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ABSTRACT
Directly converting methane (CH4) into liquid oxygenates (e.g., methanol) can circumvent the cost and engineering limits of
natural gas transportation and storage. However, oxygenate yields from CH4 remain low, and sulfur present in natural gas hinders
activity in most catalysts. To overcome these barriers, we employ bulk molybdenum disulfide (MoS2), a low-cost, robust catalyst
which selectively produces large quantities of liquid oxygenates (>900 µmol/gcat∙hr) from methane in the presence of hydroxyl
(OH∙) radicals produced from dilute hydrogen peroxide (H2O2) at 75◦C. Under realistic reaction conditions, MoS2 partially and
reversibly adopts ametastable, more electrically conductive phase (1T’) that can only be observed through in situ structural probes.
Herein, we elucidate that redox synergy between H2O2 and MoS2 produces active OH

∙ radical species that selectively transform
CH4 to surface methoxy species at the gas-solid liquid interface, leading to the unitary production of liquid oxygenate at a rate
competitive with more costly precious metal catalysts, without additional catalyst preparation steps.
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Introduction

irect conversion of methane (DCM) to liquid oxygenates such
s methanol greatly reduces the cost and complexity of nat-
ral gas storage and transmission, especially compared with
ndirect routes through energy-intensive syngas (CO and H2)
ormation [1]. This process can also produce valuable products
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from waste by utilizing stranded CH4, which is economically
infeasible to store and often flared off [2, 3]. Recent progress in
the DCM field has been made using liquid-mediated processes,
with oxidants such as hydrogen peroxide (H2O2) [4–6], in situ
H2O2 generation [7], and chemical looping [8]. Achieving viable
yields via this conversion is challenging even in the presence
of a catalyst due to the strong C─H bonds in CH4 [9]. To
1 of 12
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his end, liquid oxygenate yields from CH4 remain low, with
igher turnover catalysts overoxidizing CH4 or its intermediate
roducts and thus producing large amounts of undesired CO2
yproduct [5, 10]. Recent reports show the excellent potential
or methane conversion using non-precious metal catalysts in
2O2 systems [6]. Another major hurdle in the adoption of DCM
s the quality of natural gas. Maximum benefit arises from this
rocess when employed at the point of natural gas production,
eaning the grade of gas is limited by the purification process
nits present on site. Natural gas composition varies between
roduction sites, with many sources containing hydrogen sulfide
so-called “sour gas”) that can affect the lifespan of catalysts
ontaining sulfur-susceptible precious metals or even common
etals like iron, requiring purification via gas sweetening [11–14].
n ideal DCM catalyst would therefore need to be resilient to
ulfur, especially in processes where sweetening is limited or
navailable.

material that can bridge this issue is molybdenum disulfide
MoS2), a low-cost and Earth-abundant transitionmetal dichalco-
enide (TMD)with a longhistory as an industrial catalyst that still
ttracts thorough research attention [15, 16]. Frequently employed
n processes where deactivation by sulfur is a risk due to its high
ulfur tolerance, MoS2 demonstrates high activity in a number
f reactions, including hydrogenolysis of fuel feedstocks [17],
ater splitting [18], and deoxygenation of lignin into biofuels
19]. Mo-based catalysts have rich chemistry for interacting with
atural gas species even in nonmetallic compounds, and are thus
ery attractive for converting methane [20]. MoS2 has recently
hown promise as a DCM catalyst undermild aqueous conditions
sing molecular oxygen, using undercoordinated edge sites in
anoscaleMoS2 to drivemethane conversion [21]. While the edge
ites ofMoS2 are typically considered catalytic, the remaining area
the basal plane) is semiconducting and inert for many reactions
15–19, 21]. As a result, MoS2 often requires tailored modification
r treatment to activate it for a number of reactions [22, 23].
everal reports demonstrate the oxidative species formation and
lectron transport improvements in bulkMoS2 treated with H2O2
24–26]. Particularly,MoS2 self-generates selectively active radical
xygen species, such as OH∙, from H2O2, a key intermediate in
CM[5, 25, 27]. This opportunity for synergy betweenprocess and
atalyst in DCM has, to the best of our knowledge, heretofore not
een reported.

