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The selective partial oxidation of methane to methanol using molecular

oxygen (O,) represents along-standing challenge, inspiring extensive
study for many decades. However, considerable challenges still prevent
low-temperature methane activation via the aerobic route. Here we
report a precipitated Pd-containing phosphomolybdate, which, after
activation by molecular hydrogen (H,), converts methane and O, almost
exclusively to methanol at room temperature. The highest activity
reaches 67.4 umol g.,. " h™. Pd enables rapid H, activation and H spillover
to phosphomolybdate for Mo reduction, while facile O, activation and

subsequent methane activation occur on the reduced phosphomolybdate
sites. Continuous production of methanol from methane was also achieved
by concurrently introducing H,, O, and methane into the system, where H,
assists in maintaining a moderately reduced state of phosphomolybdate.
This work reveals the underexplored potential of such a Mo-based catalyst
for aerobic methane oxidation and highlights the importance of regulating

the chemical valence state to construct methane active sites.

The selective oxidation of methane (CH,) to organooxygen chemicals
such as methanol (CH,0H) using molecular oxygen (O,) represents a
long-standing challenge in chemistry'*. However, despite decades of
research, thereisstillnoindustrially viable direct route for methanol pro-
ductionfrommethane*®.Indeed the large-scale production of methanol
isreliant onthe multistep (syngas) route, which operates at elevated tem-
peratures and pressures’. In nature, the methane monooxygenase (MMO)
class of enzymes represents a one-step aerobic route to methanol that
operates under ambient conditions®. Many heterogeneous catalysts have

alsobeendeveloped for methane valorization using O, as the terminal oxi-
dant’ %, withrelatively high temperatures typically applied (100-240 °C).
Considerableattentionhasbeen placed on precious-metal-based catalysts;
forinstance, atomically dispersed rhodium (Rh) species have been shown
to offer high efficacy when using carbon monoxide as a co-reductant?.
By comparison, recent investigations have demonstrated the efficacy
of supported gold (Au) nanoparticles in the absence of a co-reductant™.
However, in both cases, considerable concentrations of over-oxidation
products (such as acetic and formic acid) are also synthesized.
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Alternative approaches to methane oxidation, which operate at
mild temperatures, have been investigated. In particular, significant
focus hasbeen placed on the utilization of hydrogen peroxide (H,0,) as
the oxidant, which produces hydroxyl (HO*) and hydroperoxyl (HOO")
radicals”**” 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*”. How-
ever, whilst methane valorization using commercially synthesized H,0,
may be promising on an academic scale, the economic and technical
challenges associated with H,0, formation via currentindustrial routes,
aswellas concerns associated with the safe transport and storage of the
oxidant, are likely to preclude the use of H,0, for methane upgrading
onanindustrial level?®. Towards this end, important progress has been
made recently by Jin et al. and other groups, who demonstrated the
efficacy of H,0, generated in situ for methanol synthesis?***~*, Under
lightirradiation, HO" radicals formed in situ over photocatalysts also
initiate effective methane conversion to methanol®*>*, Despite these
advancements, however, notable methane oxidation activities still rely
on external energies such as heat and illumination.

To conceive freshideas for designing thermal catalysts for meth-
ane oxidation, we once again draw inspiration from the MMO class
of enzymes. During the enzymatic process, a reductase or other
electron-donating cofactor partially reduces theiron or copper active
sites with the MMO, which subsequently interact with O, to create
active oxygen-containing species for selective methane oxidation**.
We postulate that regulating the chemical valence state of metal sites,
in particular to generate partially reduced metal centres, may be a
promising strategy that enables the oxidation potential of O, to be
harnessed under ambient conditions.

Polyoxometalates (POMs), such as phosphomolybdate (PMA;
[PMo,,0,,]*), are a group of inorganic polyatomic ion clusters with
numerous catalytic applications® . Keggin-structured PMA is a
globe-like cluster comprised of a central phosphate caged by twelve
interlinked MoO, units withmolybdenum (Mo) in ahigh oxidation state.
By immobilizing palladium (Pd) onto Mo-based POMs, we previously
observed the facile reduction of Mo by hydrogen spillover from Pd at
ambient temperature*°, Here we demonstrate that the Pd-supported
caesium-exchanged phosphomolybdate (Pd/CsPMA) catalyst offers
considerable activity for the aerobic oxidation of methane to methanol
atambient temperature. Although the as-prepared Pd/CsPMA catalyst
isinactive, after pretreatmentin H, the reduced catalyst (Pd/CsPMA-H)
converts methane and O, to methanol with ~100% selectivity and a
productivity of 67.4 pmol g, h™. The catalyst also produces methanol
from methane inamixed H,/methane/O, atmosphere. Insharp contrast
to previous studies where H,0,, HO" radicals and/or Pd sites are actively
involvedinthe C-H activation of methane*”, our mechanistic studies
strongly suggest that the activation of O, and methane for methanol
occursdirectly onthereduced PMA.

