of syngas (CO + H,) synthesis.'”"” The
predominant product in the NOCM is often reported to be
ethane (C,Hg), i.e.,, the key industrial precursor to ethylene
(C,H,), which in turn is the most produced organic compound
in the world."™*° Mechanistically, catalytic NOCM is
proposed to involve C—H bond breaking of the adsorbed
methane yielding the primary reactive methyl radical (*CH;)
intermediate, which combines and reacts further to C2+
hydrocarbons."

Received: January 21, 2026

Revised:  February 13, 2026
Accepted: February 18, 2026
Published: February 24, 2026

https://doi.org/10.1021/jacs.6c01503
J. Am. Chem. Soc. 2026, 148, 10205—10215


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Souvick+Biswas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Avital+Isakov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nureshan+Dias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+T.+Finn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jack+Cokas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+Epshteyn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anastassia+N.+Alexandrova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anastassia+N.+Alexandrova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Musahid+Ahmed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ralf+I.+Kaiser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.6c01503&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c01503?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c01503?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c01503?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c01503?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c01503?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/148/9?ref=pdf
https://pubs.acs.org/toc/jacsat/148/9?ref=pdf
https://pubs.acs.org/toc/jacsat/148/9?ref=pdf
https://pubs.acs.org/toc/jacsat/148/9?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.6c01503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS
(a) \ ©© 1]'=(" 5. & (b) m/z =29
R0 ¢ i d L T ——m/z=30 —— Ethyl radical
A Q ¢ —— Ethane —— Ethylene (C)
P P ——Fit
E P

26 27 28 29 30 AN

T T T T

— || 25 26 27 28 29 30 31 2
:.é T T T T T T g
=11200 K 2
el | : £
T °
- ([ 25 26 27 28 29 30 31 O
> o
.‘% T T T T T T ©
c (1000 K £
S £
- A A ]
£ b4

12 16 20 24 28 32
m/z

9.5

T T T T T T T T T T
10.0 10.5 11.0 11.5 12.0 85 9.0 9.5 10.0 10.5
—m/z=28 m/z =27
—— Ethylene Vinyl radical
T T T T T T T
100 105 11.0 85 9.0 95 10.0
—m/z=26 m/z=15
Acetylene Methyl radical
I L B B
100 105 110 115 85 9.0 95 10.0

Photon energy (eV)

Figure 1. (a) Mass spectra recorded for the catalytic conversion of helium-seeded (2%) methane (CH,) over titanium—aluminum—boron
nanopowder (Ti—Al—B NP) in a high-temperature chemical microreactor at a photon energy of 13 eV in the 300 K to 1500 K range. The m/z = 25
to 31 segments in each spectrum are magnified 40 times to locate two-carbon mass-growth products. Negligible formation of C3 species can be
seen in Figure SS. (b) Experimental photoionization efficiency curves (PIE, black traces) for the major catalytically formed products (C1 and C2
species) at distinct mass-to-charge ratios at 800 K. The experimental errors (gray shaded area) originate from the accuracy of the photocurrent
measurement by the photodiode and a 1o error of the PIE curves averaged over the individual scans. In case of multiple isomers, reference PIE
curves are represented as blue and green traces; the overall fit is depicted in a red trace, whereas for a single species contributing to a mass peak, the
reference trace is represented by the green or blue trace for closed-shell hydrocarbons or radicals, respectively.

