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ABSTRACT: Formaldehyde (HCHO) is a fundamental chemical feedstock with widespread industrial applications. The direct
oxidation of methane by oxygen to formaldehyde (CHs + 1/202 — Hz + HCHO) under mild conditions represents an attractive
but challenging transformation, as it requires both activation of the inert C~H bonds of CHs and suppression of overoxidation
to products such as carbon dioxide. In this work, mass spectrometry experiments combined with theoretical calculations
reveal that CoMoO* cations can efficiently mediate this transformation at room temperature. The unique electronic structure
of CoMoO+ facilitates the formation of a crucial CoMoOCHz* intermediate during the reaction with CH4 and prevents methanol
formation. In the subsequent oxidation reaction, the Mo atom in CoMoO* serves as the active site for Oz adsorption, and both
Mo and Co atoms act as electron donors to activate Oz, leading to the formation of the C-0 bond in formaldehyde. This work
reports the first gas-phase example of achieving conversion of CH4+ to HCHO and its radical derivatives by Oz at room
temperature using heteronuclear non-noble metal cations. Remarkably, the COMoOCH2* cation maintains high reactivity after
adsorbing one or two CH4 molecules. These findings provide new mechanistic insights into selective methane activation and
conversion.

1. INTRODUCTION

Formaldehyde (HCHO) is a fundamental C1 building block
and is widely used in industrial applications, including the

Methane (CHa4), the primary component of natural gas,
represents a promising yet underexploited feedstock for
direct HCHO production.#5 However, this transformation

production of resins, plastics, and various fine chemicals.!
Among C1 molecules (COz, CO, HCOOH, CHy, etc.), HCHO is a
highly reactive substrate, making it particularly valuable for
synthesis of chiral products.? Currently, industrial HCHO
manufacturing relies on energy-intensive methanol
oxidation—-dehydrogenation (> 500 °C), catalyzed by silver
or metal oxides, consuming 35% of global methanol output
and generating substantial CO, emissions.?

faces two fundamental challenges:

e CHais relatively inert due to its high C-H bond energy of
4.5 eV and its high HOMO-LUMO gap of 11 eV, and this
typically necessitates harsh reaction conditions or multi-
step processes.®

e In conventional CHs oxidation processes, HCHO is a
transient intermediate (CH4+ — CH300H — CH3OH -
HCHO — COx), 7 and is prone to over-oxidation to COx.



However, selectively oxidizing CHa with Oz to form HCHO
as a final product remains particularly challenging
because of this high reactivity.

Because of the abundance of methane resources and the
industrial significance of oxygenate products, the
conversion of CHs into value-added oxygenates represents
a highly promising yet challenging frontier in
heterogeneous catalysis.?? Catalytic systems that employ O:
as a thermal oxidant such as Fez/Si02'° and B203-based
catalysts.!! typically require high temperatures (> 800 K). In
contrast, low-temperature (< 493 K) conversions rely on
strong oxidants such as H202'? or noble metal active sites.!3
Although photocatalysis has shown remarkable selectivity,
such as 96.5% selective for CH4-to-HCHO conversion via
synergistic Cu single atoms and W%+ on oxygen-vacancy-rich
WO3,* and 71.2% selectivity with Agi-ZnO at ambient
pressure,'s the efficient and selective oxidation of methane
to formaldehyde with Oz under mild conditions remains a
major challenge.