Results

Structural features and redox properties of P[d/CsPMA

The Pd/CsPMA catalyst was prepared by precipitating PMA anions
([PMo,,0,0,]*) with Cs*and Pd*" at subambient temperatures. The sepa-
rated yellow solids, as observed via scanning electron microscopy
and transmission electron microscopy, are spherical particles with a
size ranging from approximately 50 to 300 nm (Supplementary Figs.
land2). X-ray diffraction results suggest that the Pd/CsPMA material
has a cubic crystal structure that is distinct from those of MoO; and
PMA (Fig.1a). Fromintegrated differential phase contrast (iDPC) imag-
ing, the crystals are assembled from individual PMA units (Fig. 1b and
Supplementary Figs. 3-5), on the basis of which a structural model of
the Pd/CsPMA material was constructed (Supplementary Fig. 6). Pd/
CsPMA and PMA gave similar Raman spectra, suggesting the preserva-
tion of the anion structure during the catalyst synthesis (Fig. 1c). The
actual Pd loading of Pd/CsPMA was determined to be 0.23 wt%, using

inductively coupled plasma optical emission spectroscopy. The Pd
species aredistributed evenly on Pd/CsPMA, as shownin the high-angle
annular dark-field (HAADF) imaging results under scanning transmis-
sion electron microscopy (STEM) mode (Fig. 1d). X-ray photoelectron
spectroscopy (XPS) analysis (Fig. 1e) and in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) with nitric oxide
(NO) as the probe molecule (Fig. 1f) confirm that Pd exists as charged
Pd cations that are probably situated at the four-fold hollow sites of
PMA Dby replacing Cs*, asindicated in previous studies on single-atom
POM systems’®*,

When Pd/CsPMA was exposed to a flow of forming gas (5% H, in
molecular nitrogen (N,)) at room temperature (24 °C), arapid colour
change fromyellow to dark blue was observed within twenty minutes.
TheinsituH,-DRIFTS spectrum of Pd/CsPMA presents a notable peak
at >3200 cm™ for Pd/CsPMA (Supplementary Fig. 7), indicating the
formation of alarge amount of surface hydroxyl groups (-OH), which
is not the case for CsSPMA. This implies that Pd plays a crucial role in
dissociating H, into hydrogen atoms and transferring hydrogen spe-
cies from the noble metal sites to the support***. The hydrogen atoms
donate electrons to PMA and combine with PMA oxygen atoms to form
hydroxyl groups on the surface. In situ NO-DRIFTS analysis confirms
that the Pd species remain highly dispersed during H, treatment at
roomtemperature (Supplementary Fig. 8). We then prepared the Pd/
CsPMA-H material, by treating the unactivated Pd/CsPMA catalyst
under H, (4 bar) in water for 15 min. As shown in Fig. 1g, the colour of
the catalyst also changed from yellow (Pd/CsPMA) to dark blue (Pd/
CsPMA-H). Ultraviolet-visible (UV-visible) adsorption spectra of the
Pd/CsPMA-H suspension showed a clear decrease in the Mo(VI) signal
at 320-340 nm (Fig. 1h) and an increase in Mo(V) and Mo(lV) in the
range of 600-900 nm (Fig. 1hinset), illustrating the reduction of Mo by
hydrogen spillover***. As determined viaredox titration using acidified
FeCl, solution (Supplementary Fig. 9), each POM anion, on average,
accepts 8.4 electrons after 15 min of H, treatment, corroborating the
UV-visible adsorption datathat Mo(VI) was only partially reduced. Addi-
tional H, treatment does not increase the degree of hydrogen spillover.

The reduced Pd/CsPMA-H powder is readily re-oxidized when
exposedtoairatroomtemperature (represented as Pd/CsPMA-H-0), as
judged fromthe recovered yellowish colour and the UV-visible absorp-
tion results (Fig.1g,h). This highlights that the reduced Pd/CsPMA cata-
lyst canactivate O,at ambient temperature. Pd/CsPMA-H-O exhibits a
similar morphology and crystalline structure as well as characteristic
POM anion Raman peaks to those of pristine Pd/CsPMA (Supplemen-
tary Figs.1and 10 and Fig. 1a,c), which prove that the repeated reduc-
tion-oxidation steps do not change the structure of Pd/CsPMA, thus
hinting atits potential as a catalyst in redox reactions.

Catalytic performance in partial methane oxidation

The methane oxidationreactionwas carried out at room temperature
inanaqueous solution with methane and O, (ref. 46). The unactivated
Pd/CsPMA catalyst exhibited negligible methane conversion activ-
ity (Table 1, entry 1), and after the reaction the yellow colour of Pd/
CsPMA was maintained, indicating an unchanged oxidative state of
Mo (Supplementary Fig. 11). To validate that adding electrons to the
catalyst is conducive to the aerobic oxidation of methane, Pd/CsPMA
was first treated with H, 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 O, under identical conditions for 30 min,
we observed the conversion of methane with methanol as the sole
product (5.2 umol g, h™%; Table 1, entry 2). Shortening the reaction to
5min provided a proportionally increased methanol production rate
(28.8 umol g, h™), suggesting that Pd/CsPMA-H is only active in the
initial stage of the reaction (Table 1, entry 3). By adjusting the partial
pressures of methane and O,, it was possible to improve the metha-
nol productivity, with this metric rising to 67.4 pmol g.,. " h™ (Table 1,
entry 4). The colour of the spent catalyst changed to greenish yellow,
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Fig.1|Structure and redox properties of Pd/CsPMA. a, X-ray diffraction
spectra of Pd/CsPMA, Pd/CsPMA-H-O and the standard X-ray diffraction lines of
H;PMo,,0,, (PMA) and MoO,. PDF, powder diffraction file. b, Atomic resolution
iDPC-STEM image of Pd/CsPMA. ¢, Raman spectra of PMA, CsPMA, Pd/CsPMA and
Pd/CsPMA-H-O.d, HAADF-STEM image of Pd/CsPMA. e, Experimental and fitting
results of the Pd 3d XPS spectrum of Pd/CsPMA. f, In situ NO-DRIFTS spectra of

Wavelength (nm)

CsPMA, Pd/CsPMA and commercially available 1 wt% Pd/Al,O;. g, The reversible
reduction/oxidation of Pd/CsPMA at room temperature (RT). h, UV-visible
absorption spectra of suspensions of Pd/CsPMA, Pd/CsPMA-H and Pd/CsPMA-
H-O. The catalyst suspensions (10 mg/2.0 ml water) were diluted with degassed
water ataratio of 1/50 and 1/10 (shown in the inset) for the measurement.

