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Abstract
The selective partial oxidation of methane to methanol using molecular oxygen represents a long-
standing challenge in the �eld of catalysis, inspiring extensive study for many decades However, to date
considerable challenges still prevent large-scale production via the aerobic route. Herein, we report a Pd-
containing phosphomolybdate catalyst (Pd/CsPMA), which, after activation by H2 converts methane and

O2 almost exclusively to methanol at room temperature. The highest activity reached 67.4 µmolgcat
−1h− 1.

Pd enables rapid H2 activation and H spillover to phosphomolybdate for Mo reduction, while facile O2

and subsequent methane activation occurs on the reduced phosphomolybdate sites. Phosphomolybdate
maintained its Keggin-type structure during the reaction, and the catalyst is reused 4 times without losing
activity. The work reveals the underexplored potential of Mo-based catalyst for aerobic methane oxidation
and highlights the importance of regulating the chemical valance state to construct methane active sites.

Introduction
The selective oxidation of methane to organooxygen chemicals such as methanol using molecular
oxygen represents a long-standing challenge in chemistry.1–4 However, despite decades of research, there
is still no industrially viable direct route to methanol production from methane.5,6 Indeed the large scale
methanol production is reliant on the multi-step (syngas) route, which operates at elevated temperatures
and pressures.7 In nature the methane monooxygenase (MMO) class of enzymes represents a one-step
aerobic route to methanol that operates under ambient conditions.8 Many heterogeneous catalysts have
also been developed for methane valorization using molecular oxygen as the terminal oxidant,9–25 with
relatively high temperatures typically applied (100–240°C). Considerable attention has been placed on
precious metal-based catalysts, for instance, atomically dispersed Rh species has been shown to offer
high e�cacy when utilizing CO as a co-reductant.2 By comparison recent investigations have
demonstrated the e�cacy of supported Au nanoparticles in the absence of a co-reductant.10 However, in
both cases considerable concentrations of further oxidation products (such as acetic and formic acid)
are also synthesized.

Alternative approaches to methane oxidation, which operate at mild temperatures, have been
investigated. Signi�cant focus in particular has been placed on the utilization of H2O2 as the oxidant,

which produces hydroxyl (·OH) and hydroperoxyl (·OOH) radicals21,26,27, or interacts with surface metal
sites to generate active oxygen-containing groups to achieve methane activation, with these latter
materials able to compete with MMO on an activity basis.9,17 However, while methane valorization using
commercially synthesized H2O2 may be promising on an academic scale, the economic and technical
challenges associated with H2O2 formation via current industrial routes and concerns associated with the
safe transport and storage of the oxidant are likely to preclude the utilization of H2O2 for methane

upgrading on an industrial level.28 Towards this end, signi�cant recent progress has been made by Jin et
al. and others who demonstrated the e�cacy of H2O2 generated in-situ for methanol synthesis.21,24,29−31
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Under light irradiation, in situ formed ·OH radicals over photocatalysts also initiate effective methane
conversion to methanol.32–34

To conceive fresh ideas for designing thermal catalysts for methane oxidation, we draw new inspiration
from the MMO class of enzymes. During the enzymatic process, a reductase or other electron-donating
co-factor partially reduces the Fe or Cu active sites with the MMO, which subsequently interact with O2 to

create active O-containing species for selective methane oxidation.4,35 We postulate that regulating the
chemical valence state of metal sites, in particular to generate partially reduced metal centers, might be a
promising strategy which allows for the oxidation potential of O2 to be harnessed at ambient conditions.

Polyoxometalates (POM), such as phosphomolybdate ([PMo12O40]3−, PMA), are a group of inorganic

polyatomic ion clusters with numerous catalytic applications.36–39 Keggin structured PMA is composed
of a globelike cluster of a phosphate caged by 12 inter-linked Mo-oxygen clusters with Mo in high
oxidation state. By immobilizing Pd onto Mo-based POMs, we previously observed facile reduction of Mo
by H spillover from Pd at ambient temperature.40 Within this study we demonstrate that the caesium-
exchanged phosphomolybdate catalyst with Pd immobilized (Pd/CsPMA) offers considerable activity for
ambient temperature aerobic oxidation of methane to methanol. Although the as-prepared Pd/CsPMA is
inactive, after pre-treatment in H2 the reduced catalyst (Pd/CsPMA-H) converts methane and O2 to

methanol with ~ 100% selectivity and a productivity of 67.4 µmolgcat
−1h− 1 activity. The catalyst also

produces methanol from methane in a mixed H2/methane/O2 atmosphere. In sharp contrast to previous

studies where H2O2,·OH radicals and/or Pd sites are actively involved in C − H activation of methane,22,29

our mechanistic studies strongly suggest that activation of O2 and CH4 for methanol occurs directly on
reduced PMA.