Previous studies have reported that isolated MoOx
species supported on Si02'¢, Zr0O,'7, and SiC!® can catalyze
the partial oxidation of CH,. These systems typically employ
N20 or O: as oxidants at elevated temperatures (>573 K),
where Mo serves as the active site for methane partial
oxidation. In addition, bimetallic catalysts have attracted
increasing attention in recent years. For instance, Cu—MoOx
bimetallic catalysts exhibit enhanced performance via
transition-metal synergy, achieving high yield of HCHO.1?
However, these reported systems face some critical
limitations: (1) the requirement of harsh reaction
conditions, and (2) the production of mixed oxygenates (e.g.,
HCHO, CH3O0H, and CO2) due to over-/under-oxidation.
These issues complicate product separation and diminish
overall efficiency. Therefore, it is desirable to develop
strategies for designing active sites in heterogeneous
catalysts to realize high selectivity of HCHO under mild
conditions.2021

Combined with theoretical methods, gas-phase
experiments on isolated reactants provide an ideal field for
revealing mechanistic insights of crucial factors affecting
the reactivity of active sites at a molecular level.22-34
Dehydrogenation of methane to generate [M]CHz mediated
by 5d metal cations has been very well studied,35-4° and the
reactivity of these metal-carbene ions has been further
investigated.*!  Since the methane conversion to
formaldehyde at room temperature is challenging, only a
limited number of studies have investigated the reactivity
of metal oxide clusters for CHs-to-HCHO conversion,
including Al.03*, ReO4*, AuNbOs3*, NiAlO3*, AuV206*, RhVO3-,
AuTiz0s7, and PtAl204~.4249 There are three types of reaction
mechanisms:

e Oxygen radical (0°-) mediated hydrogen atom transfer
(HAT).42-45

e Lewis acid-base-pair activation.*6
¢ Noble-metal-centered pathways.47-4

These mechanisms involve cluster-bound oxygen rather
than molecular O: as oxygen sources. To our knowledge,
there is no such gas-phase example that can efficiently
convert CHs to HCHO using Oz. Since Oz is the most abundant
oxygen source on Earth, it is desirable to synthesize active
sites which can achieve this process, especially if it can be
done at room temperature.

In the work reported here, we present an efficient and
promising approach for formaldehyde synthesis (CHs +
1/202 —» Hz + HCHO) mediated by CoMoO* cations at room
temperature. A  homemade time-of-flight mass
spectrometer (TOF-MS) was used to examine the gas-phase
reactions. The reaction proceeds via two steps:

e CHs4 dehydrogenation: CoMoO* cations enable the
dehydrogenation of CHy, yielding CoMoOCH2* and Ha.

e Oxygen insertion: COMoOCH:* reacts with Oz, generating
HCHO or HCO* radicals.

Similar reaction channels can also be observed after
CoMoOCH:z* associates with one or two CHs4 molecules, and
the reaction rates do not slow down once more CHa
molecules are attached. Typically, gas-phase ions either
react with adsorbed CHs4 molecules or lose reactivity
through CHs adsorption. However, the observed behavior of
CoMoOCH:2* constitutes an exception, and it closely mimics
the multi-molecule binding environment characteristic of
practical catalytic systems.

2. METHODS

2.1. Experimental methods. We used a homemade time-
of-flight mass spectrometer (TOF-MS) coupled with a linear
ion trap (LIT) reactor to examine the gas-phase reactions.
Because the experiment details have been described in
previous works,5051 only a brief description is given here.
The ions of interest were generated by laser ablation of a
rotating and translating °®Mo/Co disk target (1:1 molar
ratio of ®Mo:Co) in the presence of 0.5%0 O2 seeded in a He
carrier gas at a backing pressure of 3 atm. The Mo metal
powder (98.61% isotopic purity) was purchased from
ISOFLEX (San Francisco, California, USA), and the cobalt
metal powder (99.9% purity) was obtained from Macklin
(Shanghai, China). We used a 532 nm (second harmonic of
Nd3*: yttrium aluminum garnet-YAG) laser with an energy
of 5-8 m]/pulse and a repetition rate of 10 Hz. The CoMoO+
cations were then mass-selected by a quadrupole mass
filter (QMF) and entered a LIT reactor, where they reacted
first with CH4 and then with Oa. In previous studies, it has
been shown that the ions are thermalized to (or close to)
room temperature before reacting.52 The ions ejected from
the LIT were detected by the reflectron TOF-MS.