n this work, we investigated unmodified bulkMoS2 as a low-cost,
ractical DCM catalyst that excels in aqueous H2O2-containing
edia, with activity competitive with precious metal catalysts.
e employed a suite of synchrotron-based spectroscopy and
cattering techniques to probe real-time MoS2 structural and
lectronic behavior under working conditions and to elucidate
he catalyst role in DCM. This approach, which incorporates
arious complementary ex situ and in situ characterizationmeth-
ds, demonstrates the catalyst-oxidant synergy involved in the
tructure-activity relationship. By integrating these aspects with
eactor kinetics studies, we demonstrate the effectiveness of this
atalyst and build the knowledge base for further DCM catalyst
ptimization and improvement. Our multimodal approach of
pectroscopy, kinetics, and theory highlights the critical dual role
f H2O2 for oxidizing methane and inducing metallic behavior in
oS as the driving force behind this reaction.
2

of 12
2 Results and Discussion

2.1 Methane Conversion and Radical Formation
Activity

MoS2 exhibited remarkable conversion of CH4 into methylper-
oxide (CH3OOH), a metastable liquid oxygenate, with 100%
selectivity toward CH3OOH in a batch reactor system at 75◦C
in 60 min. (Figure 1a). The liquid oxygenate yield of 946 ±
91 µmol/gcat demonstrates that the activity of MoS2 is competitive
with reported precious metal-based catalysts used for DCM
(Tables S1–S3). For comparison, we performed the same test
on nanoscale MoS2 (synthesized from our previous work) [28]
and found that under these conditions, bulk MoS2 outperformed
nanoscale MoS2 (Figure S1). Tabulation of all carbon products
detected in this reaction are listed in Table S3. MoS2 does not
overoxidize CH4 into CO2 under these conditions, a common
trade-off for many high-yield catalysts, nor does it convert to
other oxygenate products. At higher temperature (85◦C), CO2 and
methanol (CH3OH) begin to appear. The formation of CO2 is
attributed to the further oxidation of the product CH3OOH in
the presence of H2O2. The rate of DCM and product selectivity
is also a function of the amount of available reactive oxygen
species (Figure 1b), where the CH3OOH selectivity scales with
the H2O2 initial concentration. Excess H2O2 contributes to more
solvated OH∙ species and higher CH3OOH selectivity, whereas
lower concentrations of H2O2 lead to less solvated OH∙ and
thus result in more CH3OH production. Peroxide decomposition
titration studies reveal thatMoS2 decomposesH2O2 at 75◦C, albeit
slower and generating a milder oxidative environment compared
to palladium-based catalysts at ambient temperature (Figure 1c)
[5]. As such, the appearance of CH3OH begins at 85◦C, which we
attribute to lower OH∙ concentration in the system after some
time has elapsed, as a result of accelerated decomposition of H2O2
at temperature over MoS2.

