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ABSTRACT
Previous calculations have shown that certain transition metal monoxide anions have an advantage in catalyzing the partial oxidation of CH4
to CH3OH, viz., MO− + CH4 → M− + CH3OH, because their anionic metal centers interact only weakly with the methanol product, thus
preventing its over-oxidation to formaldehyde. In this study, the oxidation of methane to methanol by NiO− was demonstrated experimentally
by cryo-trapping the neutral reaction products onto a substrate and then characterizing the eluded product via temperature-programmed
desorption. This work both vindicates the previous calculations and presents a proof-of-principle example. Concurrent calculations showed
this reaction to selectively form methanol to the detriment of other products.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0332490

I. INTRODUCTION

The utilization of abundant methane reserves has been a topic
of intense research over the past three decades.1,2 The large quan-
tities of natural gas (mostly methane) extracted from oil wells and
fracking sites could be used not only as fuel but also, in an environ-
mentally friendlier way, as feedstock for making a variety of high
value chemicals.1 Ideally, methane would be functionalized at its
extraction site under mild conditions. The conversion of methane to
methanol is especially beneficial, since methanol is a liquid (facilitat-
ing transportation), it exhibits a high heat of combustion (providing
quality fuel), it is among the most widely used solvents in industry,
and it is readily converted to other chemicals. Nevertheless, despite
efforts and progress made at the laboratory level,3 the idea of a
“methanol economy” has not yet been realized.4

The main bottleneck is that a low-cost process for the par-
tial oxidation of methane to methanol with a simultaneously large
conversion rate and high selectivity is not known.5 While the Peri-
ana catalyst achieves both high rates and selectivity,6 the oxidants
it uses and the necessity of recycling its protecting chemical groups
have impeded its implementation.7 The fundamental reason for the
difficulty in selectively oxidizing methane is that the C–H bond in
methane is stronger than it is in methanol. Thus, a catalyst, capable

of activating methane, can also activate methanol.5,7 Recent quan-
tum chemical calculations identify two possible types of molecular
metal-oxide catalysts with the capability of bypassing this “dead-
end” route.8 Hydrophilic ligands making hydrogen bonds with
methanol can specifically distort the transition state, increasing its
activation barrier to values comparable with or larger than that
with methane.9 The other type pertains to negatively charged metal
monoxide catalysts. At the methanol formation step in the catalytic
cycle (see structures in green in Fig. 1), the metal atomic anion,
M−, interacts only weakly with the nascently produced methanol (as
opposed to the strong interaction of metal cations with methanol),
allowing for its faster removal from the catalyst.10,11 This kinetically
based strategy had been broadly proposed in the literature7 and it
has been applied in electrochemistry experiments.12 It should be
stressed that anionic metal oxides with more than one metal-oxygen
bonds, and which have been studied previously,13 do not result in the
same favorable outcome. The reason is that the metal center does not
necessarily adopt a −1 charge after the formation of methanol.

This work presents the first experimental evidence for the
partial oxidation of methane to methanol using an anionic metal
monoxide, specifically NiO−. Mass spectra (cationic) of the neutral
reaction products, generated in the gas-phase, ion-neutral reac-
tion, NiO− + CH4 → Ni− + CH3OH, confirm earlier theoretical
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FIG. 1. Typical catalytic cycle for the oxidation of methane facilitated by a metal
oxide anion (MO−). The desired/unwanted products are represented in green/red,
respectively, with [O] representing an oxidant.

results.10,11 It is also shown in the following that NiO− avoids the
formation of byproducts, such as CH3

⋅ and CH2O, and the NiCH2
−

poisoning intermediate.

II. METHODS
Essential aspects of the experiment are shown schematically

in Fig. 2; there, a mass-selected beam of NiO− interacts with a
low-density cloud of CH4, where the reaction takes place. This is
a beam–gas experiment. A nearby liquid-nitrogen-cooled cryo-trap
then captures the condensable neutral reaction products, which are
subsequently thermally eluded and examined mass spectrometri-
cally. The apparatus used in these experiments is shown schemat-
ically in Fig. 3. This instrument, which we normally use for beam
deposition/surface characterization experiments,14 was re-purposed
for these experiments. It has all of the attributes needed for this work,
i.e., an anion source for making NiO−, a quadrupole mass spec-
trometer for mass-selecting the NiO− anions, an ultra-high vacuum

FIG. 2. Schematic description of the essential aspects of the experiment. A mass-
selected beam of NiO− interacted with a low-density cloud of CH4. The condens-
able neutral reaction products were collected by using a liquid-nitrogen-cooled
cryo-trap.

chamber, where gas density can be controlled and NiO−/CH4 colli-
sions can occur, a cold-finger for collecting reaction products, and a
residual gas analyzer, RGA (consisting of an electron bombardment
ionizer, another quadrupole mass spectrometer, and an electron
multiplier cation detector) for detecting and mass-characterizing the
neutral reaction products via the classic temperature programmed
desorption (TPD) technique.