Over the last few decades, multiple categorical NOCM
catalysts have been exploited to increase the C2 hydrocarbon
yield and selectivity. Zeolite-supported molybdenum catalysts
exhibit C—C coupling activity but suffer from rapid
deactivation due to coke formation®” and do not provide
dominant selectivity toward C2 hydrocarbons rather favor
dehydroaromatization.”> > Iron single-site catalysts embed-
ded in silica selectively form ethylene alongside competing
yield of aromatics including benzene and naphthalene at
temperatures above 1300 K, and the catalytic processes are
limited by the absence of adjacent reactive sites.'” Noble-
metal-based catalysts, including Pt single sites on CeO, and Pt-
based bimetallic (e.g., Pt—Bi) and trimetallic (e.g., Pt—Bi/Mo)
systems, lower activation barriers and enhance selectivity but
rely on scarce and costly elements and often demand
structurally fragile zeolite supports (e.g, Pt—Bi/Mo/ZSM-
5).27—34 These scientific constraints serve as the impetus in
developing a novel class of efficient, selective, and economically
affordable heterogeneous catalyst which is not only resistant to
coke formation but also exploits low-cost alternatives to
expensive platinum group metals and operates at low
temperatures. A critical yet often underappreciated challenge
in NOCM is hydrogen management. Accumulation of
adsorbed hydrogen promotes rapid recombination and
methane reformation, whereas excessive hydrogen abstraction
leads to deep dehydrogenation and coke formation.> Catalysts
capable of reversibly storing and redistributing hydrogen
during turnover could, in principle, decouple C—H activation
from C—C coupling and enable selective formation of
unsaturated C2 products such as ethylene, a particularly
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demanding benchmark for nonoxidative methane conversion.
Methodologically, it is imperative to identify the initial
products and intermediates, including radicals, which assess
the true catalytic potential and reaction mechanism of a
NOCM catalyst at the molecular level.

Here, we demonstrate that sonochemically synthesized,
atomically dispersed titanium—aluminum—boron nanopowder
(Ti—Al-B NP) constitutes a distinct class of heterogeneous
catalyst that fulfills these above-mentioned criteria. By
combining a catalytic microreactor (Figure S1) with
synchrotron-based single-photon photoionization reflectron
time-of-flight mass spectrometry (PI-ReTOF-MS), we directly
probe nascent reaction products and radical intermediates
formed during methane activation under nonoxidative
conditions. This soft-ionization, in situ approach enables
unambiguous identification of primary C2 hydrocarbons—
ethane (C,Hg), ethylene (C,H,), and acetylene (C,H,)—as
well as key open-shell intermediates, providing molecular-level
insight inaccessible to conventional analytical techniques.*®™*’
In the presence of Ti—Al-B NP, the onset temperature for
methane decomposition is reduced by 700 K, from 1500 K in
the gas phase to 800 K, with ethylene emerging as the
dominant C—C coupled product and reaching selectivity of up
to 78%. Comprehensive electronic structure calculations on
model Ti—Al-B clusters reveal a complex heterogeneous
catalysis cycle involving molecular adsorption of two methane
molecules with subsequent reaction, isomerization, and
desorption, which starts with a facile Ti/B-mediated C—H
bond rupture at 800 K with a barrier of only 38 kJ mol™" (30 kJ
mol™" at 0 K). This process activates the C—H bond (439 kJ
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Figure 2. (a) Decomposition ratios of methane with and without Ti—Al—B NP catalyst loading. For the uncatalyzed reaction, decomposition of
methane starts at 1500 K, indicated by a red diamond symbol. (b—d) Temperature-dependent relative abundances of methane and the C2 products
(closed and open-shell hydrocarbons) from mass spectra recorded at 13 eV. The species are grouped as—(b) Cl-species, (c) C2-closed-shell

hydrocarbons, and (d) C2-radicals.

mol™') in methane, thus effectively competing with the
catalytic potential of platinum in C—H activation with a
barrier of 99 kJ mol™".*' The molecular-level understanding
exposed here is essential in deciphering the specific roles of
distinct metals in this new class of heterogeneous hybrid
catalysts: titanium serves as the exclusive docking center for
methane adsorption, enabling C—H bond activation and
mediating the catalytic C—C coupling process; boron functions
as a hydrogen reservoir, storing the abstracted hydrogen atoms,
while aluminum provides a suitable coordination environment
that facilitates dehydrogenation steps and stabilizes the
adsorbed methylene (CH,) intermediate. The molecular-level
understanding presented here provides general design
principles for next-generation heterogeneous catalysts based
on synergistic roles of readily available elements for methane
upgrading and light-alkane conversion.