2.2. Theoretical methods. To study the reaction
mechanism of the CoMoO*/CHs4/O2 system, density
functional theory (DFT) calculations were performed using
the Gaussian 16 program package.5® To decide which
functional to use for these studies, we compared bond
enthalpies from several density functionals to relevant
experimental bond energies.>* The bond enthalpies are for
0 K, at which temperature they equal the change in potential
energy upon bond breaking plus the change in zero point
energy. Table S1 shows that, out of 19 functionals tested,
MN15-L55 performed best (figures and tables with a prefix S
are in Supporting Information). Therefore, we adopted the
MN15-L exchange-correlation functional for studying the
mechanism. The MN15-L functional gives an overall mean
unsigned error (MUE) of 2.32 kcal/mol on the AME422
database for atoms and molecules.’> For all of the
calculations, we used the def2-TZVP basis set5¢ for Mo and
Co atoms and the cc-pVTZ basis set>” for C, H, and O atoms.
To get the lowest-energy SCF solution for CoMoO* and
CoMoOCHz2*, we wused Gaussian’s fragment option
(fragment=N) for the initial guess of the orbitals. For the



calculations of the reaction mechanism, the geometry of
each intermediate (I) and transition state (TS) was
optimized. We confirmed that each intermediate has no
imaginary frequency, and each TS has one imaginary
frequency. We also calculated minimum-energy paths58-60
(called IRCs in Gaussian) to ensure that the TSs connect the
local minima that are the preceding and following
intermediates along the reaction path.

All open-shell calculations are unrestricted Kohn-Sham
(UKS) calculations,®* We performed stability checks for all
the structures involved in the reaction pathway, including
intermediates and transition states. The calculations
indicate that no significant wave function instability is
present. All energetic results reported in this paper are
reported as enthalpies in eV at 0 K. The 0 K enthalpy is
calculated as the sum of the electronic energy (including
nuclear repulsion) at the optimized structure and the zero-
point vibrational energy (ZPE). Natural bond orbital (NBO)
analysis was performed using NBO 6.0,42 and two-
dimensional electron localization functions were obtained
using Multiwfn 3.8.63

3.RESULTS

3.1. Reactivity. The time-of-flight mass spectra for the
reactions of mass-selected CoMoO* cation with CH4 and O2
are given in Figure 1. Panel a shows the reference spectrum
with inert He as the reactant gas; CoMoO2* is present due to
the residual water in the LIT. Upon reaction with 72 mPa
CH4 (panel b), the CoMoO* signal decreases, concomitant
with the emergence of a dominant CoMoOCH:* peak,
indicating methane dehydrogenation with H2 elimination,
which is reaction 1 in Table 1. To assess the oxygen
dependence of reactivity and to fully elucidate the unique
reactivity of CoMoO* we systematically investigated
reactions of CoMo*, CoM0O2z* and CoMoOs* with CHa. As the
number of oxygen atoms increases, the reactivity follows
the order: CoMoO* > CoMo0O2*> CoMoOs* > CoMo*. CoMoO2*
exhibits low dehydrogenation activity, and for CoMoOs*, the
only adsorption product observed is CoMoO3CH4*. Without
the oxo ligand, no products of adsorption or reaction were
observed between MoCo* and CH4, as shown in Figure S1.
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Figure 1. (a-c) Time-of-flight mass spectra after 0.9 ms for
the reactions of mass-selected CoMoO* with (a) He, (b) CHa,
and (c) CD4. (d-f) Time-of-flight mass spectra after 1 ms for
the generated intermediate products CoMoOCH:* reactions
in the presence of (d) He, (e) Oz, and (f) '802. The peaks

marked with asterisks in panels (f) can be assigned to
CoMo1802*,  CoMo1802*CHs4,  CoMo'802*(CH4)2,  and
CoMo0'803*CHs due to isotope exchange. The effective
reactant gas pressures are shown in panels b and c, and
pressures of Oz are given in panels e and f.