Specifically, NiO− anions were produced by ablating a rotat-
ing and translating nickel rod with a diameter of 0.25 in. with the
second harmonic (532 nm) output of a Nd:YAG laser (Innolas, Spit-
Light, DPSS 250) at 150 Hz, while almost simultaneously pulsing
a 10% N2O in He gas mixture (80 psig) over the rod. The resul-
tant anions were transported by both quadrupolar and octopolar
ion guides through a 90○ quadrupole ion bender (which separated
them from any cations) before being directed through a quadrupole
mass filter (Extrel, QPS4000, 150QC, 440 kHz, 19 mm diameter
rods) for mass analysis and mass selection. The mass-selected NiO−

beam (∼300 pA) was then directed into an ultra-high-vacuum

FIG. 3. Schematic of the apparatus used
in these experiments.
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(10−9–10−10 Torr) chamber, where methane was introduced through
a variable leak valve in order to raise the pressure in the chamber
to 5 × 10−5 Torr. At that pressure, the ion intensity of NiO− near
the middle of the chamber was attenuated by ∼10% due to collisions
with methane. The collision energy between NiO− and CH4 is esti-
mated to have been a few eV due to the low beam energy of ions
passing through our quadrupole mass filter. In the same chamber,
an annealed highly oriented pyrolytic graphite (HOPG) substrate,
which was positioned well away from the NiO− ion beam trajectory,
as illustrated in Fig. 2, to prevent the NiO from depositing onto it,
was cooled to below 100 K with liquid nitrogen in order to act as
a cryo-trap for collecting the condensable neutral products of the
NiO− + CH4 reaction. After collecting reaction products for ∼4 h,
the NiO− ion beam and the methane leak valve were turned off and
the methane gas was pumped away. The HOPG substrate with the
reaction products frozen on it was then re-positioned via a manipu-
lator to face the entrance of our residual gas analyzer (Hiden model
HAL/3F PIC). Upon gradually heating the substrate at a linear heat-
ing rate of 1 K/s and monitoring the cationic mass spectra of the
desorbed neutral species with the RGA as a function of tempera-
ture, i.e., via the TPD technique, the neutral reaction products were
identified, either by their parent cations or through their known
fragments.

III. RESULTS AND DISCUSSIONS
Figure 4 presents the mass spectrum of the anions formed

by pulsing a N2O/He gas mixture over the laser-ablated Ni rod,
recorded by using the quadrupole mass spectrometer in this appara-
tus. (See Fig. S1 in the supplementary material for a mass spectrum
with a higher resolution, recorded by our time-of-flight mass spec-
trometer apparatus.15) Figure 5(a) presents two TPD traces, with the
upper panel monitoring CH3OH+ (32 amu) and CH3O+ (31 amu)
ion signals and with the lower panel monitoring CH2O+ (30 amu)
and CHO+ (29 amu) ion signals. The sharp, coincident peaks for
CH3OH+ and CH3O+ at 139 K in the upper panel TPD traces of
Fig. 5(a) are indicative of methanol formation. According to the
NIST database (see Fig. S2 in the supplementary material), the pres-
ence of CH3OH+ and CH3O+ are distinctive signatures for the
presence of methanol. Since CH2O+ and CHO+ appear in mass

FIG. 4. Anion mass spectrum showing NiO− generated in these experiments by
pulsing a N2O/He gas mixture over a Ni rod, while it was being laser-ablated by
the second harmonic output of a Nd:YAG laser.

spectral patterns of both methanol and formaldehyde, comparable
intensities of CH2O+ and CHO+ in the lower panel TPD traces of
Fig. 5(a) suggest that at least some formaldehyde may have also
been formed. Interestingly, the lower TPD traces are broader and
noisier (lower intensity) than the upper traces, but with their max-
imum appearing at essentially the same temperature as those of
the upper traces. Whether or not some formaldehyde was formed,
the data show that methanol was the dominant reaction product.
Thus, the present experimental results provided direct support for
the previous theoretical calculations.10,11