Results And Discussion
Pd/CsPMA: structural features and H 2 -reduction/re-oxidation properties.

Pd/CsPMA was prepared by precipitating PMA anions ([PMo12O40]3−) with Cs+ and Pd2+ at sub-ambient
temperatures. The separated yellow solids, as observed by scanning electronic microscopy (SEM) and
transmission electronic microscopy (TEM), are sphere particles with a size approximately ranging from
50 to 300 nm (Figures S1 and S2). X-ray diffraction (XRD) results suggest that the Pd/CsPMA material
has a cubic crystal structure distinct from those of MoO3 and PMA (Fig. 1a). From integrated differential
phase contrast imaging (iDPC), the crystals are assembled from individual PMA units (Fig. 1b, S3-S5),
based on which a structural model of Pd/CsPMA material was constructed (Figure S6). Pd/CsPMA and
PMA gave similar Raman spectra, suggesting the preservation of the anion structure during catalyst
synthesis (Fig. 1c). The actual Pd loading of Pd/CsPMA was determined to be 0.23 wt.% by inductively
coupled plasma optical emission spectroscopy. Pd species distribute evenly on Pd/CsPMA, as shown in
the high-angle annular dark-�eld (HAADF) imaging results under STEM mode (Fig. 1d). The X-ray
photoelectron spectroscopy (XPS) analysis (Fig. 1e) and in situ diffuse re�ectance infrared spectroscopy
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(DRIFTS) with NO as the probe molecule (Fig. 1f) con�rm that Pd exists as charged Pd cations, likely
situated at the 4-fold hollow sites of PMA by replacing Cs+, as indicated in previous studies on single-
atom POM systems.38,41

When Pd/CsPMA was exposed to forming gas (5% H2/N2) �ow at room temperature (24 ℃), a rapid color
change from yellow to dark blue was observed within twenty minutes. In situ H2-DRIFT spectrum of

Pd/CsPMA present a notable peak at above 3200 cm− 1 for Pd/CsPMA (Figure S7), indicating the
formation of large amount of surface hydroxyl groups, which is not the case for CsPMA. This implies that
Pd plays a crucial role in dissociating H2 into H atoms and transferring H species from the noble metal

sites to the support.42,43 The H atoms donate electrons to PMA and combine with PMA oxygen to form − 
OH groups on the surface. In situ NO-DRIFTS analysis con�rms that Pd species remain highly dispersed
during H2 treatment at room temperature (Figure S8). We then prepared a Pd/CsPMA-H material, by
treating the Pd/CsPMA under H2 (4 bar) in water for 15 min. As shown in Fig. 1g, the color of the catalyst
also changed from yellow (Pd/CsPMA) to dark blue (Pd/CsPMA-H). UV-Visible (UV-Vis) adsorption
spectra of the Pd/CsPMA-H suspension show an obvious decrease of Mo(VI) signal at 320–340 nm and
an increase of Mo(V) and Mo(IV) in the range of 600–900 nm, illustrating the reduction of Mo by
hydrogen spillover (Fig. 1h).44,45 Determined by redox titration using acidi�ed FeCl3 solution (Figure S9),
each POM anion on average accepts 7.5 electrons after 15-minute H2 treatment, corroborating the UV-Vis
adsorption data that Mo(VI) was only partially reduced. Additional H2 treatment does not increase the
degree of hydrogen spillover.

The reduced Pd/CsPMA-H powder readily re-oxidizes when exposed to air at room temperature
(represented as Pd/CsPMA-H-O), as judged from the recovered yellowish color and the UV-Vis absorption
results (Fig. 1g and 1h). This highlights that the reduced Pd/CsPMA can activate O2 at ambient
temperature. Pd/CsPMA-H-O exhibits similar morphology, crystalline structure, and POM anion
characteristic Raman peaks to those of the pristine Pd/CsPMA (Figure S1, S10, 1a and 1c), which prove
that the repeated reduction-oxidation steps would not change the structure of Pd/CsPMA, thus hinting at
its potential as a catalyst in redox reactions.