To investigate the subsequent reaction of CoMoOCHz*
with Oz, we first reacted the CoMoO* cations with CHs in a
reactant gas of CHs and He (Figure 1d). After most of the
CoMoO* cations were converted to the intermediate
product CoMoOCHz*, we pulsed Oz molecules into the LIT
reactor. When 58 mPa of 02 molecules were introduced and
reacted with the intermediate = CoMoOCH2* for
approximately 1 ms, two primary product peaks appeared;
we assigned them as CoMoOz* and CoMoO:H*, which
suggests the evaporation of neutral HCHO (and Hz/CO) and
HCO- radicals (Figure 1le; reactions 2a and 2b in Table 1).
Isotopic labeling experiments with CD4+ and 802 (panels c
and f of Figure 1) confirm the reaction channels mentioned
above. The product distribution in Figure 1f (predominant
CoMo0'80* vs. minor CoMo'802*) indicates that Oz is the
major oxygen source for formaldehyde formation. The
formation of CoM0o0*®0*CH4 and CoMo001s0*(CHa4)2 verifies
the reaction pathways of CoMoOCH2*CHs and
CoMoOCH2*(CH4)2 with O2. Experimental attempts to
reduce CoMoO;* with CO or H: did not lead to the
observation of CoMoO™.

The pseudo-first-order reaction rates (ki) for the
reactions of CoMoO+* cations with CH4 and Oz from fits to the
data in Figure S2 are given in Table 1. We obtain ki of
(1.4£0.3)x10-©  cm3® molecule s1 for CHs
dehydrogenation, and comparing this to the Langevin
model®465 for the collision rate gives a reaction efficiency
(@) of 14%. Similar reaction channels can also be observed
after CoMoOCHz* adsorbs one or two CH4 molecules. It is
noteworthy that after the reaction of CoMoOCH:* with O to
form CoMoO:*, partial CHs molecules remain in the ion trap;
therefore, CoM002*CHs could presumably form from the
reaction between CoMoOz* and CH4. However, we conclude
that the CoM002*CH4 is primarily derived from the reaction
of CoMoOCH2*(CH4) with O: rather than from that of
CoMoO2" with Oz, based on the following observation: when
CoMoOz* reacts with CHs, a substantial amount of
CoMoO2CHz* is concurrently generated (Figure S1b2). In
contrast, the abundance of this product detected in Figure
le is remarkably low. From Figure 1f, the reaction rates of
CoMoOCHz*, CoMoOCHz*(CH4), and CoMoOCH2*(CHa4)2 with
02 show a ratio of 1:0.46:0.82, indicating that methane
adsorption does not lead to significant rate reduction.

3.2. Structure characterization and reaction
mechanisms. The reaction mechanisms of the observed
CHa4 oxidation to HCHO by Oz mediated by CoMoO* were
elucidated by DFT calculations. Figure S3 shows a number
of stationary structures discovered for CoMoO*, CoMoOCH>*,
and CoMoO2*. For example, the figure shows that the lowest
energy structure of CoMoO2* is a chain Co-O-Mo-0+* rather
than a cycle. We calculated even more structures, such as
Mo-0-Co-0*, but they were higher in energy than the ones
illustrated.

Figures 2 and 3 show the reaction mechanisms and
lowest-energy structures for the formation of HCHO and
HCO* by CoMoO*. DFT calculations indicate that the lowest-
energy structure of CoMoO* possesses a Mo-Co bond and
has a quintet spin multiplicity. We found that as one moves



along the reaction path, only triplet states are low enough
in energy to be accessible, so the reaction might involve
two-state reactivity (TSR), which has been observed in

several other reactions involving transition metals.®¢-70 In
TSR, there are two paths from reactants to products; the

Table 1. Reactions, branching ratios, rate constants, and reaction efficiencies.