suggesting thatit wasre-oxidized by O, during the course of the reaction
(Supplementary Fig.11). These results highlight two important findings.
First, the H,-reduced Pd/CsPMA catalyst selectively transforms meth-
aneand O, into methanol at room temperature. Second, Pd/CsPMA-H

does not maintain its reduced state under an oxidizing atmosphere,
and thus quickly losesits initial activity. To quantitatively establish the
relationship between the degree of reduction of Pd/CsPMA and the
methane oxidation activity, we performed H, treatments with varying
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Table 1| Oxidation of methane to methanol using the Pd/CsPMA catalyst

Entry Conditions (humbers in parentheses denote  Methanol production Methanol Specific activity Colour after
the gas pressure (bar)) (umolg,..'h™) selectivity (%) (mmolg;'h™) reaction

1 Single step: CH,(10)+0,(1), 30 min 0 N/A 0 Yellow

2 Step 1: Hy(4). 5.2 100.0 2.3 Yellow
Step 2: CH,(10)+0,(1), 30min

3 Step 1: Hy(4). 28.8 100.0 12.5 Green
Step 2: CH,(10)+0,(1), 5min

4 Step 1: H,(4). 67.4 100.0 29.3 Green
Step 2: CH,(20)+0,(0.3), 5min

5 Single step: CH,(10)+H,(4)+0,(0.3), 30 min 28.5 100.0 12.4 Dark blue

6 Step 1: Hy(1). 181 74.0 79 Dark blue
Step 2: CH,(20)+H,(1)+0,(0.4), 8h

7 Single step: CH,(10) +H,0,, 30 min 0 N/A 0 Yellow

8 Step 1: Hy(4). 42.2 100.0 18.4 Green
Step 2: ascorbic acid, CH,(10)+0,(1), 5min

9 Step 1: Hy(4). 48.0 100.0 20.9 Blue

Step 2: Na,S, CH,(10)+0,(1), 5min

Reaction conditions: D,0O (2.0 ml), catalyst (10mg), 800r.p.m., room temperature. For entry 1, CH, (10bar), O, (1bar) and N, (9 bar) were applied. For entries 2, 3, 8 and 9, the catalyst was treated
with H, (4bar) for 15min at room temperature before running the reaction under the same conditions. For entry 6, the catalyst was pretreated with H, (1bar) for 18 min instead. For entry 4, CH,
(20bar) was used. For entry 5, CH, (10bar), H, (4bar) and O, (0.3 bar) balanced with N, (25.7bar) were applied. For entry 7, the solvent used was H,O instead of D,O, with the addition of H,O,
(400 pmol). For entries 8 and 9, ascorbic acid (1pmol) and Na,S (1pmol) were added, respectively, after H, pretreatment but before charging with CH, and O,.

durations and H, pressures to produce reduced Pd/CsPMA samples
with different degrees of reduction. These samples were then used for
methane oxidation tests (CH, (10 bar), 0, (0.3 bar), N, (2.7 bar), 15 min
reaction). The performance dataindicate that aminimum reduction of
five electrons per PMA moleculeis necessary for Pd/CsPMA to be active
(Supplementary Fig.12). Concurrently, we observed a sigmoid-like
relationship between the accumulated methanol productivity and the
initial degree of reduction, witha prominentincrease in methanol yield
for PMA samples pre-reduced with five or six electrons. Although each
PMA molecule can be reduced by approximately nine electrons using
H,, further reduction with an electron number greater than seven does
notlead to anincrease in the methanol yield.

Despite the encouraging outcomes, the oxidative atmosphere
results in the rapid deactivation of active sites, which leads to a low
ratio between the methanol produced (0.02 umol) and the exposed
PMA (0.55 umol), of roughly 4%. To sustain areduced catalyst state, we
then carried out the methane oxidation reaction using anon-explosive
gas mixture of H,, O,, methane and N, so that H, pretreatment was no
longer applied. Under an optimized H,/O, ratio, Pd/CsPMA presents a
methanol productivity of 28.5 umol g_,. h™ (corresponding toanoble
metal specific productivity of 12.4 mmol g4 h™), again with methanol
astheonlyliquid product detected together with negligible gas-phase
productina30 minreaction(Table1, entry5). Theactivity and selectiv-
ity compare favourably with most reported noble-metal-containing
catalysts for the thermal aerobic oxidation of methane to methanol at
roomtemperature (Supplementary Table1). Interestingly, we observed
that, in a typical 30 min reaction, the reaction proceeds at a higher
rate during the second 15 min compared with the first, probably due
to aninduction period required to form the reduced catalyst that is
active for methane oxidation (Supplementary Fig. 13). The H,/CH,,
ratio remained almost constant during the reaction, suggesting that
H,is not preferentially consumed by O, compared with methane (Sup-
plementary Table 2).

The production of methanol did not show any further increase
whenthereaction time was extended from 30 to 60 min, probably due
to the over-reduction of the catalyst (>7.5-8 electrons per PMA; Sup-
plementary Fig.13). To maintain the catalyst activity for alonger dura-
tion, Pd/CsPMA was first partially reduced with H, and then exposed
to a mixture of methane, H, and O,, with the H,/O, ratio adjusted to

stabilizethe PMA ataroundasix-electronreduced state (Supplementary
Fig.14). To our delight, methane was oxidized continuously to organic
oxygenates for 8 h, resulting ina total methanol yield of 1.45 pmol and
formic acid as the secondary product (Table 1, entry 6).