B RESULTS AND DISCUSSION

Identification of Products and Intermediates

The catalytically formed nascent gas-phase products of
methane over Ti—Al-B NPs in the chemical microreactor
are identified in situ with single photon photoionization (PI)
reflectron time-of-flight mass spectrometry (Re-TOF-MS)
(Figures la and S2). The mass spectra are recorded at definite
temperature intervals. At 300 K, only the parent mass peak at
m/z = 16 (CH,") and a weak feature of its '*C counterpart at
m/z = 17 (*3CH,") are observed. The first thermal reaction of
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CH, in the presence of Ti—Al—B NP is revealed at 800 K
through the detection of the methyl radical at m/z = 15 which
is the primary tracer for C—H activation. Under uncatalyzed
conditions, the reaction commences only at 1500 K under
otherwise identical experimental parameters (Figure S3).
Several two-carbon (C2) mass-growth products appear in the
range of m/z = 26—30 corroborating the catalytic C—C
coupling. A detailed analysis of distinct isomer-selective
photoionization efficiency (PIE) curves of individual mass-to-
charge (m/z) peaks provides a confirmatory identification of
the products and intermediates formed in the molecular beam
(Figures 1b and S4). Mass growth beyond C2 products is
negligible with very weak peaks of C3 hydrocarbon products at
levels of less than 0.1% (Figure SS).

At 800 K, the ethane (C,Hy) peak at m/z = 30 represents
the strongest among the mass-growth products, followed by
ethylene (C,H,, m/z = 28) and acetylene (C,H,, m/z = 26).
Open-shell intermediates such as ethyl (*C,H;, m/z = 29) and
vinyl (*C,H,;, m/z 27) radicals are also evident. The
identification of these radical intermediates represents a key
advantage of PI-ReTOF-MS compared to traditional analytical
techniques such as gas chromatography—mass spectrometry
(GC—MS), which fail to identify key reaction intermediates.

With the rise in temperature above 900 K, ethylene (C,H,,
m/z = 28) becomes the most intense feature among the mass-
growth products until 1500 K (Figure S3). Complementary
mass spectra at a photon energy of 15.4 eV also detect
molecular hydrogen (H,, m/z = 2), indicating simultaneous
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Figure 3. (a) Temperature-dependent overall branching ratios of individual products (C1 and C2 species) including molecular hydrogen. (b)
Relative branching ratios of the major C2 products [ethane (C,Hy), ethylene (C,H,), and acetylene (C,H,)] with respect to all the mass-growth
products as a function of temperature. The error bars are evolved due to the uncertainties determined by averaging the recorded photoionization

efficiency curves and respective integral peak areas from mass spectra.

catalytic dehydrogenation processes (Figure S6). It is
important to note that repeated heating—cooling—heating
cycles performed with the same catalyst (Experimental
Methods, Supporting Information) produced no observable
changes in the recorded mass spectra, indicating preserved
chemical activity and an excellent catalyst lifecycle.

Decomposition Ratio and Temperature Profiles of the Key
Products

To evaluate the temperature-dependent catalytic decomposi-
tion and reformation of methane and assess the performance of
the Ti—Al—-B nanopowder catalyst, the decomposition ratios
of methane measured at distinct temperatures with and
without catalyst loading are shown in Figure 2a. Here, the
decomposition ratio or the conversion fraction is defined as the
ratio of the decomposed methane to the total amount, where
zero indicates no reaction, and the full consumption of the
hydrocarbon is represented as unity. Experimentally, this ratio
at a particular temperature is evaluated by probing the fractions
of normalized parent mass peak intensities at m/z = 16 with
respect to that observed at 300 K. From the plot, it is evident
that in the presence of Ti—Al—B NP, the decomposition of
methane (black circles) is initiated at a significantly lower
temperature of 800 K, which is 700 K below the onset
temperature of decomposition reaction in the absence of the
catalyst (red diamond). At the maximum temperature of the
study, ie., 1500 K, the catalytic decomposition value or
methane conversion fraction reaches 0.39 + 0.03.