Time-resolved reactor studies (Figure 1d) show the appearance
of both CH3OH and CO2 with extended reaction time. The
appearance of CH3OH likely stems from the decreasing H2O2
concentration over time. After 180 min. of reaction time in batch,
the product mixture remains relatively the same measured at
360 min., implying that the reaction has quenched. Product
formation ceases, and the formed products (CH3OOH, CH3OH,
CO2) are stable. As the total conversion of CH4 is low (0.35%), we
attribute this quenching to the consumption of H2O2 sometime
after 120 min.; as H2O2 decomposes, O2 is detected in the head
gas but is unlikely to act as an oxidant in this system as no further
conversion occurs. This contrasts with edge-rich nanoscale MoS2
previously reported and is likely due to the lower density of
edge sites in bulk MoS2 [21]. Irreversible deactivation of the
catalyst is ruled out, as MoS2 is reusable over multiple cycles,
demonstrating its capability for use in multiple successive runs
in fresh H2O2 with no discernible loss of activity (Figure S2). To
verify the overoxidation of CH3OH as an avenue for CH3OOH
or CO2 formation, an equivalent amount of CH3OH was added
in place of CH4 (under pressurized inert gas) where neither
CH3OOH nor CO2 were formed, showing that both CH3OOH
and CO2 both arise from a methane-derived intermediate and
not from the sequential readsorption of CH3OH. This overall
demonstrates that CO2 formation arises from further interaction
Advanced Functional Materials, 2026
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FIGURE 1 (a) Temperature studies, (b) peroxide concentration studies, (c) temporal decomposition of H2O2 over catalyst compared with a similar
test conducted over a milled Pd-ceria catalyst (Pd-iC-CeO2) [5], (d) temporal reaction studies from 60 to 360 min., (e) total pressure effect studies, (f)
effect of different oxidative environments using H2O2 with 0.1 m DMPO and 0.5 m NaOH showing no products detected at 75◦C after 60 min. All runs
were conducted with 2 mg MoS2 in 15 mL of H2O2 solution, pressurized with 20% CH4/10% Ar/Balance He, for 60 min. Specific conditions are noted in
each figure. Note: “n.d.” = not detected.
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etween H2O2 and CH3OOH, and not through CH3OH oxidation
r a mechanism with O2.

arying the pressure of the total batch (Figure 1e) reveals a
ependence on elevated pressure up to 20 barg (4 barg CH4).
ctivity increases significantly when raising from 10 to 20 barg (2
o 4 barg CH4), suggesting activitymay be limited by lowmethane
olubility in water [29]. Increasing the pressure to 30 barg (6
arg CH4) does not give a further activity increase. Regarding
he active oxidation component of H2O2, we note (vide infra) the
bsence of OO∙ and OOH∙ species in our electron paramagnetic
esonance (EPR) analysis. As H2O2 decomposition results in a
ide array of both OH∙ and OH−, the dependence upon OH∙

adical species specifically as the driving oxidant is demonstrated
n Figure 1f; wherein adding 5,5-dimethyl-1-pyrroline-N-oxide
DMPO), an OH∙ radical trap, to the H2O2 solution completely
uenched the MoS2 activity by removal of OH

∙. Alternatively,
ubstituting NaOH as a source of OH− ions in place of H2O2 at an
quivalent concentration yielded no activity, showing that OH−

nions are not involved in the reaction mechanism and directly
mplicating the need for specifically OH∙ to drive the DCM chem-
stry. We also note the absence of either CO or C2H6 formation
rom CH4, implying the reaction does not proceed through an
lternate pathway of CO hydrogenation or CH4 dimerization,
espectively. Formic acid (8.1 ppm) and formaldehyde (9.1 ppm)
30] were not observed either as a gas, a monomer in solution,
r in hydrated form (methanediol; 4.8 ppm). To the best of our
bility, methanediol may be ruled out as a product in appreciable
mounts. However, overlap with the water signal in 1H NMR
akes it such that its absence cannot be fully confirmed [31].
dvanced Functional Materials, 2026
To study the formation of radical species generation and behavior
on MoS2, we probed this system with EPR under reaction
conditions [32]. Short-lived free radicals were identified using
DMPO as a spin trapping agent under 5 bar CH4 with MoS2,
deuterium oxide (D2O), andH2O2 heated to 75◦C.MoS2 drives the
appearance of hydroxyl (OH∙) radicals, evidenced by a 1:1:1 triplet
signal at g∼ 2.014 (Figure 2a). This triplet signal matches the sim-
ulation (Figure 2b) of HDMPO-OH (2,2-dihydroxy-5,5-dimethyl-
1-pyrrolidinyloxy, Figure S3), an adduct of DMPO which arises
from interactionwithmultiple OH∙ radicals [33, 34]. The baseline
signal of DMPO in H2O2 without catalyst shows a small signal
containing a quartet and a sextet, attributed to DMPO-OH from
H2O2 auto-decomposition and spontaneous radical formation in
water exposed to ambient light [35]. At ambient temperature, a
sextet appears, with a quartet appearing at elevated temperature
from natural H2O2 decomposition (Figure S4). MoS2 increases
the formation of hydroxyl radicals over the baseline from auto-
decomposition, as indicated by the formation of the HDMPO-OH
triplet; this occurs without the presence of CH4. Once CH4 is
added, the g-factor shifts lower in magnetic field. This indicates
significant methane interaction with the OH∙ in the reaction
environment and directly demonstrates the critical role of the
OH∙ formation in DCMoverMoS2. This triplet signal was tracked
over the course of 60 min (Figure 2c); the HDMPO-OH triplet
appears soon after the mixture is combined, and the intensity of
this triplet quickly grows to a maximum before slowly decaying.
The formation of this adduct is associated with the OH∙ radicals
generated from H2O2, followed by their consumption over time.
This suggests that OH∙ is the primary radical through which this
reaction proceeds, rather than through peroxyl (OOH∙) radicals,
3 of 12
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FIGURE 2 In situ analysis of surface species and radicals: (a) control experiments of DMPO conducted in H2O2 (dotted lines added to highlight
peak shift), (b) simulation of HDMPO-OH showing fit to triplet signal after 60min., (c) time-resolved EPR conducted under CH4 (1.5 barg), H2O2 (0.5 m),
and MoS2 (2 mg) in D2O, (d) time-resolved ATRmeasured in 30 s intervals under CH4 (1.5 barg) and H2O2 (0.5 m) with peak assignments for CH4 (3016
cm−1) and CH3O* (2927, 2857 cm−1). EPR assignments: water ionization sextet (▼) [35], DMPO-OH quartet (*), HDMPO-OH triplet (∆,♥).
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hich form a distinct sextet DMPO adduct, as the formation of
ethylperoxide might initially imply.