Xiao and colleagues previously reported” the selective oxidation
of methane with H, and O, using AuPd alloy nanoparticles confined
in a zeolite support. In that case, H,0, was produced locally, which
then acted as the oxidant for methane oxidation. By contrast, H,0, is
unlikely to be the key oxidantin our system since no H,0, was detected
when supplying a mixture of H, and O, over the catalyst (detection
limit, 0.5 ppm; Supplementary Fig. 15). In addition, when external
H,0, was added, no methanol was detected after 30 min despite 54%
of the H,0, being decomposed (Table 1, entry 7, and Supplementary
Table 3). Methanol was produced only when H,0, was used together
with H, (Supplementary Table 3), although the best activity (that is,
14.4 pmol g, h™) was still not as high as the case when H,and O, are
supplied. Molecular oxygen works better as an oxidant than H,0,in our
case, possibly because, as aweaker oxidant, O, enables the catalyst to
maintain the desired reduced state under H,.

Methane oxidation was carried out under various partial pressures
(P) of methane, H, and O,. The reaction is first order with respect to
methanein the range of 0-15 bar (Fig. 2a), indicating that methane acti-
vation participatesin therate-determining step. By contrast, the metha-
nolyield as a function of the H,/O, ratio follows a volcano-type curve,
with the optimal pressure of H, being 4 bar and that of O, at 0.3 bar
(Fig. 2b). A threshold H, partial pressure of 2 bar must be reached to
create a state with a sufficient degree of Mo reduction for C-H bond
activation. When O, was eliminated from the reaction system, only a
trace amount of methanol was detected (2.0 pmol g.,, " h™), probably
duetotheresidual O,inwater.

Several control catalyst samples were studied to confirm the criti-
cal role of reduced Mo species as catalytically active sites. CSPMA,
Rh/CsPMA and Pt/CsPMA, which showed no reduction of PMA by H,
at room temperature, exhibited no methanol productivity (Fig. 2c).
Rh/CsPMA and Pt/CsPMA were then pretreated with H, at elevated
temperature (50 °Cand 100 °C, respectively). After the pretreatment,
both catalysts turned dark blue, signalling Mo reduction, and in the
following step both catalysts produced methanol from methane and
0, at room temperature (Supplementary Table 4). When PMA was
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Fig.2|Parameter-activity correlations and recycling tests for methane
oxidation. Reaction conditions (unless otherwise specified): catalyst (10 mg)
inD,0 (2.0 ml), H, (4 bar), 0, (0.3 bar), CH, (10 bar) balanced with N, (25.7 bar),
room temperature, 30 min. a, Methanol productivity under various methane
partial pressures using Pd/CsPMA. 2, coefficient of determination. b, Methanol
productivity under various partial pressures of H,and O,. ¢, Methanol
productivity for different POM-based catalysts. The loading of noble metals
onthesupported catalysts is around 0.25 wt%. The insets label the states of the
catalysts during the reaction. Only Pd/CsPMA presents hydrogen spillover with
H, (shown by ablue cluster), while the others stay in an oxidized state (shown by
ayellow cluster). d, Methanol productivity using several traditional catalysts. For

1wt% Pd/MoO;-H and 1 wt% Pd/WO;-H, the impregnated samples are treated with
5% H,/N, forming gas at 300 °C. For MoO,, O, (1 bar), CH, (10 bar) and N, (9 bar)
were supplied without the addition of H,. e, Poisoning tests using BzM to block
the Pd sites (the reaction conditions are the same as annotated in Table 1, entry 3).
BzM dissolved in ethanol was added into the reaction mixture before (left bar) or
after (right bar) H, treatment (BzM:Pd = 2:1). For the control experiment without
BzM (middle bar), the same amount of ethanol solvent was added after H,
pretreatment before methane conversion. f, Recyclability testing of Pd/CsPMA
for methane oxidation with O, and H, (reaction conditions: H, (2 bar), 0, (0.3 bar),
CH, (10 bar), 30 min).

replaced with phosphotungstate (PTA), Pd/CsPTA also did not show any
methane activation under the same conditions (Fig. 2c and Supplemen-
tary Fig. 7). Furthermore, Rb* and NH," were also used to precipitate
PMA alongside Cs*, giving Pd/RbPMA and Pd/NPMA, respectively. The
as-formed Pd/RbPMA and Pd/NPMA, after H, reduction, presented
similar methanol productivity values to Pd/CsPMA. This suggests that
the cationsinthe catalysts do not largely affect the methane activation
performance (Supplementary Fig. 16). To explore whether or not our
finding, thatis, H,-reduced Mo in Pd/CsPMA readily converts methane
and O, tomethanol, is generalizable,1 wt% Pd/MoO,,1wt% Pd/WO; and
10 wt% Pd/C were evaluated under our methane oxidation conditions
(Fig. 2d and Supplementary Table 5). The H,-pretreated 1 wt% Pd/
MoO;-H indeed exhibited amethanol productivity of 14.4 pmol g, h™
for a5 min reaction, whereas the other two catalysts were inactive.
Interestingly, MoO,, with Mo(IV) as the only Mo species, showed no

methane activation properties with O,. The above results indicate
that Pd canbe substituted by other metals such as Pt or Rhto facilitate
PMA reduction with H,, and partially reduced Mo species are critical
for methane activation with O,.