The gradual enhancement of the catalytic decomposition of
methane with respect to the rising temperature is accompanied
by a simultaneous increase in the C2 species (Figure 2b—d).
The trend depicts that the yield of the primary product, the
methyl radical (*CHj;, m/z = 15), continues to increase, while
its recombination product ethane (C,Hy) exhibits a nearly
constant intensity with only a slow decay above 900 K. Most
importantly, mass peak intensities for ethylene (C,H,, m/z =
28) rise sharply with temperature, indicating a preferential
formation. Acetylene (C,H,, m/z = 26), on the other hand,
maintains a steady growth until 1300 K, above which a
pronounced increase in its mass peak intensity is observed.
Radical intermediates such as ethyl (*C,Hs, m/z = 29) and
vinyl (*C,H;, m/z = 27) display a steady rise until 1400 K,
followed by a jump at 1500 K. To quantify changes in product
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distribution as a function of temperature, product branching
ratios are evaluated.

Product Branching Ratios

The individual branching ratios for the catalytically formed
major products over the temperature range of 800—1500 K
(Figures 3, S7, S8) provide a quantitative overview of the
corresponding product mole fractions.””* The branching ratio
of the primary decomposition product—methyl (°*CH,)
radical—is lowered from 87.5 + 2.8% at 800 K to 72.1 +
4.3% at 1500 K. Although branching ratios for ethane (C,Hg,
4.4 + 0.4%) and ethylene (C,H,, 4.3 + 0.7%) appear similar at
800 K, the latter turns out to be the major C—C coupled
product at and above 900 K and reaches 16.1 + 0.8% at 1500
K. Notably, among all the mass growth products, ethylene
reaches a relative branching ratio of 78% at 1500 K (Figure
3b). On the flipside, a significant decline in the ethane is noted
with the rise in temperature, determined to be only 0.7 + 0.3%
at 1500 K. Formation of acetylene at low temperatures (800—
1300 K) remains less than 1% and rises to 2.1 + 0.6% at 1500
K. Favorable dehydrogenation by the Ti—Al—B NP catalyst is
reflected through the production of molecular hydrogen (H,)
even at low-temperature ranges accounting for 2.6 + 0.5% at
800 K. With the rise in temperature and increasing
unsaturation in the C—C coupled products, branching ratio
for molecular hydrogen also increased to 7.3 + 0.8% at 1500 K.
Ethyl (*C,Hy, m/z = 29) and vinyl (*C,H;, m/z = 27) radicals
are found to be minor products with individual branching
ratios less than 1% within the entire experimental temperature
range, while C3 products appear negligible and their total
branching ratios remain less than 0.1% (Figure S9).

Reaction Mechanism of C—C Coupling

To decipher the mechanistic paths for the catalytic activity of
Ti—Al-B NPs in the low-temperature nonoxidative C—C
coupling of methane, we computationally explored the role of
model Ti—Al-B clusters. Previously, we reported structural
details of the model cluster based on the extensive character-
ization, e.g., high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) with comple-
mentary electron energy loss spectroscopy (EELS) and energy-
dispersive X-ray spectroscopy (EDS), nuclear magnetic
resonance (NMR), Raman, and X-ray photoelectron spectros-
copy (XPS) of the material.*® Average particle diameter of the
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nanopowder revealed by dynamic light scattering (DLS) is
measured to be 448 nm with a narrow size distribution
(standard deviation of 10.8 nm).** The predominant presence
of elemental states of the atomic constituents with
heteroatomic interactions and linkages such as Ti—B, Al-B,
and Ti—Al moieties was revealed along with extensive spatial
atomic dispersion. Hence, the chemically simplest cluster
(TiALBs) of the correct stoichiometry as determined by
inductively coupled plasma optical emission spectroscopy
(ICP—OES)*** was theoretically modeled using a stochastic
structure search (global optimization). It is important to note
that no alloy of this composition exists that would permit
modeling the catalyst as faceted nanoparticles; consequently,
the particles are most appropriately represented by clusters of
matching stoichiometry, a methodology well established in the
catalysis literature.**~