Reactions BP[l ki1®/(cm3 molecule-! s71) Ple]
(1) CoMoO* + CHs = CoM0oOCHz* + Hz2 100%!4 (1.4+0.3)x10-10 14%
(2a) CoMoOCH2* + 02 - CoMoO2z* + HCHO/Hz + CO 68%
(9.3+x1.9)x10-1t 16%
(2b) — CoMoOzH* + HCO* 32%

[a] BP is the normalized branching percentage of the indicated product.

[b] The rate constants ki are from experiments with varying reactant-gas pressure as shown in Figure S2.

[c] @ = k1/kvangevin, Where Kiangevin is a theoretical collision rate.

[d] The 100% branching ratio indicates that the reaction of CoMoO* with methane only produced CoMoOCH:* with no by-

products.

first is an electronically adiabatic path on a single potential
energy surface described within the Born-Oppenheimer
(BO) approximation, and the second involves one or more
transitions  between  potential energy  surfaces
corresponding to different spin multiplicities.
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Figure 2. Calculated energy profiles the reaction of CoMoO+*
with CH4 to generate COMoOCH2* (two isomers). For each
structure, the figure gives bond lengths (in pm) and relative
enthalpies AHok (in eV) of intermediates, transition states,
and products relative to reactants. The blue and black lines
represent the quintet and triplet states, respectively. The
transition states are given in Figure S4.

Figure 2 shows that CH4 is initially adsorbed at the Mo
site, which is thermodynamically more favorable than being
adsorbed on the Co atom by 0.15 eV. The isomerization of
methane from the Co to the Mo adsorption site proceeds via
a low energy barrier of 0.37 eV (Figure S5). A possible
reaction step where the system might cross to the triplet
surface is the first C-H bond activation 5I1 — 3TS1. If the
system is to remain on the quintet ground-state surface, it
would face insurmountably high transition states (e.g. 5TS2,
5TS3 or 5TS4). However, a thermal process becomes
feasible through the spin-flip to the triplet spin state.
Subsequent activation of the second C-H bond forms a
Co-CHz2-Mo triangular unit (3I2 — 3I3). After passing
through intermediate 314, the H1 and H2 atoms combine to
form an Hz molecule (313 — 3I5). Then the Hz unit desorbs
from the Mo atom (3I5 — P1), leading to the generation of
the triplet CoMoOCHz2* cation.

(a)

0.5
0.0 EI(ﬂ CoMoOCH,* + 0, — CoMoO,* + HCHO
Rz 516 TS6

AHy (8V)

J +0 : &(\ —
2 ‘261 o

R2: 3CoMoOCH,*+ 0, 316 3 22 19 -6.19
19 -5.85

0.00 516 —2.57
A
0.18 P.—oq)+)..o ._J})—-a—gq—ﬁ*)

17 575
17 -5.47

18 -5.28
18 -5.64
R2: 5CoMoQCH,* + O,

P3: 3CoMoO,* + HCHO 3111 -5.52 110 -6.33
-3.23 5111 -5.97 110 -5.73
P3: 5CoMoQ,* + HCHO
-3.88

CoMoOCH,* + 0, — CoMoO,H* + HCO*

AHyy (V)

3116 -4.49

o

P4: 2CoMoQ,H* + HCO*
-3.08

P4: *CoMoQ,H* + HCO"
—-2.63

12 -6.27 113 -6.30 114 -6.04 115-6.04

OmMoDco@CcoH
@ O from CoMoO*
@ Ofrom O,

Figure 3. Calculated energy profiles for the reaction of
CoMoOCH:2* with Oz to generate (a)HCHO and (b)HCO*. For
each structure, the figure gives bond lengths (in pm) and
relative enthalpies AHok (in eV) of intermediates, transition
states, and products relative to reactants. The blue and
black lines represent the quintet and triplet states,
respectively. The transition states are given in Figure S4.