Methanol formation pathway on reduced PMA: experimental
evidence

Since the radical mechanism is one of the mainstream mechanisms to
activatethemethane C-Hbondinaqueoussolution, electron paramag-
neticresonance (EPR) experiments using 5,5-dimethyl-1-pyrroline N-oxide
radical trapping agent were carried out to determine the presence of
reactive oxygen species (Supplementary Fig.17)"". The appearance of
characteristic quadruple peaks (1:2:2:1) for an H,0, aqueous solution
indicates trapped HO radicals, and triplet peaks was observed for an
aqueous suspension of pristine Pd/CsPMA, probably coming from the
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oxidative dimerization of 5,5-dimethyl-1-pyrroline N-oxide (ref. 48).
However, these are the cases for which no methanol productivity was
observed. By contrast, for the H,-pretreated Pd/CsPMA-H catalyst, no simi-
lar signals were detected. To provide further evidence that HO" radicals do
notoperateinour system, methane oxidation reactions were carried out
over the Pd/CsPMA-H catalystin the presence of HO  radical scavengers
(thatis, ascorbicacid or Na,S) (Table 1, entries 8 and 9, respectively). For
the reactions that included either ascorbic acid or Na,S, the methanol
productivity of the Pd/CsPMA-H catalyst did not decrease but instead
increased to 42.2 and 48.0 pmol g, ' h™, respectively, compared with
28.8 pmol g, ' hwithout the scavengers. This suggests that methane is
notactivated by free HO' intermediates. The increased productivity may
beascribedtothe elongated lifetime for reduced PMA speciesunder O,,
duetothe reductive nature of the scavengers.

To further rule out the role of Pd in C-H activation, selective poi-
soning tests were conducted by adding benzyl mercaptan (BzM). BzM
binds strongly with Pd, thus preventing Pd-reactant interactions (Fig.
3aand Supplementary Fig. 18)*°. As expected, after introducing two
equivalents of BzM (relative to Pd) to block Pd in Pd/CsPMA before H,
treatment, PMA was unable to be reduced to enable methane oxida-
tion (BzM-H,-CH,/0, in Fig. 2e). By contrast, when the same amount
of BzZMwas added to pre-reduced Pd/CsPMA-H catalyst (H,-BzM-CH,/
0, in Fig. 2e), the methanol productivity mimicked the performance
without BzM (H,-CH,/O,in Fig. 2e). This experiment, together with the
earlier presented fact that reduced Rh/CsPMA and Pt/CsPMA are also
activein the oxidation of methane to methanol at room temperature,
provide compelling evidence that methane activation proceeds not
onPdsites butonreduced PMA.

The reduced catalyst Pd/CsPMA-H has considerable solubility in
water, probably due to the strong interaction between spilt H-induced
surface hydroxyl groups and water molecules*>*°. This provides an
opportunity to determine whether methanol formation requires an
extended surface or individual PMA anions. Hence, a H,-reduced Pd/
CsPMA-H aqueous suspension was separated via ultrafiltration cen-
trifugation (nominal molecular weight limit, 10 kDa) and evaluated
in methane oxidation. The resulting solution and solid residue were
both found to offer activity (Supplementary Fig. 19), suggesting that
H,-reduced PMA provides the active sites for methane conversion,
regardless of whether in solution or the solid phase.

Toenable catalyst recycling, the spent reaction solution was first
re-oxidized using O, (1 bar) at room temperature, followed by the addi-
tion of the Cs*salt as a precipitationagent. Over 99% of the Pd/CsPMA
catalyst can be regenerated (Supplementary Table 6). A reductive
atmosphere (H, (2 bar), O, (0.3 bar) and CH,, (10 bar) diluted with N,
toatotal pressure of 40 bar) was used for the reaction sessions during
successive recycling tests to ensure the sufficient activation of Mo in
each cycle. No loss in methanol formation activity was observed over
five successive reactions (Fig. 2f); furthermore, the recovered catalyst
(after five cycles) exhibited an identical X-ray diffraction pattern to
the fresh catalyst (Supplementary Fig. 20), indicating that the PMA
structure remained intact during recycling.

Inview of the important role of reduced PMA on methane activa-
tion, we investigated the coordination structure around Mo before
and after hydrogen reduction via pseudo in situ EPR. As expected, no
signal was detected for Pd/CsPMA before H, treatment since the Mo
species exist predominantly as Mo(VI), which is EPR-inactive (Sup-
plementary Fig. 21)°". When measured under a H, atmosphere, Pd/
CsPMA-H exhibits a broad, featureless EPR spectrum centred ata g
value of approximately 1.93 (Fig. 3a), which can be ascribed to the
emergence of Mo(V) species®>****. The unresolved hyperfine splitting
and the asymmetric lineshape, which almost resemble a broad iso-
tropicline, pointtoaMo(V) centre with six oxygen atoms at close bond
lengths where free movement or rotation is relatively unhindered™.
Afterwards, the EPR tube containing Pd/CsPMA-H was vacuumized
and purged with N, (denoted as Pd/CsPMA-H,-N,). This treatment

resulted in an anisotropic EPR spectrum with a much narrower line-
shape and resolution of the splitting that arises from the hyperfine
interaction of the unpaired electron in Mo(V) with the Mo and “"Mo
nuclei, both with a nuclear spin of /=5/2 and a combined natural
abundance of 25.5%. This spectral change implies a large extent of
anisotropic distortion of the MoO, polyhedraafter reduction (Fig. 3a).
The spectrum of the reduced sample was further fitted with gand A
eigenframes, which are considered collinear, on the basis of previ-
ous work and theoretical considerations®’, Based on simulation
results (Fig. 3b, Supplementary Fig. 22 and Supplementary Table 7),
the spectrum consists of the signals of three Mo(V) components,
with the dominant one containing an oxygen vacancy on the bridge
site of two MoO, polyhedra, signified as F (g, =1.954-1.955, g, =1.857,
weight = 62%) (Supplementary Fig. 23)°*¢", The remaining signals
originate from pentacoordinated Mo(V) without molybdenyl oxygen
(structure C) and the hexacoordinated Mo(V) centre (structure A)**°.
Although the results cannot give information on EPR-silent, deep
reduced Mo(IV) species, the insights about Mo(V) already provide
knowledge onthe largely weakened Mo-0O bonds and the tendency for
oxygen deficiency around Mo centres under the reduced state that may
facilitate interactions with oxygen or methane molecules.