Catalytic performance in partial methane oxidation. The methane oxidation reaction was carried out at
room temperature in an aqueous solution with CH4 and O2.46 The unactivated Pd/CsPMA catalyst
exhibited negligible methane conversion activity (Table 1, Entry 1), and after reaction the Mo species in
Pd/CsPMA maintained an oxidation state of + 6 (Figure S11). To validate adding electrons to the catalyst
is conducive to aerobic oxidation of methane, Pd/CsPMA was �rst treated by H2 in the liquid phase at
room temperature to form the reduced catalyst, Pd/CsPMA-H. When Pd/CsPMA-H was used for methane
oxidation with O2 under identical conditions for 30 mins, we observed methane conversion with methanol

as the sole product (5.2 µmolgcat
−1h− 1) (Table 1, Entry 2). Shorting the reaction to 5 minutes provided

proportionally increased methanol production rate (28.8 µmolgcat
−1h− 1), suggesting that Pd/CsPMA-H is

only active in the initial stage of reaction (Table 1, Entry 3). By adjusting the partial pressure of CH4 and
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O2, it was possible to improve methanol productivity, with this metric rising to 67.4 µmolgcat
−1h− 1

(Table 1, Entry 4). The color of the spent catalyst changed to greenish yellow, suggesting that they were
re-oxidized by O2 during the course of the reaction (Figure S11). These results highlight two important
�ndings. First, H2-reduced Pd/CsPMA selectively transform methane and O2 into methanol at room
temperature. Second, Pd/CsPMA-H does not maintain its reduced state under an oxidizing atmosphere,
thus quickly losing its initial activity.

To sustain a reduced catalyst state, we then attempted the methane oxidation reaction using a non-
explosive gas mixture of H2, O2, CH4 and N2, while H2 pretreatment was no longer applied. Under an

optimized H2/O2 ratio, Pd/CsPMA presents a methanol productivity of 28.5 µmolgcat
−1h− 1 (a noble metal

speci�c productivity of 12.4 mmolgPd
−1h− 1), again with methanol as the only liquid product detected

together with negligible gas-phase product in a 30-minute reaction (Table 1, Entry 5). The activity and
selectivity are exceptional among most reported noble-metal-containing catalysts for thermal catalytic
aerobic oxidation of methane to methanol at room temperature (Table S1). Interestingly, we observed that
in a typical 30-mins reaction, the reaction proceeds at higher rates in the 2nd 15 mins compared to the
1st, likely due to an induction period required to form the reduced catalyst that is active for methane
oxidation (Figure S12). The ratio of H2 and CH4 almost remained constant during the reaction, suggesting
that H2 is not preferentially consumed by O2 as compared to CH4 (Table S2).
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Table 1
Oxidation of methane to methanol using Pd/CsPMA catalyst. Reaction condition: 2 mL D2O, 10 mg

catalyst, room temperature, 800 rpm. For Entry 1, 10 bar CH4, 1 bar O2 and 9 bar N2 were applied. For
Entry 2, 3, 7 and 8, the catalyst was treated with 4 bar of H2 for 15 min at room temperature before

running the reaction under the same condition. For Entry 4, 20 bar of CH4 was used. For Entry 5, 10 bar
CH4, 4 bar H2 and 0.3 bar O2 balanced with 25.7 bar N2 were applied. For Entry 6, the solvent used was
H2O instead of D2O. For Entry 7 and 8, 1 µmol of ascorbic acid and Na2S were added, respectively, after

H2 pretreatment but before charging methane and O2.

Entry Condition

(number in parenthesis refer to
gas pressure. unit: bar)

CH3OH prod.
(µmol gcat

−1 h− 

1)

CH3OH
Sel.