e examined the reaction surface chemistry of MoS2 and asso-
iated reaction intermediates of CH4 conversion through atten-
ated total reflection infrared spectroscopy (ATR-IR, Figure 2d)
n a 0.5 m H2O2 solution and under CH4 gas flow at 75◦C.
gaseous CH4 band (3016 cm−1) appears once the CH4 gas

low saturates the liquid phase, while characteristic bands for
symmetric (2928 cm−1) and symmetric (2856 cm−1) methoxy
─H stretching appear within 60 s of reaching 75◦C and grow
emporally, indicating continued liquid oxygenate formation [36,
7]. These bands are absent when MoS2 is not present, while the
H4 band remains; replacing CH4 with He yields no peaks in this
egion (Figure S5). The appearance ofmethyl only in the presence
f MoS2 suggests that the peroxide and MoS2 both share a role in
ctivation of CH4. Upon shutting off the CH4 flow and sealing the
TR cell, making a batch in situ measurement, we observe the
onsumption of CH3O* as a function of time with simultaneous
ormation of CO2, which further corroborates that the reaction
ntermediates, such as CH3O*, are susceptible to overoxidation
Figure S6). The formation of methoxy is significant at the
perating pressure of the ATR (1.5 barg), comparable to the
of 12
CH4 partial pressure (4 barg) of the reactor experiments; this
also suggests that elevated pressure is not a prerequisite for
activation. The combination of in situ EPR and ATR-IR suggests
that the mechanism likely proceeds via the formation of CH3O*
intermediates, through an initial reaction between OH∙ and CH4,
forming CH3O*, which then reacts with a second OH∙ species
to form CH3OOH. The sequential activation of CH3O* with
two OH∙ species to form CH3OOH is corroborated by the H2O2
concentration dependence for CH3OH vs CH3OOH formation,
where higherH2O2 concentration, i.e., higherOH

∙ concentration,
results in more CH3OOHwhile lower H2O2 concentration results
in the formation of CH3OH.