When Pd/CsPMA-H was exposed to CH, and then analysed via EPR
(Fig. 3a, pink trace), the spectrum exhibited a similar pattern to Pd/
CsPMA-H,-N, (light blue trace), whichiillustrates that the reduced Mo
doesnot coordinate directly with methane molecules. However, when
Pd/CsPMA-H was exposed to air, the EPR signals disappeared rapidly
(purple and orange traces). Fully consistent with the EPR data, in situ
Raman experiments reveal that Mo-0O,~Mo and Mo-O_.-Mo are sub-
stantially weakened by H, reduction, whichisrecovered after treatment
with O, (Supplementary Fig. 24). On the basis of these results, we posit
that the MoO, sites with oxygen vacancies first activate O,, creating
active surface oxygen to then enable C-H activation by abstracting a
hydrogen atom from methane.

To confirm that O, fills the as-formed oxygen vacancies, we
designed isotope labelling experiments using %0, and H,"®0 for
methane oxidation reactions (Fig. 3c). For the standard methanol
solution (leftmost trace) and methanol produced from methane in
the presence of H,*0 and '°0, (left-middle trace), two major peaks
appear, at [CH,'*0]" (mass-to-charge ratio (m/z) = 31) and [CH"O]"
(m/z=29). When®0, was used as the oxidant (right-middle trace), the
two peaks shifted to m/z =33 and m/z =31, respectively, confirming that
180-labelled methanol (CH,;®*0H) is the predominant product. In the
case where H,'®*0 was used to replace normal water as the solvent (right-
mosttrace), noincreasein the m/zvalue was observed, indicating that
oxygen in water is not the source of oxygen for methanol formation.
These results demonstrate that the oxygen in the methanol product
comes from O,, consistent with our proposed mechanismin which O,
fills the oxygen vacancies and is then incorporated into methane to
form methanol, accompanied by O-0O dissociation.

Theoretical insights into the formation of methanol over Pd/
CsPMA-H

Density functional theory (DFT) calculations were performed to further
verify the potential mechanisms for methane activation and methanol
formation over the Pd/CsPMA-H catalyst (Fig. 4 and Supplementary
Fig. 25). Considering that the donation of the electron by Cs is also simi-
larly provided by spilled hydrogen and Cs* does not directly participate
in methane activation, the Pd/PMA cluster (I) was constructed as the
computational model. For the creation of active sites, calculations show
that H, activation (II) occurs heterolytically over the Pd single-atom
sitewith arelatively low barrier of 0.40 eVin terms of the enthalpy (H),
resultinginaspecies witha hydroxyl group and PdH (intermediate III).
Subsequently, hydrogen spillover to two neighbouring oxygen sites
is thermodynamically favourable (intermediate IV), followed by H,0
generation with aslightly higher barrier of 0.50 eV (intermediate V). On
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Fig. 3| Experimental insights into the methane oxidation mechanism over
Pd/CsPMA-H. a, Pseudo in situ EPR spectra of the Pd/CsPMA catalyst after
treatment with different gases for different times. The label ‘air’ indicates the
removal of the cover of the EPR tube and allowing the air to diffuse towards the
catalyst at the bottom of the EPR tube. b, Experimental (exp) and simulated (sim)
EPR spectra of the Pd/CsPMA-H solid under N,. The simulated spectra of the
individual species are presented (left) with the corresponding g values, weights

and local structures (right). Atom colour code: O, red; H, light grey; Mo(VI),
yellow; Mo(V), blue. r, Pearson correlation coefficient. ¢, Gas chromatography-
mass spectrometry chromatograms of the extracted fragment ions (m/z=29, 31
and 33) of methanol inastandard solution or produced from the partial oxidation
of methane over Pd/CsPMA-H with 10, + H,'°0, 80, + H,!*0 and 0, + H,'®0,
respectively. The highlighted region 0f12.9-13.2 min indicates the retention time
of methanol.

formation, the H,0 species remains adsorbed, bridging two Mo sites,
and subsequently desorbs to the gas phase to create an oxygen vacancy
that is energetically uphill by 0.81 eV in Hbut 0.27 eV in terms of the
Gibbs free energy (G) (intermediate VI). Bader charge extrapolation
was carried out, with the results showing that the oxidation state of one
of the Mo atoms adjacent to the bridge oxygen vacancy is EPR-active
Mo(V), corresponding well with the EPR results (Supplementary
Fig.26). Thelattice oxygen vacancy in the bridging oxygensiteis unre-
active towards methane but can readily adsorb O, from the gas phase,
with an adsorption energy of -0.14 eV and 0.46 eV in terms of Hand
G, respectively (intermediate VII). In this adsorbed state, one oxygen
atom from O, is situated in the lattice oxygen position, while the second
oxygen extends away from the surface and does not chemically bond
withit. The 0-O bond length of the adsorbed species is also elongated
from the DFT gas-phase length of 1.23 A to 1.32 A, suggesting that the

0, has become highly activated and could be reactive to methane. In
accordance with this expectation, C-Hbond activation on the adsorbed
0O,occurswithabarrier of 0.61 eV to forman O,H species and amethyl
radical (intermediates VIII and IX). Subsequently, the methyl radical
can be captured by the same O,H species via a rebound adsorption
mechanism with a negligible barrier to form methanol, simultane-
ously cleaving the O-O bond and regenerating the lattice oxygen site
(intermediate X). Considering the degree of reduction observed experi-
mentally, we also mapped the reaction pathway witha POM containing
eight adsorbed hydrogen species being reduced by eight electrons
(Supplementary Figs. 27-29 and Supplementary Note 1). The profile
shows that areduced state of the POM favours H,O desorptionand O,
adsorption, that is, the formation of active sites, without noticeably
elevating the C-H activation barrier, which explains the surge in the
methane activation performance over areduced POM.
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Fig. 4| Proposed mechanism for methane activation and methanol formation
from DFT calculations. a,b, The reaction intermediates (a) and the reaction
profiles for both the enthalpy () and the Gibbs free energy (G) (b). The reaction
proceedsinitially via H, activation and diffusion (intermediates I-1V), followed
by vacancy formation and O, adsorption (intermediates V-VII), then methane
activation (intermediates VIII and IX) and methanol formation (intermediate X).
Atom colour code: Mo, yellow; Pd, purple; O, red; C, dark grey; H, light grey. TS,
transition state.