In detail, the global minimum identified from approximately
700 initial structures of the TiAl,B¢ cluster is selected for
subsequent computations (Supporting Information, Computa-
tional Methods). From a chemical perspective, the onset
temperature of the catalytic reaction, 800 K, is used as the
primary reaction temperature, with calculations extended to
1500 K for comparison. The initial binding interaction
between methane and the TiAl, B cluster is taken to represent
the substrate adsorption on the catalyst surface. For such

alkanes-on-cluster catalysts, it is rather typical to proceed
directly to chemisorption while not showing a physisorbed well
on the free-energy surface.”’ Binding complexes involving the
TiAlBg cluster are simulated with a tight SCF convergence
using the BLYP functional’”*" with the def2-TZVP basis set*”
and def2/] auxiliary basis set.> Dispersion interactions are
accounted for using the D3BJ correction.’>> These
computations yield two major low energy geometries (Figure
S10) which are stabilized by approximately 38 k] mol™" at 0 K
with respect to the separated reactants, and their Boltzmann
populations at 800 K are evaluated to be 55 and 45%,
respectively. In both initial binding complexes, methane gets
symmetrically docked to the Ti center of the cluster via the
formation of three C—H—Ti linkages.

The reaction mechanisms of the catalytic NOCM are
investigated by the electronic structure theory calculation
involving the model cluster and two molecules of methane
(TiALBg + 2 CH,; R), where their combined energy has been
considered as the reference, i.e., 0 k] mol™". The computation
of the free-energy surfaces (FESs) constructed via the Nudged
Elastic Band (NEB) method*®*” with vibrational, translational,
and rotational entropy corrections reveals that simultaneous
adsorption of two methane molecules on TiAlBg is entropi-
cally unfavored at experimental temperatures, resulting in a
high-energy intermediate, 130 kJ mol™" at 800 K, rather the
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Figure S. Free-energy surfaces for the formation of ethylene (C,H,) and ethane (C,Hj) via the first local minimum (i2) of the methane—TiAL,B4
binding complex at 800 K. The second methane gets adsorbed, while the (a) methyl (CH,) or (b) methylene (CH,) group is attached on the Ti

center.

reactions proceed through sequential methane adsorption
(Figures 4—6, S11, and S12). The FES is further developed
from the global minimum (il) and the first local minimum
(i2) of the TiALB,—CH, complexes. Depending on the stage
at which the second methane molecule is introduced,
minimum energy reaction pathways are identified and analyzed
using entropy-corrected free-energy profiles. Notably, the
barrier for the initial C—H bond cleavage via il — i3a or i2
— i3d is reduced to approximately 30 and 45 kJ mol™,
respectively, at 0 K (Tables S1 and S4), compared to about
440 kJ mol™" for homolytic methane cleavage in the gas phase.”

Ethylene and Ethane Formation Pathways

The entrance channel corresponding to adsorption of the first
methane molecule, forming the CH,---TiALBs complex (il),
represents the global minimum of 1:1 binding configuration.
At 800 K, this adsorption step is entropically unfavorable,
resulting in an increase of the free energy of il to 64 kJ mol™’
relative to —38 kJ mol™' at 0 K, yet it remains accessible at
elevated temperature (Figure 4). From il, a titanium-mediated
hydrogen atom transfer occurs to an adjacent boron center
located at the periphery of the B moiety and opposite the
distal or exterior aluminum atom via proceeding intermediate
i3a with an associated barrier of 38 kJ mol™'. Subsequent
adsorption of the second methane molecule at the titanium
center yields intermediate i4a at 56 kJ mol™', followed by
hydrogen atom transfer to the central boron atom through a
barrier of 80 kJ mol™" to form iSa. The transition from iSa —

i6a constitutes the key C—C coupling step between the two
adsorbed methyl groups, crossing a barrier of 201 kJ mol™ to
generate adsorbed ethane on the H,TiAl,B cluster. This C—C
coupling step corresponds to the highest transition state energy
on the FES, reaching 250 kJ mol ™. The catalytic cycle leading
to ethane formation (R — p2) is concluded by the successive
desorption of ethane (i7a) and molecular hydrogen (H,).