2.2 Catalyst Structure and InteractionWith
H2O2

Probing the ex situ structure of the MoS2 catalyst before and
after DCM, we observe clear evidence of partial exfoliation of
the layered structure, while the ordered hexagonal intralayer
structure is maintained. High-angle annular dark-field scanning
tunneling electronmicroscopy (HAADF-STEM, Figure 3a) shows
natural semiconducting (2H) MoS2, visible in the fresh material
Advanced Functional Materials, 2026
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FIGURE 3 Structure analysis of MoS2 catalyst by HAADF-STEM: (a) fresh bulk MoS2 along <001> and (b) along <100>, (c) MoS2 after brief
sonication of use in DCM at 75◦C along <001>, (d) Raman spectroscopy. Post-DCM catalysts run after 60 min. in 20 barg (20% CH4/balance inerts),
0.5 m H2O2 at 75◦C, then centrifuged and washed with DI water and dried under vacuum for at least 24 h before measurement.
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s a regular hexagonal pattern of Mo and S atoms. In the z-
lane, layers of MoS2, observed along the (100) plane with an
nterlayer distance of 6.6 Å (Figure 3b), are bound only by van
erWaals forces [16]. Prior to reaction, the catalyst is dispersed in
he 0.5 m H2O2 solution by brief sonication. This sonication also
hows an exfoliating effect, as microscopy performed on MoS2
fter brief sonication in dilute H2O2 (Figure 3c) shows evidence
f partial exfoliation into smaller sections by separating layers,
ith a loss of contrast consistent with few-layerMoS2. A potential
echanism for this action is the intercalation of layers withH2O2,
hich can decompose to form gaseous O2 and OH∙ radicals.
apid expansion between layers overcomes the van der Waals
orces holding them together, separating them. This previously
eported mechanism [25, 38, 39] showed in some cases a partial
ransformation from the stable 2H polytype to the metastable,
etallic octahedral (1T) polytype, primarily in the form of the
istorted (1T’) arrangement [40, 41]. After 60 min in DCM, the
atalyst retains the same general structure (Figure S7) with a
imilar contrast loss emphasizing an exfoliated structure.
dvanced Functional Materials, 2026
Raman spectroscopy (Figure 3d) further supports that the struc-
ture of MoS2 is preserved, evident in the presence of the
characteristic E1g (286 cm−1), E2g (383 cm−1), and A1g (408 cm−1)
peaks. A shift in the E2g and A1g peaks to lower wavenumbers
after sonication and use in DCM are consistent with partial
exfoliation of the MoS2 layers [39]. Notably, we do not observe
significant peaks in the region of 800–1000 cm−1 (Figure S8),
which normally would indicate the presence of molybdenum
oxide (MoOx) or molybdenum oxysulfide (MoOSx) formation via
Mo =O vibrations, nor do we observe characteristic peaks for the
1T’ phase of MoS2 [20, 25].

We further probed the structure via X-ray diffraction (XRD,
Figure 4a) and pair distribution function (PDF, Figure 4b). The
diffraction patterns of both fresh and post-DCM catalysts match
well with the 2H-MoS2 structure and with each other, with no
indication of significant structural changes. In the post-DCM
catalyst, the primary XRD peak representing the (100) plane
is smaller relative to other peaks when compared with fresh
5 of 12
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FIGURE 4 Ex situ XRD (a) and PDF (b) measurements of MoS2 before (black) and after 60 min. of use in DCM at 75◦C (red). Sonicated material
was briefly sonicated in 0.5 m H2O2, then collected and dried for measurement. XRD measurements are normalized to their largest peak and were
conducted with a wavelength (λ) of 0.1665 Å. Reference peaks (grey) are based on COD-9007660 [43]. In PDF, the measurement difference between the
fresh and post-DCM catalyst is plotted in grey below the fresh catalyst.
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oS2 (Figure S9). This implies there are fewer interlayers as a
esult of exfoliation, consistent with HAADF-STEM and Raman
pectroscopy. In PDF, fresh MoS2 exhibits long-range order,
ith prominent peaks at 2.42 and 3.15 Å consistent with the
verage Mo─S and Mo─Mo distances in 2H-MoS2, respectively
Figure S10) [42]. Post-DCM (60 min, 75◦C) catalyst maintains
he general structure, with peak locations unchanged from the
reshmaterial and no signs of atomic-level distortions or changes.
hile the 1T’ phase is partly observed in situ (vide infra),

ikely this metastable phase is not preserved during cleaning
nd vacuum-drying of the post-DCM catalyst in preparation
or measurement; thus the catalyst reverts to its most stable
orm.