Speci�c activity
(mmol gPd

−1 h− 

1)

Color
after
reaction

1 Single step: CH4(10) + O2(1),
30 min

0 N/A 0 Yellow

2 Step 1: H2(4); Step 2: CH4(10) 
+ O2(1), 30 min

5.2 100.0% 2.3 Yellow

3 Step 1: H2(4); Step 2: CH4(10) 
+ O2(1), 5 min

28.8 100.0% 12.5 Green

4 Step 1: H2(4); Step 2: CH4(20) 
+ O2(0.3) 5 min

67.4 100.0% 29.3 Green

5 Single step: CH4(10) + H2(4) + 
O2(0.3), 30 min

28.5 100.0% 12.4 Dark
blue

6 Single step: CH4 + 
H2O2(400µmol), 30 min

0 N/A 0 Yellow

7 Single step: H2(4); Ascorbic
acid, CH4(10) + O2 (1), 5 min

42.2 100.0% 18.4 Green

8 Single step: H2(4); Na2S,
CH4(10) + O2(1), 5 min

48.0 100.0% 20.9 Blue

Xiao and colleagues previously reported29 selective methane oxidation with H2 and O2 using AuPd
particles con�ned in a zeolite support. In that case, H2O2 was produced locally, which then acts as the
oxidant for methane oxidation. In contrast, H2O2 is unlikely to be the key oxidant in our system, because
(i) no H2O2 was detected when supplying a mixture of H2 and O2 over the catalyst (detection limit: 0.5
ppm, Figure S13) and (ii) when external H2O2 was added, no methanol was detected after 30 mins
despite 54% of the H2O2 was decomposed (Table 1, Entry 6 and Table S3). Methanol was produced only

when H2O2 was used together with H2 (Table S3), but the best activity (e.g., 14.4 µmolgcat
−1h− 1) was still

not as high as the case when H2 and O2 are supplied. Molecular O2 works as a better oxidant than H2O2
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in our case, possibly because as a weaker oxidant, O2 allows the catalyst to maintain the desired reduced
state under H2.

Methane oxidation was performed under varied partial pressure of CH4, H2, and O2. The reaction is �rst
order with respect to CH4 between 0–15 bar (Fig. 2a), indicating methane activation participates in the
rate-determining step. On the other hand, the methanol yield as a function of the H2 to O2 ratio follows a
volcano-type curve, with the optimal pressure of H2 at 4 bar (Fig. 2b). A threshold of 2 bar H2 partial
pressure must be reached to create a state with su�cient degree of Mo reduction for C − H bond
activation. When O2 is eliminated from the reaction system, methanol was only detected in trace amount

(2 µmolgcat
−1h− 1), likely due to residual O2 in water.

Several control catalyst samples were studied to con�rm the critical role of reduced Mo species as
catalyst active sites. CsPMA, Rh/CsPMA and Pt/CsPMA, showing no reduction of PMA by H2 at room
temperature, exhibited no methanol productivity (Fig. 2c). Rh/CsPMA and Pt/CsPMA were then pretreated
with H2 at elevated temperature (50 ℃ and 100 ℃, respectively). After the pretreatment, both catalysts
turned dark blue signaling Mo reduction, and in the following step both catalysts produced methanol
from methane and oxygen at room temperature (Table S4). Replacing PMA by phosphotungstate (PTA),
Pd/CsPTA also did not show methane activation under the same conditions (Figure S7). To explore
whether our �nding, i.e., H2-reduced Mo in Pd/CsPMA readily converts methane and O2 to methanol, is
generalizable, 1 wt.% Pd/MoO3, 1 wt.% Pd/WO3 and 10 wt.% Pd/C were evaluated under our methane
oxidation conditions (Fig. 2d, Table S5). The H2-pretreated 1 wt.% Pd/MoO3-H indeed exhibited a

methanol productivity of 14.4 µmolgcat
−1h− 1 in a 5-min reaction, while the other two catalysts were

inactive. Interestingly, MoO2, with Mo(IV) as the only Mo species, showed no methane activation
properties with O2. The above results indicate that Pd is not indispensable for methane activation, but
Mo-species under a partially reduced chemical state is a critical element for methane activation with
oxygen.