Alternatively, the C,H¢—H,TiAl,B; complex (i6a) can
undergo molecular hydrogen desorption to form i8a, followed
by successive hydrogen atom transfer steps with barriers of 30
and 40 kJ mol™’, respectively, leading to the formation of
bound ethylene (il0a). In this intermediate, the C,H,
molecule adopts a slightly nonplanar geometry, with the
hydrogen atoms oriented upward relative to the H,TiAl,B4
cluster. The TiAlLBy cluster is regenerated (pl) upon the
successive desorption of ethylene (illa) and molecular
hydrogen. Formation of both the C—C coupled products pl
(C,H,4 + 2 H,) and p2 (C,Hg + H,) is endoergic by 91 and 72
kJ mol ™, respectively, at 800 K.

Instead of accommodating the second methane molecule on
i3a, subsequent H atom transfer can form the chemisorbed
methylene group (i4b) via crossing a barrier of 90 kJ mol™
(Figure 4b). Further, molecular hydrogen (H,) desorption via
iSb allows the adsorption of the second methane (i6b), which
eventually undergoes successive H atom transfers (i6b — i7b
— i8b) forming two adsorbed methylene groups—those
undergo C—C coupling via an energy barrier of 105 kJ mol™*
to generate the adsorbed C,H, moiety (i9b). Next, the
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Figure 6. Representative free-energy surfaces for the formation of acetylene (C,H,) via the (a) global minimum (il) and the (b) first local
minimum (i2) of the methane—TiAl,B, binding complex at 800 K, extended from the selected pathways in Figures 4 and S.

desorption steps of ethylene and the remaining molecular
hydrogen (H,) complete the catalytic cycle attaining pl. At
i6b, a H atom transfer from the adsorbed methane to the
methylene moiety can generate two methyl groups (illb)
which upon C—C coupling via a barrier of 188 kJ mol™
produces adsorbed ethane (i12b) that ultimately leads to p2
through desorption. Notably, among the four pathways
originating from the global minimum structure (il) and
presented in Figure 4, the ethylene formation pathway
proceeding through initial methylenated intermediate i4b is
energetically most favorable. In this case, it has the smallest
energetic span”” and the highest transition state lies at 176 kJ
mol ™ relative to the separated reactants, compared to barriers
of at least 250 kJ mol™" for ethane formation. In addition, an
alternative ethylene formation pathway involving methylene—
methylene C—C coupling is identified, with a maximum barrier
of 207 kJ mol™" (Figure S11).

A similar trend is also observed for the pathways of ethylene
and ethane generation involving the first local minimum of the
methane—TiALB, complex (i2, 62 kJ mol™"). Comparison of
the two possible pathways for each product, either through
direct methyl-methyl coupling (Figure Sa) or via a
methylenated intermediate (Figure Sb), indicates that the
latter is energetically favored, consistent with the observed
higher yield of ethylene. Briefly, the direct methyl—methyl C—
C coupling step (iSd — i6d) proceeds via the highest energy
TS of 200 k] mol™ for the ethane channel. Within the same
FES, dehydrogenation of the adsorbed ethane intermediate
(i7d — i8d) includes a TS at 202 kJ mol™" along the pathway
leading to ethylene formation. In contrast, the dehydrogenated,
methylenated intermediate (iSe) undergoes successive meth-
ane adsorption (i6e), dehydrogenation steps (i7e, i8e), and
desorption (i9e), ultimately yielding two methylene groups
adsorbed at the titanium center. The i9e intermediate
essentially undergoes barrierless C—C coupling, forming an
adsorbed C,H, moiety (il0e), followed by desorption of an
ethylene molecule (p1) desorption. Along the R — i6e — i9e
— p1 pathway, the highest energy point encountered is at 193
k] mol™ (i9). In contrast, the formation of ethane from the

