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The oxidation of methane to value-added chemicals provides an

opportunity to use this abundant feedstock for sustainable petrochemistry.
Unfortunately, such technologies remaininsufficiently competitive due to
apoor selectivity and alow yield rate for target products. Here we show a
photon-phonon-driven cascade reaction that allows for methane conversion
to formaldehyde with an unprecedented productivity of 401.5 pumol h™*
(or40,150 pmol g h™) and a high selectivity of 90.4% at 150 °C. Specifically,
with aZnO catalyst decorated with single Ruatoms, methane first reacts
with water to selectively produce methyl hydroperoxide via photocatalysis,
followed by athermodecomposition step yielding formaldehyde. Single
Ruatoms, serving as electron acceptors, improve charge separation and
promote oxygen reduction in photocatalysis. This reaction route with
minimized energy consumption and high efficiency suggests a promising
pathway for the sustainable transformation of light alkanes.

Methane, the primary constituent of shale gas/methane hydrate, is
abundanton Earth. Its transformationinto high-value liquid chemicals
andfuels throughalow-carbon process represents a promising pathway
for the economic maximization of fossil feedstocks and for substantial
reductions in greenhouse gas emissions'. As a high-volume derivative of
methane, formaldehyde (HCHO) isacrucial precursorin the production
of industrial resins and plastics. It is also instrumental in applications
within the textile and pharmaceutical industries. The currentindustrial
process is an indirect one, necessitating initial steam reforming of
methane at high temperatures and under high pressure to produce
synthesis gas. The synthesis gas proceeds to produce methanol, which
isfurther oxidized to HCHO over silver-based oriron-molybdate-based
catalysts at temperatures around 350 °C (Supplementary Fig.1)’. More
than 30% of methanol consumption results from HCHO production
via this process**. Nevertheless, this multi-step process is inherently
energy-consuming and is economically feasible only on a large scale,
whichisimpractical for localized and/or on-site applications, such as

those necessary for preventing flaring of off-gas in remote oil extrac-
tion facilities.

Direct oxidation of methane into HCHO, bypassing the syn-
thesis gas and methanol oxidation stages, could make the process
eco-friendlier and more efficient. Nonetheless, due to the chemical
inertness and high binding energy of the C-H bond (439 k) mol™),
the thermal activation of methane over molybdenum-oxide-based,
vanadium-oxide-based and other metal-oxide-based catalysts as well
as phosphate-based catalysts requires temperatures exceeding 500 °C
(refs. 5-8). This, unfortunately, leads to the overoxidation of HCHO to
CO and CO,, which results in a selectivity of HCHO down to less than
65% (refs.9-11). Photocatalysis, using photons as an energy source, can
activate and convert methane to oxygenates or hydrocarbons under
mild conditions. Recently, methane has been upgraded to HCHO via
photocatalysis by various metal oxide semiconductors, such as TiO,,
Zn0, WO,, In,0; and BiVO, (refs. 12-16). A high selectivity of ~90%
was achieved over bi-phase TiO,, Au-modified In,0; and single-atom
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Fig.1|HCHO production from methane oxidation by photon-phonon-driven
cascade catalysis. a, The production rate of methane oxidation products

over different cocatalyst-loaded ZnO species and their selectivity to HCHO
operated at150 °C. b, Influence of reaction temperatures on the production

rate and selectivity of HCHO over 0.5Ru-ZnO. The following reaction conditions
were used: 10 mg photocatalyst, 180 ml water, 20 bar CH,, 1 bar O,,365 nm LED
(75 mW cm?, illumination area of 12.56 cm?), 1 h reaction. ¢, The effect of O,
partial pressure on the reaction over 0.5Ru-ZnO with a fixed CH, pressure of

20 bar. The error bars for the 0.75 bar O, condition were obtained from three

independent reactions; those for the other conditions were obtained from two
independent reactions. The data are presented as mean values + standard error
ofthemean. d, The product yield over 0.5Ru-ZnO versus the reaction time with
0.75 bar O,and 20 bar CH,. e, The stability test of the 0.5Ru-ZnO catalyst for 14 h
witheach cyclelasting 2 h. f, Summary of CH, conversion and HCHO selectivity
over the reported benchmark photocatalysts. The numbered data points are as
follows: (1) Au,/In,0, (ref. 16), (2) g-BiVO, (ref.12), (3) TiO, (90%A + 10%R) (ref.13),
(4) WO, (ref. 14), (5) Au/ZnO (ref.15), (6) Cu-def-WO; (ref.17), (7) AuCu-ZnO
(ref.30) and (8) Pd-def-In,0; (ref. 25).