Figure 3 shows the reaction profiles for the oxidation of
CoMoOCH:z* by 02 to form HCHO and HCO*. In Figure 3a, the
incoming O is attached to the Mo atom in an 1% coordination
mode to form intermediate 316 with a binding energy of
-3.22 eV. Subsequently, 316 overcomes a barrier (3TS6) to
cleave the 0-0 bond by cooperation between Mo and Co,
yielding the more stable 317. In 518, the O atoms bridge the



Mo and Co atoms in a quintet state, followed by the breaking
of the Co-0 bond, after which the triplet is again lower in
energy (°I8 — 319). Then the C-0 coupling occurs in the step
of 319 — 3110. Finally, after another possible TSR step, HCHO
desorbs from the Mo atom (5111 — P3), resulting in the
generation of the CoMoO:* cation in the quintet spin state.
In this reaction pathway, the 01 atom from CoMoO* can also
serve as the oxygen source for the formation of HCHO, but
this pathway is thermodynamically less favorable
compared to the route using oxygen atoms from O2. This
computational finding is consistent with isotopic mass
spectrometry results. Figure S6 in SI shows an alternative
reaction pathway from CoMoOCH2*/0:, generating HCHO
and another low-lying isomer of CoMoO:* that features two
bridging oxygen atoms.

We also evaluated the possibility of generating Hz2/CO
from the reaction of CoMoOCH2* with Oz (Figure S7). This
pathway is found to be accessible. The formation of H2/CO
requires the cleavage of all four C-H bonds in CHa.
Calculations  based  Rice-Ramsperger-Kassel-Marcus
(RRKM) theory”* and RRKM-based variational transition
state theory (VTST)7? indicate that the rate-determining
step for the HCHO generation pathway is kinetically and
thermodynamically comparable to that of the H2/CO
pathway (Table S2, SI). Therefore, HCHO and H2/CO may be
formed as co-products. The calculated rate constants for the
rate-determining steps of HCHO and H2/CO formation
pathways in Table S2 indicate that the rate constants for
HCHO formation proceeds approximately ten times faster
than that of H2/CO formation. Given the overall 68%
branching ratio for these combined channels (excluding the
32% formaldehyde radical channel), the relative rate
constants yield a calculated distribution of approximately
34% for HCHO and 34% for Hz/CO. Consequently, HCHO
formation (including 32% formaldehyde radical) is the
dominant pathway, with a selectivity exceeding 60%.

The lowest-energy isomer of CoMoOCH:* features a
terminal oxygen atom bonded to Mo. An alternative isomer
(CoOMoCHz* in Figure 3) in which the oxygen bridges Mo
and Co have only a slightly higher energy (+0.11 eV).
Therefore, reactions starting with CoOMoCHz* were also
considered, but we found that the formation of CoOMoCHz*
requires overcoming the barrier above zero (with respect
to the separated reactants), so it is not favorable (Figure 2).

The pathway to form HCO* is shown in Figure 3b. Up to
intermediate 317, this reaction pathway is the same as in
Figure 3a. Starting from 317, a bridging oxygen atom bound
Mo undergoes C-0 coupling with a carbon atom, forming a
five-membered Mo-0-C-Co-O ring. Subsequently,
cleavage of the Co-C bond (3112 — 3113) is followed by the
Mo-mediated activation of the third C-H bond of methane,
forming a Mo-H bond (3113 — 3114). Thereafter, the Mo-C
bond cleavage in 3115 produces an HCO* unit. Finally,
release of HCO* from 3116 yields the ionic product
CoMoOzH*.