i6e intermediate requires higher energy transition states
associated with H atom transfer (197 k] mol™') and C—C
coupling (249 kJ mol™"), rendering this pathway less favorable
than the ethylene formation pathways described above. An
alternate pathway involving a methylenated intermediate is
shown in Figure S12a, where the initial H atom transfer occurs
to the central boron atom (i3f).

Acetylene Formation Pathways

Representative acetylene formation pathways (Figures 6, S12b,
and S13) are found by extending selected FES that produce
ethylene via global (il1) or the first local minimum (i2) of the
methane—TiAl,B; complex. Intermediate i9b (Figures 4b and
6a) upon hydrogen desorption forms C,H, - TiAl,B¢ (i13b),
which further undergoes H atom transfers and desorption steps
to yield acetylene (p3). The highest energy TS in this path
(i9b — p3) is noted at 151 kJ mol™', designating H atom
transfer from the adsorbed vinylic (C,H;) moiety to the distal
B atom. However, with respect to the separated reactants, the
acetylene formation path is found to be endoergic by 164 kJ
mol™" at 800 K which is substantially higher than ethylene (91
kJ mol™") or ethane (72 kJ mol™") corroborating its negligible
yield observed at this temperature. Similarly, the intermediate
i10e (Figures Sb and 6b) originating from the i2 binding
configuration can undergo successive H atom transfers (il0e
— il3e — il4e), followed by sequential desorption events
(il4e — ilSe — p3) to yield acetylene. In both pathways
shown in Figure 6, acetylene desorption is associated with high
endoergicities of 176 (il5b — i16b) and 10S kJ mol™" (il4e
— il5e), respectively. It is to be noted here that the cluster
geometries become highly distorted during the third
dehydrogenation steps to accommodate the acetylenic moiety,
thus adopting nonidentical metastable energy minima (e.g.,
i16b versus ilSe) along the reaction path.

Open-Shell Products

The methyl radical (*CHj,), the most abundant species formed
aside from C2 products and a key tracer for the C—H
activation, can be generated from intermediates in which two
methyl groups are simultaneously adsorbed at the Ti atom
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prior to the C—C coupling. The pathways shown in Figures
S14 and S1S show that two methyl radicals are successively
desorbed through entropically favorable yet endoergic path-
ways from key intermediates such as iSa, i11b, iSd, and ille.
Because each catalytic cycle of the TiAl,Bg cluster stoichio-
metrically releases one unit of molecular hydrogen and two
methyl radicals, the comparatively large branching ratio of the
methyl radical is readily rationalized. Minor open-shell
products, including ethyl and vinyl radicals, can plausibly be
desorbed from appropriate intermediates such as i9a and i14b
through endoergic pathways.

Temperature Effects on the Free Energy Surfaces (FESs)

To assess the temperature dependence on the pathways
leading to ethylene, ethane, and acetylene, the corresponding
free-energy profiles are also computed at 1500 K (Tables S1—
S6). The increase in temperature leads to pronounced changes
in the FES, most notably a reduction in reaction endoergicity.
For example, the endoergicity of the ethane formation pathway
decreases to 56 k] mol™" at 1500 K, compared to 72 kJ mol™*
at 800 K. However, the reaction channels for the formation of
ethylene and acetylene eventually become exoergic (—18 and
—40 kJ mol™') at 1500 K which corroborates the
experimentally observed increase in the yields of these two
products. For ethylene, the relative branching ratio among the
mass growth products increases from 43.5 + 2.5% at 800 K to
78.1 + 2.9% at 1500 K. Consistent with this trend, the
computed FESs indicate that nearly all desorption steps
become energetically downhill at 1500 K, thereby facilitating
product exit channels. Although dehydrogenation barriers
increase upon inclusion of temperature corrections, the
substantially greater thermal energy at 1500 K enables a
much larger fraction of reactants to access the corresponding
transition states. For example, in the dehydrogenation step il
— i3a, only approximately 0.3% of the reactant population
(i1) can overcome the energy barrier at 800 K based on
Boltzmann statistics, whereas this fraction increases to about
2% at 1500 K. Enhanced dehydrogenations at elevated
temperature are further reflected in the pronounced decrease
in the evaluated relative branching ratio of ethane among all
mass growth products, from 44.7 + 2.6% at 800 K to 3.3 +
0.9% at 1500 K.