Furthermore, in order to confirm that the reaction products
were formed in the gas phase by the reaction of NiO− + CH4 rather
than through some unknown and unintended surface reaction with
methane, the same experiment was repeated but without NiO−. A
cleaned and annealed HOPG substrate was cooled below 100 K and
exposed to methane (5 × 10−5 Torr) for 2 h, resulting in the TPD
traces seen in Fig. 5(b). No signals due to methanol or formaldehyde
were observed. Furthermore, we performed an additional control
experiment, where the NiO molecules were deposited on the HOPG
substrate and subsequently exposed to CH4. As detailed in the
supplementary material, no TPD signals of methanol or formalde-
hyde were observed. These results confirm that the methanol and
perhaps formaldehyde observed in Fig. 5(a) were produced by the
gas-phase reaction between NiO− and CH4. Please note that in these
TPD plots (Figs. 5 and S3 in the supplementary material), the trace
labeled “CH3OH+” represents 32 amu cations. The absence of a des-
orption peak of the 32 amu cations when the NiO− + CH4 reaction
did not occur also means that the amount of O2 (32 amu) leaking
into the ultra-high-vacuum chamber is negligible in our experimen-
tal conditions. Therefore, the mass-selected NiO− beam is the only
source of O atom in a reaction producing CH3OH.

Quantum chemical calculations specifically focused on the
NiO− + CH4 reaction were performed to further elucidate its mech-
anism. Molecular structures for all reported intermediate species
and transition states were obtained with density functional theory
and the MN15 functional.16 For obtaining more accurate energet-
ics, the gold-standard CCSD(T) level was employed using the MN15
optimized geometries [CCSD(T)//MN15]. For both types of calcu-
lations, the aug-cc-pVTZ basis set was employed for all atoms.17–19

The Gaussian16 software package was invoked for all calculations.20

All intermediate structures were confirmed to be local minima (only
real harmonic vibrational frequencies) and all transition state struc-
tures to be first-order saddle points (one imaginary frequency). For
all species, the lowest energy state was found to be of doublet spin
multiplicity. The reported energies are zero-point vibrational energy
corrected electronic energies. The zero-point energy was calculated
from the harmonic MN15 vibrational frequencies.

The MN15 structures are depicted in Fig. S4 and the MN15
energy diagram is shown in Fig. S5 in the supplementary material.
Compared to the CCSD(T)//MN15 diagram shown in Fig. 6, MN15
predicts more stable intermediate species for the routes forming
methanol, while CCSD(T) predicts that the unwanted side products
NiH2

−
+ CH2O and NiCH2

−
+ H2O are higher in energy. Table S1

in the supplementary material lists the Cartesian coordinates of all
species.

The NiO− + CH4 reaction mechanisms shown by the quantum
chemical calculations are given in the following. Initially, methane
transfers a hydrogen atom to either the nickel or oxygen terminus

J. Chem. Phys. 164, 244303 (2026); doi: 10.1063/5.0332490 164, 244303-3
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FIG. 5. (a) TPD traces obtained from the
HOPG substrate after cold-trapping the
products of the NiO− + CH4 reaction.
The sharp peaks of CH3OH+ (32 amu)
and CH3O+ (31 amu) at 139 K confirm
the formation of methanol. The broad
features of CH2O+ (30 amu) and CHO+

(29 amu) may imply the formation of
some formaldehyde as well. (b) TPD
traces obtained from the HOPG sub-
strate while it was kept under 100 K at
a methane pressure of 5 × 10−5 Torr for
2 h, during which time the NiO− beam
was off.

FIG. 6. Energy profile of the various paths for the NiO− + CH4 reaction. Structures
for the intermediates are also shown (Ni/O/C/H atoms are represented with the
green/red/gray/white spheres, respectively); see Figs. S4–S6 in the supplementary
material for more information.

of NiO−, generating either CH3NiOH− or HNiOCH3
−. According

to our calculations, CH3NiOH− is more stable than HNiOCH3
−.