Inthis mechanism, methane activationis enabled by the formation
ofactivated O, species that result from hydrogen spillover and vacancy
formation. Therate-limiting step is C-H activation, in agreement with
the experimentally observed first-order kinetics for methane. We also
find that this mechanism agrees with the volcano-type curve for the
H,/0, ratio, as a balance must be struck to ensure the survival of the
activated O, species (intermediate VI). An overabundance of gaseous
O, will react with hydroxyl groups and prevent vacancy formation,
whereas an overabundance of H, will probably react with the adsorbed
0, beforeit canactivate the methane. The mechanismwas calculated
on oxygen/vacancy sites that are non-adjacent to Pd, indicating that
the presence of Pd was not required for methanol formation beyond
theinitial H, activation step, inaccordance with the poisoning studies.
Alternative mechanisms were also considered but were found to be
unfavourable or inconsistent with experimental observations (Sup-
plementary Figs. 30-32 and Supplementary Note 2).

Conclusions

In summary, we report a Pd-immobilized CsPMA catalyst with
H,-reduced Mosites for the aerobic oxidation of methane to methanol,
with the entire process operated at ambient temperature. Under the
optimum conditions the catalyst achieved a methanol productivity
0f29.3 mmol g4 h™ or 67.4 pmol g, h™ with nearly 100% selectiv-
ity at room temperature. Partially reduced Mo on PMA bears oxygen
vacancies at the bridge sites, which readily activate O, via a refilling
mechanism, creating active oxygen for hydrogen-atom abstraction
from methane. Pd enables H, activation and PMA reduction, but does
not participate in methane conversion. These findings provide a system
for the selective synthesis of methanol from methane using O, as the
oxidant and H, as the activating agent at ambient temperature, without
the use of an external energy source (for example, light or electricity).
Fromamechanistic perspective, the Mo centreinits partially reduced
stateis found to be critical for an oxidation reaction to generate active
oxygen species from O,, which extends our understanding of typical
catalytic oxidation processes.

Methods

Sample preparation

Phosphomolybdicacid hydrate (PMA hydrate; H,PMo,,0,,-xH,0), phos-
photungstic acid hydrate (PTA hydrate; H;PW,,0,,-xH,0), palladium(lI)
nitrate hydrate (Pd(NO;),-xH,0, -40% Pd basis), rhodium(lll) trinitrate
hydrate (Rh(NO;);-xH,0, -36% Rh basis), H,0, (35%) and dimethyl sul-
foxide (DMSO; anhydrous, >99.9%) were obtained from Sigma-Aldrich.
Platinum(lV) nitrate solution (15% Pt basis) was obtained from Alfa
Aesar. Deuterium oxide (D,0; D, 99.9%) was obtained from Cambridge
Isotope Laboratories. All the chemicals were used without further
treatment. A co-precipitation method was adopted for the synthesis
of different samples. Taking Pd/CsPMA as an example, PMA hydrate
(1.5 g) was dissolved in ultrapure water (30 ml) acidified with two drops
of concentrated HNO, (65-68%) to obtain the heteropoly acid solution.
The cation stock solution was prepared by adding CsNO; (390 mg)
and Pd(NO,),'xH,0 (28 mg) to ultrapure water (30 ml) with two drops
of concentrated HNO,. Afterwards, the cation solution containing
Cs"and Pd** was added dropwise into the ice-bathed heteropoly acid
solution (at 0 °C) atarate ofaround 1 ml min™ under rigorousstirring,
during which the yellow precipitate appeared gradually. Stirring of the
mixed suspension was continued for another 5 h at 0 °C, followed by
centrifugationto separate the solid. The solid was washed further with
ultrapure water three times, dried using a freeze-dryer, and carefully
ground for use. To obtain the POM without Pd, the cation solution con-
tained only Cs* for the precipitation of [PMo,,0,,]*>". As for Pd/CsPTA,
PTA hydrate (2.16 g) was used as the POM precursor instead, while the
amount of PA(NO,), hydrate was adjusted to 8.6 mg.

Characterization

A field-emission scanning electron microscope (Hitachi, SUS010)
and a transmission electron microscope (Thermo Fisher Scientific,
Talos F200S) were employed to observe the morphology and crys-
tallinity of the catalyst. HAADF and iDPC imaging were carried out
using an aberration-corrected scanning transmission electron micro-
scope (AC-STEM; Thermo Fisher Scientific, Themis Z) to observe the
atomicarrangementin the crystalline catalyst. An X-ray diffractometer
(Rigaku, MiniFlex 600) with Cu Kal radiation was used to determine
the phase structure. The surface area of the sample was determined
using the Brunauer-Emmett-Teller method. Raman spectroscopy
(Horiba, LabRAM HR Evolution) was performed with an excitation laser
wavelength of 532 nmto reflect the structure of POM.

XPS (Thermo Fisher Scientific, ESCALAB250Xi) was adopted to
characterize the oxidation states of the elements. UV-visible absorption
spectroscopy (Hitachi, UH5300) was used to probe the chemical state
of Mo of the catalyst in water. EPR (Bruker, model A300) spectra were
acquired at the X band for the detection of radicals and excited species
insuspensions and paramagnetic metal species in powder samples (that
is,Mo(V)).For pseudoinsitu EPR, the quartz tube containing the sample
wasfilled with aspecific gas and sealed in aglove box, followed by spectral
acquisition. Toreplace theatmosphere, the EPR tube was vacuumized and
purged with the aim gas three times. The simulation of EPR spectra was
carried out using the EasySpintoolbox runningin MatlabR2020b (ref. 62).