Taken together, the computational results reveal a clear
functional differentiation among the constituent elements of
the Ti—Al-B model cluster. The titanium center serves
exclusively as the docking site for both methane molecules and
forms Ti—C bonds that stabilize hydrocarbon fragments, such
as methyl and methylene groups, in key catalytic intermediates.
This behavior is reminiscent of alkene polymerization on
titanium-based Ziegler—Natta catalysts in higher oxidation
states, where initiation and propagation proceed through Ti—C
bond formation involving inserted hydrocarbon species.”” The
boron atoms within the By framework act as reversible
hydrogen storage sites, accommodating stepwise hydrogen
atom transfers from methane and adsorbed hydrocarbon
intermediates and thereby regulating hydrogen availability
during the catalytic cycle.”®° In contrast, the aluminum atoms,
particularly the exterior Al site, exhibit pronounced fluxionality
along the free-energy surfaces, creating a transient coordination
space for hydrogen atoms generated during dehydrogenation.
In addition, aluminum contributes to stabilizing methylene
intermediates through direct coordination, facilitating selective
C—C coupling and dehydrogenation. While this fluxional
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behavior may be amplified in the small cluster model, it is
expected to persist, albeit in a moderate form, in larger
nanoparticle ensembles.

B CONCLUSIONS

In summary, we have demonstrated a low-temperature
nonoxidative coupling of methane on an atomically dispersed
titanium—aluminum—boron (Ti—Al—B) catalyst at 800 K that
enables controlled C—H activation and facile C—C bond
formation at temperatures substantially lower than those
required in the gas phase. By combining operando, isomer
selective synchrotron photoionization mass spectrometry in a
chemical microreactor coupled with electronic structure
calculations, we directly identify nascent reaction products
including radical intermediates and elucidate the elementary
steps governing methane activation, C—C coupling, and
dehydrogenation under nonoxidative conditions. Further,
temperature-varied experimental runs precisely map the
reactivity as well as functionality of the Ti—Al—B nanopowder
over a broad temperature range, where ethylene emerges as the
most contributing C2 product with the rise in temperature
along with elevated molecular hydrogen release, corroborating
facile dehydrogenation on the catalyst. Extensive electronic
structure theory calculations recognize a cooperative catalytic
mechanism in which chemically differentiated elements
perform distinct and complementary functions. Titanium
serves as the primary adsorption and activation site for
methane and mediates C—C bond formation; boron acts as a
reversible hydrogen reservoir that stabilizes abstracted hydro-
gen atoms and regulates hydrogen availability during turnover,
and aluminum stabilizes dehydrogenated methylene inter-
mediates while facilitating selective dehydrogenation that
promotes ethylene selectivity. The orchestrated abilities of
the Ti—Al-B nanopowder within a single catalytic ensemble
therefore establish a distinct catalyst architecture for non-
oxidative methane conversion. Moreover, this efficient multi-
metal catalyst, built from earth-abundant elements, offers a
low-cost alternative to platinum and other noble metals. Its
experimentally and computationally validated C—H activation
and dehydrogenation capabilities make Ti—Al—B nanopowder
a promising candidate for advanced hydrocarbon-reforming
reactions, including propane dehydrogenation and ethylene
aromatization.
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