These can be formed by two different mechanisms (see Figs. 6 or
S4 in the supplementary material for more details). In the first
mechanism, methane coordinates to nickel and then transfers its
proton to oxygen (gray path of Fig. 6). In the second mechanism,
methane approaches oxygen and transfers hydrogen in a remote
fashion (red path of Fig. 6). The former path is a low-barrier route,
while the latter path has a barrier of about 20 kcal/mol. Release of
the unwanted methyl radical (CH3

⋅) from this latter path is unlikely
due to the exothermicity and a low activation barrier of the reverse
reaction. Both CH3NiOH− and HNiOCH3

− can form methanol by
combining the CH3/OH and H/OCH3 moieties. The activation bar-
rier for the CH3/OH recombination step is higher by a factor of
50% compared to H/OCH3. CH3NiOH− may form NiCH2

−
+ H2O

byproducts by transferring a hydrogen atom from carbon to oxygen.
Similarly, HNiOCH3

− may form NiH2
−
+ CH2O by transferring a

hydrogen atom from carbon to nickel. Both byproducts are unstable
(their energies are 20 kcal/mol higher than the desired products, Ni−

+ CH3OH) and are characterized by very low inverse barriers ren-
dering their formation highly unfavorable. Under our experimental
conditions, where the collision energy is a few eV, the initial energy
of the reactants can support any of the mentioned mechanisms, with
the path through CH3NiOH− being most probable since it is formed
spontaneously. The oxidation step from Ni− to NiO− was performed
with N2O, for which theory predicts minimal energy barriers for
anions, in contrast with cations.8

Overall, the reaction of NiO− with CH4 clearly favors the pro-
duction of CH3OH over unwanted byproducts, in striking contrast
with cationic metal monoxides;21–23 MnO+ produces mainly CH3,
FeO+ forms both CH3OH and CH3, PtO+ forms PtCH2

+, PdO+

produces CH3OH and Pd(CH2O)+, and OsO+ makes CH2OsO+;
and only NiO+ selectively forms CH3OH. Although the byprod-
ucts, FeCH2

+
+H2O and Ni(CH2O)+, are more stable than Fe+/Ni+

+ CH3OH, they are prevented or suppressed because of correspond-
ingly larger reaction barriers.24,25 Although the PdO+ and NiO+

energy landscapes for their reactions with CH4 are very similar, only
NiO+ is selective toward CH3OH, suggesting that its high selectivity
may be conditional. On the other hand, the high selectivity for NiO−

is based on thermodynamic arguments and all byproducts are less
stable than methanol. Comparing the energy landscapes of NiO+22

and NiO−, this can clearly be attributed to the lower interaction
energy between Ni− and CH3OH (∼10 kcal/mol) vs ∼45 kcal/mol
between Ni+ and CH3OH. This difference results in the energy of the
desirable products being lower, making anionic metal monoxides
advantageous. For example, if the Ni−/CH3OH interaction energy
was larger by ∼25 kcal/mol, the Ni− + CH3OH product would
be energetically less favored than the NiCH2

−
+ H2O and NiH2

−

+ CH2O byproducts (see Fig. 6). Indeed, for the NiO+ + CH4
cationic reaction, the Ni+ + CH3OH product lies at higher energy
than the NiOCH2

+
+H2 product.10,22

As a reference, the Ni/CH3OH interaction energy is at the same
level or even lower than that of Ni−/CH3OH.26–28 However, the
previous computational studies of the NiO + CH4 neutral reaction
showed that the CH3 +NiOH formation is kinetically preferred over
the Ni + CH3OH formation.27,28
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IV. CONCLUSIONS
In conclusion, the partial oxidation of methane to methanol

by transition metal monoxide anions was experimentally demon-
strated for the first time by allowing NiO− to react with CH4 and
then characterizing the cold-trapped reaction products via TPD. The
quantum chemical calculations showed the reaction mechanisms
leading to the selective production of methanol. In particular, the
weak interaction between the metal anion and methanol has two
beneficial effects: the facile removal of methanol from the metal cen-
ter and the thermodynamic destabilization of the byproducts. In the
solution phase, appropriate solvent molecules and properly designed
ligands11 could be chosen to still further assist in the removal of
methanol and to adjust the catalytic performance. The observations
reported in this study have the potential to initiate a new direction in
molecular catalysis and transform the field of methane activation.11

SUPPLEMENTARY MATERIAL

The supplementary material provides the time-of-flight mass
spectrum showing NiO− (Fig. S1); cation mass spectrum patterns
of relevant molecules (Fig. S2); supplementary experimental results
with NiO molecules deposited on the substrate (Fig. S3); optimized
structures for the various pathways of the NiO− + CH4 reaction at
the MN15/aug-cc-pVTZ level of theory (Fig. S4); energy diagram for
the various pathways of the NiO− + CH4 reaction at the MN15/aug-
cc-pVTZ level of theory (Fig. S5); energy diagram for the various
pathways of the NiO− +CH4 reaction at the CCSD(T)/aug-cc-pVTZ
level of theory (Fig. S6); and Cartesian coordinates for all species in
Fig. S5 (Table S1).
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