4. DISCUSSION

In this study, we report the conversion of CH4 and Oz to
HCHO mediated by CoMoO* cations at room temperature
(CHs + 1/202 = Hz + HCHO). The CoMoO* cations first
activate CHs to generate H:z and the crucial intermediate
product CoMoOCH2*. Then, CoMoOCH2* reacts with Oz to
produce HCHO and HCO*. While previous reports have
identified Pt* and Tai4* cations can mediate this

transformation,”>7> our system exhibits superior
performance. In particular, Pt* shows limited HCHO
selectivity (30%); Tai4* cations exhibit moderate HCHO
selectivity (35% and 53%, respectively), but more
byproducts including CH, CHz, Hz, and O are also produced.
Our work represents the first experimental verification of
HCHO (HCO*) production from the oxidation of CHs by O2
mediated by heteronuclear non-noble metal cations.

Mechanistic investigations reveal the critical dependence
on reaction sequence: CoMoO* can firstly react with Oz to
produce CoMoO:z3*, while there is no sign of HCHO
generation through the reaction of CoMo00O23* with CHs
(Figure S1). Therefore, the formation of the metal-
methylidene intermediate (M*-CH2) is a key requirement
for methane dehydrogenation (CHs — CHz+ Hz). We point to
three underlying features contributing to the capability of
this intermediate for methane oxidation:

e Neither Mo* nor Co* can form the CH: unit in reactions
with CHa since the Mo*-CHz and Co*-CH2 bond energies
are not large enough.”¢ However, the CoMoO* cation
achieves the necessary binding energy (CoMoO*-CHz:
4.67 eV) by synergistic effects: 1) The synergistic effect
between Mo and Co atoms enhances CH: bonding
(CoMo*-CHz: 4.53 eV > Mo*-CH2: 3.06 eV or Co*-CH::
3.48eV). In addition, the presence of the oxo ligand
further stabilizes CoMoO*-CHz, pushing its bond strength
(4.67 eV) above the thermodynamic threshold for
methane dehydrogenation. It is noteworthy that,
although the calculated bond dissociation energy (BDE)
of CoMoO*-CHz (4.67 eV) is slightly lower than the CHz-
Hz bond energy (4.74 eV at 0 K) reported in the current
Active Thermochemical Tables,”” the value lies within a
reasonable error margin of 0.1 eV.

e Electronic structure analysis shows that the Mo and Co
sites of CoMoO* are positively charged, with electron
configurations 4d*+335s%71 on Mo and 3d7794s%71 on Co, as
compared to the electron configurations of the neutral
atoms: 4ds5s! for Mo and 3d74s? for Co. The positive
charges on both metal atoms enhance the electrophilicity
of complex, facilitating electron acceptance from the CHz
unit.

e The LUMO levels of CoMoO* cations are more closely
aligned (favoring catalysis’8) with the HOMO level of CH:
than are the LUMO levels of Co*, Mo*, or CoMo*. This is
illustrated by DFT calculations presented in Figure 4.

LUMO
= HOMO

]+

=10 P
12 4
-14 4 } |

I

5CH, 3Co* ®Mo*  3CoMo* 5CoMoO*
Figure 4. HOMO and LUMO orbital energies of CHz, Co*, Mo*,

Energy level (eV)

+

-16



CoMo* and CoMoO*. The ground states of CHz, Co*, Mo+,
CoMo*, and CoMoO* are respectively triplet, triplet, sextet,
triplet, and quintet, with the HOMO orbitals all singly
occupied.