Methanol formation pathway on reduced PMA: experimental evidence. Since radical mechanism is one of
the mainstream mechanisms to activate methane C − H bond in aqueous solution, EPR experiments using
5,5-dimethyl-1-pyrroline N-oxide (DMPO) radical trapping agent were performed to determine the presence
of reactive oxygen species (Figure S14).47 The appearance of characteristic quadruple peaks (1:2:2:1) for
H2O2 aqueous solution indicates trapped ·OH radicals, while a triple peak was observed for the aqueous

suspension of pristine Pd/CsPMA, probably coming from the oxidative dimerization of DMPO.48 However,
these are the cases where no methanol productivity was observed. By contrast, for the H2 pretreated
Pd/CsPMA-H catalyst, no similar signals were detected. To provide further evidence that ·OH radicals do
not operate in our system, methane oxidation reactions were carried out over the Pd/CsPMA-H catalyst in
the presence of ·OH radical scavengers (Na2S or ascorbic acid) (Table 1, Entry 6–7). In these cases, the
methanol productivity of the Pd/CsPMA-H catalyst did not decrease, but rather increased to 42.2 and 48.0
µmolgcat

−1h− 1, respectively, compared to the 28.8 µmolgcat
−1h− 1 without the scavengers. This suggests
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that methane is not activated by free ·OH intermediates. The increased productivity may be ascribed to
the elongated lifetime for reduced PMA species under O2, due to the reductivity of scavengers.

To further rule out the role of Pd in C − H activation, selective poisoning tests were conducted by adding
benzyl mercaptan (BzM). BzM binds strongly with Pd, thus preventing Pd-reactant interaction (Fig. 3a and
S15).40 As expected, after introducing 2 equivalents (relative to Pd) BzM to block Pd in Pd/CsPMA before
H2 treatment, PMA was not able to be reduced to enable methane oxidation (BzM-H2-CH4/O2 in Fig. 2e).
In contrast, when the same amount of BzM was added to pre-reduced Pd/CsPMA-H catalyst (H2-BzM-
CH4/O2 in Fig. 2e), the methanol productivity mimics the performance without BzM. This experiment,
together with the earlier presented fact that reduced Rh/CsPMA and Pt/CsPMA are also active in methane
oxidation to methanol at room temperature, provide compelling evidence that methane activation
proceeds not on Pd sites but on reduced PMA.

The reduced catalyst Pd/CsPMA-H has considerable solubility in H2O, likely due to the strong interaction

between spilt H-induced surface OH groups and water molecules.51,52 This provides an opportunity to
determine whether methanol formation requires an extended surface, or individual PMA anions. Hence,
H2-reduced Pd/CsPMA-H aqueous suspension was separated by ultra�ltration centrifugation (Nominal
Molecular Weight Limit: 10 kDa) and evaluated in methane oxidation. The resulting solution and solid
residue were both found to offer activity (Figure S16), suggesting that H2-reduced PMA is the active sites
for methane conversion, regardless of staying in the solution or solid phase.

To enable catalyst recycling, the spent reaction solution was �rst re-oxidized by 1 bar O2 at room

temperature, followed by the addition of the Cs+ salt as a precipitation agent. Over 99% of the Pd/CsPMA
catalyst can be regenerated (Table S6). A reductive atmosphere (2 bar H2, 0.3 bar O2, 10 bar CH4 diluted
with N2 to a total pressure of 40 bar) was used for reaction sessions during successive recycling tests to
ensure su�cient activation of Mo in each cycle. No loss in methanol formation activity was observed
over �ve successive reactions (Fig. 2f), and furthermore the recovered catalyst exhibited identical XRD
patterns compared with the fresh one (Figure S17), indicating that PMA structure remained intact during
recycling.

In view of the important role of reduced PMA on methane activation, we investigated the coordination
structure around Mo before and after hydrogen reduction by pseudo in situ electron paramagnetic
resonance (EPR). As expected, no signal was detected for Pd/CsPMA before H2 treatment since the Mo

species predominantly exist as Mo(VI), which is EPR inactive (Figure S18).49 Measured under the H2

atmosphere, Pd/CsPMA-H exhibits a broad, featureless EPR spectrum centred at a g value of
approximately 1.93 (Fig. 3a), which can be ascribed to the emergence of Mo(V) species.50–52 The
unresolved hyper�ne splitting and the asymmetric line shape which almost resemble a broad isotropic
line, would point to a Mo(V) centre with six O atoms at close bond lengths where free movement or
rotation is relatively unhindered.53 Afterwards, the EPR tube containing Pd/CsPMA-H was vacuumized
and sealed (denoted as Pd/CsPMA-H-vac). The treatment resulted in an anisotropic EPR spectrum with
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much narrower line shape and resolution of the splitting arising from the hyper�ne interaction of the
unpaired electron in Mo(V) with the 95Mo and 97Mo nuclei, both with I = 5/2 and overall natural
abundance of 25.5%. This spectral change would imply a large extent of anisotropic distortion of MoOx

polyhedra in vacuo (Fig. 3a). Based on simulation results (Fig. 3b, Figure S19, Table S7), the spectrum
consists of the signals of three Mo(V) components, with the dominant one containing an O vacancy on
the bridge site of two MoOx polyhedra, signi�ed as F (g1 = 1.955, g2 = 1.954, g3 = 1.857, weight = 62%)