ritically, we note the lack of regular sulfur vacancies or oxi-
ation of the structure, identifying MoS2 as a robust catalyst
or this process as measured by Raman, HAADF-STEM, and
DF. Additionally, ICP was conducted on the remaining mother
iquor, filtered to remove catalyst, and no sulfur leaching was
etected. Extended X-ray absorption fine structure (EXAFS) of
resh and post-DCM catalyst measured ex situ showed no dis-
ernible loss of Mo─S coordination during reaction (Figure S11;
able S4).
of 12
X-ray photoelectron spectroscopy (XPS) was carried out ex situ
on fresh (Figure 5a) and post-DCM catalyst (Figure 5b), the latter
of which was dried under vacuum after use to remove residual
peroxide solution, finding no shifting of peaks between samples
that would indicate significant oxidation or retention of the 1T’
phase after removal from reaction [17, 40]. Both catalysts show
Mo4+ states primarilywith someMo6+ states present. A very small
peak attributed to minor sulfur oxidation is noted in the post-
DCMcatalyst (169.5 eV), but no sulfates ormolybdenum sulfoxide
are detected in bulk techniques such as Raman (Figure 3d) or S
K-edgeXANES (Figure 7, vide infra).We attribute this tomild oxi-
dation present only at the surface. The oxygen content represents
less than 3 at.%, and is unlikely to make a significant contribution
to the catalyst behavior or structure. The atomic ratios of S to
Mo (Table 1) show that the atomic ratio of approximately 2:1
is maintained between fresh and post-DCM catalysts, with no
indication of vacancy formation through sulfur loss.

2.3 Catalyst Behavior in DCM

While the structure of MoS2 is relatively similar before and after
use in DCM, X-ray absorption spectroscopy (XAS) conducted
Advanced Functional Materials, 2026
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FIGURE 5 XPS scans of Mo (a) and S (b) surface chemical states. Both fresh and post-DCM catalysts show amixture of predominantlyMo4+ states
with a small number of Mo6+ states. A small amount of surface oxygen is detected on sulfur, forming a small sulfate peak at 169.5 eV in the catalyst after
reaction. No significant peak shifts are detected between the fresh and post-DCM catalysts.

TABLE 1 Atomic percentages ofMo and S in fresh andpost-reaction
catalyst samples, as measured by XPS.

Sample
Mo

atomic %
S atomic

%
S:Mo
Ratio

Fresh MoS2 32.57% 67.42% 2.07
Post-DCM
MoS2

31.63% 68.36% 2.16
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t the Mo and S K-edges to probe the electronic state and
ocal structure of MoS2 under realistic high-pressure reaction
onditions shows structural and electronic changes in situ.
atalysts were sonicated briefly in H2O2 solution and dried
efore measurement. Dilute H2O2 (0.05 m) was pressurized with
0 barg CH4 and introduced to the catalyst at pressure using
custom-fabricated high-pressure reaction cell (Figure S12).
s CH4-saturated H2O2 solution is introduced, the Mo K-edge
s reduced relative to the fresh catalyst, as observed through
he decrease in absorption energy in X-ray absorption near-
dge structure (XANES, Figure 6a). This reduction intensifies
ith increasing temperature. This shift is not seen when using
H4 and deionized water in place of H2O2 (Figure S13). When
H4 is replaced with an inert (N2), the Mo K-edge absorption
nergy does not shift drastically under the influence of H2O2
Figure 6b), but non-reductive changes observed in the XANES
re present only when H2O2 is introduced, emphasizing the
ynergy in this triphasic system. This is specifically evident in
he location of the white lines (maxima), denoted in Figure 4b by
otted hash marks, of bulk MoS2 (20 020.0 eV) and MoS2 under
2O2 (20 022.2 eV) regardless of absorption energy. This species-
ependent redox behavior highlights the role of CH4 in electron
onation, indicating a direct electronic interaction between CH4
nd the catalyst surface, and the influence imparted by H2O2.