To further understand the charge flow during catalysis,
we calculated natural charges along the reaction paths of
Figures 2 and 3a and analyzed them in terms of three stages:
CH4 dehydrogenation, O2 activation, and HCHO formation;
see Figure 5a. In the initial CH4 dehydrogenation region (511
— P1), Mo and Co atoms act cooperatively, with Mo
donating 0.14 e and Co donating 0.34 e to activate CH4 (511
— 313). During this process, the charge of the C atom varies
slightly. The subsequent Oz activation stage (CoMoOCHz2* +
02 — 5I8) features pronounced electron transfer from the
Mo and Co centers to 02 and O3 atoms, driving the 0-0
bond cleavage. In Figure 5b, the two-dimensional electron
localization function (ELF) analysis of 5I8 is conducted,
which confirms the critical electron-donor role of the
CoMoO* system in oxygen activation. During the final HCHO
formation stage (I8 — P3), the C atom undergoes
substantial electron depletion, continuously donating 0.82
eto the Co and 03 atoms, and thus the charge on the C atom
changes from negative to positive value in the whole
process. The ELF analysis of 5I8 reveals that electrons are
predominantly localized in the Mo-0 and Mo-C bonds. The
high spin density on the C atom suggests that the 02 atom
can accept electrons from C, thereby promoting the C-0
bond formation (I8 — 319). Throughout the reaction, the
Mo and Co atoms serve as efficient electron reservoirs,
driving the oxidation of CH4 by Oo. Initially, they activate the
C-H bond to generate the intermediate product
CoMoOCHz*, and then they break the 0-O bond, which
steers the reaction along the kinetically favorable pathway
toward HCHO production.

(a) CH, dehydrogenation O, activation HCHO formation
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Figure 5. (a) Charges on atoms of stationary points along
reaction coordinates of CoMoO* with CHs and Oz. The charge
of O1 remains essentially constant throughout and is
omitted for clarity. (b) The two-dimensional electron
localization function (ELF) of 5I8, where a high ELF value
means that electrons are greatly localized.

We find that CoMoOCHz* maintains its reactivity toward
02 for HCHO formation even when pre-coordinated with
one or two CH4 molecules, and this phenomenon is rarely
reported in the gas-phase studies. To understand this
exceptional reactivity, we investigated the reaction profile
for CoMoOCH2*(CH4)2 and found that it is very similar to
that for COMoOCHz*. The association energy of CHs at Mo
and Co sites is similar in CoMoO*, CoMoOCH:* and
CoMoOCH2*(CH4), ranging from -0.6 eV to -0.9 eV (see
Table S3), which is beneficial for the migration of methane
and prevents the desorption of methane in subsequent
reactions. RRKM and VTST calculations indicate that the
decomposition of oxygen on the intermediates is faster than
that of the desorption of CH4. Plots similar to Figure 5a but
for the reaction coordinates of CoMoOCH2* and
CoMoOCH2*(CH4)2 are given in Figure S8. For
CoMoOCH2*(CH4)2, CH4 will migrate from Mo site to Co site
when oxygen is added, which enables the Mo site to be
exposed, facilitating the capture and activation of oxygen.

5. CONCLUSIONS

In summary, this combined experimental and theoretical
study reveals the first heteronuclear non-noble metal
cations that mediates the oxidative conversion of CHs to
HCHO and its radical derivatives by utilizing O: as the
oxygen source under mild conditions. We have identified
the reaction mechanisms of CoMoO* with CH4 and O2. The
distinctive electronic structure of CoMoO* plays an
important role in driving a dehydrogenation reaction of
methane, leading to the formation of a thermodynamically
stable CoMoOCH:" intermediate. The Co-CHz2-Mo unit in
CoMoOCHz* is crucial as the newly formed CH: moiety is
anchored on the active site. This key intermediate
effectively inhibits the formation of methanol, a common
product in methane oxidation reactions. The synergistic
effect between Mo and Co atoms in CoMoO* drives the
reaction through two critical steps:

e C-H bond activation in CHs, forming the important
intermediate CoMoOCH:*.

e Subsequently, through the collaborative action of Mo and
Co atoms, the 0-0 bond in O is cleaved and one C-0 bond
is successfully formed, facilitating the generation of the
final product formaldehyde or HCO".

Remarkably, COMoOCHz* maintains reactivity toward O:
even after adsorbing one or two CHs molecules, closely
mimicking the multi-molecule binding scenario in practical
catalysis. These findings not only deepen the mechanistic
understanding of methane oxidation by bimetallic oxides
but also establish a framework for designing efficient
bimetallic active sites, which may contribute to the
development of efficient and selective catalytic systems in
methane conversion.[to be filled in]
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