(Figure S20).54,55 The remaining signals originate from pentacoordinated Mo(V) without molybdenyl
oxygen (structure C) and hexacoordinated Mo(V) center (structure A), respectively. Although the results
cannot give information on EPR-silent, deep reduced Mo(IV) species, the insights about Mo(V) already
provide knowledge on the largely weakened Mo − O bonds and the tendency of O de�ciency around Mo
centers under reduced state that may facilitate interaction with oxygen or methane molecules.

When Pd/CsPMA-H was exposed to CH4 and then analyzed by EPR (Fig. 3a), the spectrum exhibited a
similar pattern as Pd/CsPMA-H-vac, which illustrates the reduced Mo does not directly coordinate with
methane molecules. However, when Pd/CsPMA-H was exposed to air, the EPR signals disappeared
immediately. Fully consistent with EPR data, in situ Raman experiments reveal that Mo-Ob-Mo and Mo-Oc-
Mo are signi�cantly weakened by H2 reduction, which is recovered after treating with O2 (Figure S21).
Based on these, we posit that the MoOx sites with O vacancies �rst activate O2, creating surface active O
to then enable C − H activation by abstracting H from methane.

Theoretical insights into the formation of methanol over Pd/CsPMA-H. DFT calculations were performed
to further verify potential mechanisms for CH4 activation and CH3OH formation over the Pd/CsPMA-H
catalyst (Fig. 4 and Figure S22). For the creation of active sites, calculations show H2 activation occurs
heterolytically over the Pd single atom site with a relatively low barrier of 0.40 eV, resulting in a OH and
PdH species (intermediate III). Subsequently, spillover of H to two neighboring oxygen sites is
thermodynamically favorable (intermediate VI), followed by H2O generation with a slightly higher barrier
of 0.50 eV (intermediate V). Upon formation, the H2O species remains adsorbed bridging two Mo sites,
and subsequently desorb to the gas phase which is energetically uphill by 0.81 eV (intermediate VI). This
results in a lattice oxygen vacancy in the bridging O site which is unreactive towards methane but can
readily adsorb O2 from the gas phase with an adsorption energy of -0.14 eV (intermediate VII). In this
adsorbed state, one oxygen from O2 is situated in the lattice O position, while the second oxygen extends
away from the surface and does not chemically bond with the surface. The O-O bond length of the
adsorbed species is also signi�cantly elongated from the DFT gas-phase length of 1.23 Å to 1.32 Å,
suggesting the O2 has become highly activated and could be reactive to methane. In accordance with this
expectation, the C − H activation on the adsorbed O2 occurs with a barrier of 0.61 eV to form a O2H
species and a CH3 radical (intermediate VIII). Subsequently, the methane radical can be captured by the
same O2H species via a rebound adsorption mechanism to form methanol, simultaneously cleaving the
O − O bond and regenerating the lattice oxygen site (intermediate IX).
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In this mechanism, methane activation is enabled by the formation of activated O2 species resulting from
H spillover and vacancy formation. The rate-limiting step is the C − H activation, in agreement with
experimentally observed �rst-order kinetics for methane. We also �nd this mechanism to agree with the
volcano-type curve for H2 to O2 ratio, as a balance must be struck to ensure the survival of the activated
O2 species (intermediate VI). An overabundance of gaseous O2 will react with hydroxyl groups and
prevent vacancy formation, while an overabundance of H2 will likely react with the adsorbed O2 before it
can activate the methane. The mechanism was calculated on oxygen/vacancy sites which are non-
adjacent to the Pd, indicating that the presence of Pd was not required for methanol formation beyond
the initial H2 activation step, in accordance with the poisoning studies. Alternative mechanisms were also
considered which were found to be unfavorable or inconsistent with experimental observations (Figure
S23-25, as well as discussions provided there).