XAFS from the Fourier transform of the spectra yields two
istinct shells for Mo─S and Mo─Mo coordination (Figure 6c),
ith a shift to lower radial distance in the second shell at 75◦C.
itting the EXAFS data with Artemis reveals a contribution to the
dvanced Functional Materials, 2026
second shell from the 1T’ MoS2 structure that cannot be satisfied
by 2H-MoS2 alone (Figure 6d; Table S5) [44]. The partial shift
from 2H- to 1T’-MoS2 in the presence of dilute H2O2 is consistent
with prior literature reports [44, 45]. Comparing XANES and
EXAFS with a 1T’-MoS2 reference, synthesized according to prior
literature [46], shows a similar shift in white-line and second
coordination shell in the in situ catalyst (Figure S14). A partial 1T’-
MoS2 starting material would have higher electrical conductivity
and potentially an active basal plane, which emphasizes the
synergistic role of H2O2 in MoS2 activation. This reduction and
distortion are short-lived due to themetastable nature of 1T’-MoS2
and cannot be detected in ex situ XAS (Figure S15), HAADF-
STEM (Figure 3a–c), or Raman spectroscopy after the used
catalyst is dried (Figure 3d). Thus, we see that the electronic
interaction of CH4 withMoS2 is not inextricably linked tometallic
character, but an active basal plane would drive turnovers via an
increase in accessible active catalyst surface area.

In situ XAS of the S K-edge indicates sulfur withinMoS2 is highly
sensitive to its environment. Relative to bulk MoS2, introducing
CH4 increases the S2− peak intensity (Figure 7a); while this has
been previously proposed to indicate formation of sulfur vacan-
cies [47], no evidence of vacancies was noted in the techniques
discussed previously. We instead hypothesize that, in this case,
it indicates further S3p – Mo4d hybridization consistent with the
reduction observed in theMoK-edge. Again, this electronic effect
is driven by H2O2, as the inclusion of CH4 only slightly increases
the intensity of the hybridization peak relative to H2O2 and N2
(Figure 7b). This shows thatMo atoms are driving the interactions
with CH4, evidenced by its notable redox change under CH4,
while S likely contributes a more subtle electronic interaction.
The lack of a S6+ peak (∼2481 eV) implies no sulfate is formed
on the surface, although it does not necessarily indicate that the
sulfur surface is inert to oxygen. Due to the close proximity of the
Mo L3-edge (∼2520 eV), EXAFS of the S K-edge cannot be studied
to determine sulfur nearest neighbors.

We have carried out Density Functional Theory (DFT) calcu-
lations to characterize the formation of OH∙ radicals on MoS2
and to differentiate the impact of MoS2 polytype on radical
7 of 12
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FIGURE 6 In situ X-ray absorption spectroscopy measurements at the Mo K-edge: (a) XANES at varying temperatures, conducted under
0.1 mL/min flow of 0.05 m H2O2 and 20 barg CH4, (b) XANES conducted under similar conditions, with and without CH4, (c) EXAFS at varying
temperatures highlighting the shrinking radial distance in the second shell, (d) EXAFS fitting of catalyst measured in 0.05 mH2O2, 20 barg CH4 at 75◦C,
showing the fit of 1T’ and 2H Mo─Mo paths to the structure at temperature. All measurements compared with fresh bulk MoS2 for reference.

FIGURE 7 In situ X-ray absorption spectroscopymeasurements at the S K-edge: (a) XANES at varying temperatures, conducted under 0.1 mL/min
flow of 0.05 m H2O2 and 4 barg CH4, (b) XANES comparing in situ measurements with and without CH4. All measurements compared with fresh bulk
MoS2 for reference.
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ormation as a driver of methane conversion chemistry (see
omputational details in the Supporting Information). As the
dge area of bulk MoS2 used in these studies is much less than
he area of the basal plane, we have therefore investigated OH∙

adical formation on the basal planes of both 2H-MoS2 and 1T’-
of 12
MoS2. The reaction paths corresponding to the adsorption and
dissociation of H2O2 into two OH