DRIFTS experiments were carried out using an Fourier transform
infrared spectrometer (Thermo Fisher Scientific, Nicolet iS50) with
amercury cadmium telluride detector working at liquid nitrogen
temperature. The catalysts were loaded and smoothed in an in situ
DRIFTS cell with a zinc selenide window. All spectra were recorded in
terms of their absorbance ataresolution of 4 cm™with 64 scans atroom
temperature and atmospheric pressure. The background was initially
obtained under a flow of N, at 40 ml min until the spectrum become
steady. ForinsituNO-DRIFTS experiments, 1% NO/Ar was subsequently
introduced atarate of 40 ml min~for 10 min, while DRIFT spectrawere
collectedinthe meantime. For H,-DRIFTS experiments, purified H, was
purged at arate of 40 ml min™for 10 min, followed by N, sweeping for
another 10 min before the stabilized spectrawere recorded.
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Performance evaluation
The performance of partial methane oxidation was tested using a
stainless-steel autoclave equipped with a 10 ml glass vial liner. For a
typical procedure, 10 mg of the catalyst was dispersed in D,0O (2.0 ml)
intheglass vial. Then the catalyst suspension was exposed to amixture
of methane and O, (where the partial pressures are 10 bar and 1 bar,
respectively). The dispersed catalyst was first stirred at 800 revolu-
tions per minute (r.p.m.) under H, (4 bar) for 15 minto reach a sufficient
hydrogen-spillover state. For running the methane oxidation reaction
with aH, cofeed, the autoclave was pressurized with the reactant gases
(H,, 0,and methane) balanced withinert gas (N,and Ar). Then the liquid
mixture was stirred at 800 r.p.m. at a specific temperature for 30 min.
When H,0, was used as the oxidant, the solvent used was ultrapure
water (2.0 ml) (with aspecificamount of H,0,). The autoclave was then
filled with methane (10 bar) without H, and O,. After the reaction, the
gases in the autoclave were collected using a gas sampling bag and
analysed using a gas chromatograph (Agilent, 7890B) with Porapak-Q
and molecular sieve 5A columns and a thermal conductivity detector
using helium as the carrier gas. The oxygenated productsin the liquid
solution were detected and quantified using '"H NMR spectroscopy
(400 MHz, Bruker). For D,0-based experiments, the sample (1.0 ml)
was mixed with D,0 solution (50 pl) containing DMSO (0.50 pmol),
whichactsastheinternal standard. For samples with H,0 as the solvent,
thesample (1.0 ml), D,0 (0.15 ml) and the same DMSO solution (50 pl)
were mixed thoroughly, placedinan NMR tube and then detected under
water-suppression mode.

For stability testing, Pd/CsPMA (10 mg) was dispersed in D,0
(2.0 ml) and first treated with H, (1 bar) in the autoclave for 18 min, after
which the catalyst was exposed to a mixture of H, (1 bar), O, (0.4 bar), N,
(28.6 bar) and CH, (20 bar) and then stirred for 1-8 h for the reaction.

For the recycling tests, Pd/CsPMA (10 mg) was dispersed in D,0
(2.0 ml) and exposedto the reaction atmosphere (H, (2 bar), 0, (0.3 bar)
and CH, (10 bar) balanced with N, (25.7 bar)) at room temperature for
30 min. Then a 200 pl aliquot of the reaction mixture was extracted,
which was mixed with D,0 (400 pl) containing DMSO (0.25 pmol) for
the 'H NMR test. The remaining suspension with the reduced cata-
lyst was treated with a mixture of O, (1bar) and N, (9 bar) for 30 min,
followed by the addition of CsNO, (5 mg) to fully precipitate the dis-
solved PMA. The solid was centrifuged to separate it from the liquid.
Thereafter, asuitable amount of D,0 was added to maintain the same
concentration of Pd/CsPMA in the solution as that of the first run. The
mixture was then used for the methane oxidation reaction under the
same reaction conditions, followed by the same recycling procedure.

For the 0 isotope labelling experiments, Pd/CsPMA (10 mg)
was dispersed in H,0 (2.0 ml) and first pretreated with H, (1 bar) for
18 min, followed by purging with N, three times. Then, H, (1 bar), *°0,
or #0, (0.4 bar), N, (18.6 bar) and CH, (30 bar) were introduced and
reacted for 1 h. Afterwards, the reaction mixture was purged further
with N, three times, after which °0, or *0, (0.2 bar) balanced with N,
wasintroduced and stirred for 30 minto reoxidize the catalyst, so that
the catalyst can be separated from the solution. The supernatant was
then analysed using off-line gas chromatography-mass spectrometry
(Agilent 7890A/5975C GC/MSD system). An HP-INNOWax columnwas
used for measuring the water-containing sample.

DFT calculations

DFT calculations were performed with using the Vienna ab initio simu-
lation package®*®*. The Perdew-Burke-Ernzerhof functional form of
the generalized-gradient approximation for electron exchange and
correlation energies was used®. Spin polarization was considered for
all calculations. The projector-augmented wave method was used to
describe the electron-core interaction with akinetic energy cutoff of
450 eV (refs. 63,66). A cubic cell with cell lengths of 20 A was used to
ensure asufficient distance between the images. Geometry optimiza-
tions were performed toaforce convergence of 0.02 eV A™.. Transition

states were obtained using the nudged elastic band®” method using a
force convergence criterion of 0.05eV A™.

Data availability
Alldataare available from the authors upon reasonable request. Source
data are provided with this paper.
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