Conclusion
In summary, we report a Pd-immobilized PMA catalyst for aerobic methane oxidation to methanol that
operates at ambient temperature. Under optimum conditions the catalyst achieved a 29.3 mmolgPd

−1h− 1

or 67.4 µmolgcat
−1h− 1 methanol productivity with nearly 100% selectivity at room temperature. The active

sites are partially reduced Mo on PMA bearing O vacancies at the bridge sites, which readily activates O2

by a re�lling mechanism, creating active O for H abstraction from methane. Pd enables H2 activation and
PMA reduction, but does not participate in methane conversion. The �nding provides a system for the
selective methanol synthesis from methane using molecular O2 as the oxidant at ambient temperature
without the use of an external energy source (e.g., light, electricity). From a mechanism perspective, the
Mo centre under partially reduced state is found to be critical for an oxidation reaction to generate active
oxygen species from O2, which extends our understanding of typical catalytic oxidation processes.
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Figure 1

Structure and redox properties of Pd/CsPMA. (a) XRD spectra of Pd/CsPMA, Pd/CsPMA-H-O, and the
standard XRD lines of H3PMo12O40 (PMA) and MoO3. (b) High resolution TEM image of Pd/CsPMA. The
insert shows the electron diffraction pattern in the area. (c) Raman spectra of PMA, CsPMA, Pd/CsPMA
and Pd/CsPMA-H-O. (d) HAADF-STEM image of Pd/CsPMA. (e) Experimental and �tting results of Pd 3d
XPS spectra of Pd/CsPMA. (f) In situ NO-DRIFTS spectra of CsPMA, Pd/CsPMA and the commercial 1
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wt% Pd/Al2O3. (g) The reversible reduction/oxidation of Pd/CsPMA at room temperature. (h) UV-Vis
adsorption spectra of the suspensions of Pd/CsPMA and Pd/CsPMA-H.

Figure 2

Parameter-activity correlations and recycling tests of methane oxidation to methanol in a CH4, H2, and O2

mixture. Reaction condition: 10 mg catalyst in 2 ml D2O, 4 bar H2, 0.3 bar O2, 10 bar CH4 balanced with
25.7 bar N2, room temperature, 30 min, unless otherwise speci�ed. (a) Methanol productivity under varied
CH4 partial pressure using Pd/CsPMA. (b) Methanol productivity under varied partial pressures of H2 and
O2. (c) Methanol productivity for different POM-based catalysts. The loading of noble metals on the
supported catalysts are around 0.25 wt%. (d) Methanol productivity using several traditional catalysts.
For 1Pd/MoO3-H and 1Pd/WO3-H, the impregnated samples are treated with 5%H2/N2 at 300 ℃. For
MoO2, 1 bar O2, 10 bar CH4 and 9 bar N2 were supplied without addition of H2. (e) Poisoning tests using
benzyl mercaptan (BzM) to block Pd sites (reaction condition is the same as annotated in Table 1, Entry
3). BzM dissolved in ethanol was added into the reaction mixture before or after H2 treatment (BzM:Pd =
2:1). For the control experiment without BzM, same amount of ethanol solvent was added after H2

pretreatment before methane conversion. (f) Recyclability test of Pd/CsPMA for methane oxidation with
O2 and H2 (2 bar H2, 0.3 bar O2, 10 bar CH4, 30 mins).
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Figure 3

Dynamic structural changes of Mo species in varied atmosphere revealed by EPR. (a) Pseudo in situ EPR
spectra of Pd/CsPMA catalyst after treating by different gases for different times. “Air” refers to removing
the cover of the EPR tube and allowing the air to diffuse towards the catalyst at the bottom of the EPR
tube. (b) Experimental and simulated EPR spectra of Pd/CsPMA-H solid under vacuo. The deconvoluted
spectra are presented with corresponding g value, weight and local structure listed on the right. Red,
yellow and blue balls represent H, Mo(VI) and Mo(V) respectively.
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Figure 4

Proposed reaction mechanism for CH4 activation and CH3OH formation from DFT calculations. The
reaction �rst proceeds via H2 activation and diffusion (intermediates I, II, and III), followed by vacancy
formation and O2 adsorption (intermediates IV, V, VI), then CH4 activation (intermediate VII) and CH3OH
formation (intermediates VIII and IX).
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