∙ are shown in Figure 8. The
formation of OH∙ radicals on the 2H phase is both kinetically
and thermodynamically unfavorable; OH∙ radicals are 1.07 eV
less stable than adsorbed H2O2, and the dissociation reaction
Advanced Functional Materials, 2026
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FIGURE 8 Reaction pathways from DFT calculations for the adsorption of H2O2 and dissociation into OH radicals on the basal plane surface of
the 1T’ (a) and 2H (b) phases of MoS2. Density of states projected on MoS2 and OH

∙ states for 1T’ (c) and 2H (d) demonstrate the metallic character of
the 1T’ material and the associated OH∙. The dotted vertical line indicates the location of the Fermi energy level (EF).

i
m
f
c
f
o
f
a
t
o
b
a
a
p
o
e

T
o
c
t
p

A

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.76526 by B
rookhaven N

ational L
ab, W

iley O
nline L

ibrary on [01/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reati
nvolves a barrier of 2.31 eV. Conversely, OH∙ radicals are−1.56 eV
ore stable than adsorbed H2O2 on the 1T’ phase, and their
ormation involves low-energy barriers for the first reaction to
o-adsorbed H2O and O (0.95 eV) and the subsequent reaction to
orm two OH∙ (0.78 eV). These results indicate that the presence
f 1T’ phase domains in the basal plane of MoS2 results in the
ormation and availability of OH∙ radicals in a way that cannot be
chieved through the 2H-MoS2 basal plane alone and highlights
he synergistic interaction between MoS2 and H2O2. The stability
f OH∙ on the 1T’ phase and not on the 2H phase can be traced
ack to the metallic and semiconducting character, respectively,
pparent in the density of states (DOS) projected into the MoS2
nd OH∙ states in Figure 8c,d. The metallic character of the 1T’
hase contributes to the partial quenching and delocalization
f unpaired electrons, whereas they remain as well-localized
lectrons near the Fermi level on the semiconducting substrate.

he DCM activity of MoS2 is therefore driven by the formation
f OH∙, which is evident in the electron transfer and structural
hanges in MoS2 in the presence of H2O2. This could indicate
hat the reaction overMoS2 is selective to a Fenton-type activation
athway, where OH∙ formation governs interaction with CH4,
dvanced Functional Materials, 2026
possibly both on the surface of MoS2 or released into the sur-
rounding liquid phase [48]. Aqueous radicals, such as (H2O)2+,
have a strong propensity to activate methane in the liquid phase
even without the presence of a catalyst, able to do so in solution
alone [49]. However, there is also a direct interaction between
CH4 and the MoS2 electronic structure, as evidenced by the
reduction and hybridization present in the Mo (Figure 6b) and
S (Figure 7b) K-edges, when CH4 is introduced.

3 Conclusion

Wehave demonstrated the synergistic relationship betweenMoS2
and H2O2 in directly converting CH4 to liquid oxygenates under
mild conditions, and the critical role of OH∙ produced from
H2O2. We report unitary selective oxygenate production that
is significantly enhanced over MoS2 by the inclusion of H2O2,
which simultaneously activates the MoS2 catalyst and oxidizes
methane groups to form methanol and methylperoxide. MoS2
readily decomposes H2O2 into OH

∙, andMoS2 treated in similarly
diluted H2O2 has previously been reported to greatly improve
conductivity, which is consistent with the preceding [25, 26].
9 of 12
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reati
e suggest that this occurs due to a partial transformation
o the more conductive 1T’ phase of MoS2, which experiences
ignificantly improved electron transfer and a lower activation
arrier to methane compared with the bulk, semiconducting 2H
hase, allowing it to outperform nanoscale MoS2 under similar
onditions. The product (CH3OH, CH3OOH) is dependent upon
he concentration of OH∙, with higher radical concentrations
avoring the peroxide form. This yields a conversion activity
hat is an order of magnitude greater than precious metal-based
atalysts tested under similar conditions [5]. In situ activation of
ulk MoS2 material circumvents a number of processing steps,
ffering a more robust and cost-effective route toward direct
H4 conversion and a significant step toward commercial CH4
tilization.
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