Cu-modified defective WO, (refs.13,16,17), due to the unique reaction
pathway induced by photogenerated electrons and holes. However,
the production rate of HCHO remained relatively low (~20 pmol h™),
and the prolonged reaction time led to the overoxidation of HCHO to
CO, duetothesluggish desorption of HCHO from the catalyst surface
at room temperature'®. To enhance the production rate of methane
to HCHO through photocatalysis, thus promoting its practical appli-
cation, the introduction of phonon energy is reasonable due to the
enhanced reaction kinetics. More importantly, the first C-H bond
dissociationis the rate-determining step in methane conversion, and
thermal catalysis cannot overcome this energy barrier under mild con-
ditions, while photocatalysis can readily do it thanks to the quantum
effect of photons'®. However, photocatalysis can easily induce over-
oxidation of the valuable products to CO, due to the strong oxidation
potential of the photoholes in a semiconductor if the reaction time is
extended, whereas phonon energy can effectively tune the selectivity
under mild conditions due to the fast desorption of the productsatan
elevated temperature. The ideal process is therefore a cascade process,
inwhich photocatalysisinitiates the first C-H dissociation, leading to
oneintermediate. Following that, phonon energy continues to convert
theintermediate to the desired product against CO,, resulting in high
selectivity of the final product. Combining the benefits of consecutive
photocatalysis and phonon-driven transformation could allow us to
selectively and efficiently produce HCHO from methane by design-
ing integrated active catalysts to utilize both photons and phonons.
Here, to couple photocatalysis witha phonon-driven decomposi-
tion step (photon-phonon-driven cascade catalysis), we designed a
photocatalyst substrate (ZnO) modified by catalytically active sites
(Ru) for the highly efficient and selective production of HCHO from

methane in one step. With the synergistic effect of photons and pho-
nons, a remarkable HCHO production rate of 401.5 pmol h* with a
high selectivity of 90.4% is acquired over Ru single atoms (Rug,)-ZnO
operated at 150 °C. After CH;0O0H is produced via a photocatalytic
process, it is selectively converted into HCHO by a phonon-driven
decomposition step, leading to a nearly 30-fold increase in the yield
of HCHO and a nearly eightfold improvement in selectivity. Thus, by
combining the high selectivity of photocatalysis with the high reactivity
ofthermodecomposition, this work realizes highly efficient and selec-
tive oxidation of methane to HCHO under mild conditions.

Results

Methane oxidation to HCHO over Ru-ZnO

Figure 1a shows the production rate and selectivity of HCHO from
methane oxidation over different metal-loaded ZnO species. The setup
of the reaction system is shown in Supplementary Fig. 2. HCHO and
other liquid products were quantified using the calibration curves
in Supplementary Fig. 3. For pure ZnO, HCHO is the primary product
(302.1 pmol h™), whereas CH,OH (31.5 pmol h™) and CO, (61.2 pmol h™)
rank as minor ones. Upon loading of Pd, Ag, Au and Pt, there was a
gradual increase in the production rate of methanol, while the yield
of CO, also rose, leading to alower HCHO selectivity. Ru generated
moreHCHO and reduced the production of CH;OH and CO,, exhibiting
animpressive selectivity of 85.0% towards HCHO. Only minute quanti-
ties of HCOOH and CO were detected (Supplementary Figs.3cand 4).
Subsequently, the Ru loading amount was optimized; the optimized
amountis 0.5 wt% (Supplementary Fig. 5a). High Ruloading amounts
(>2 wt%) resultin high selectivity of CH;OH. However, the main product
is CH;00H over 0.5Ru-ZnO at 30 °C (Supplementary Fig. 6), while the
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principal products remain CH;OH and HCHO over 2Ru-ZnO (Supple-
mentary Fig. 5b). ZnO loaded with Au, Pd, Pt and Ag shows a similar
product trend to 2Ru-ZnO (Supplementary Fig. 7). The variation in
the product selectivity between low Ru and high Ru loading amounts
indicates different functions of Ruspecies across the Ruloading range,
which we discuss later.

The impact of temperature was examined over the selected
0.5Ru-ZnO catalyst (Fig.1b). When the reaction temperature increased
from15°Cto0150 °C, the productionrate of all products was enhanced
roughly sixfold. Notably, the product distribution at temperatures
below 100 °C differed from that at temperatures exceeding 100 °C
(Supplementary Fig. 8). At 15 °C, the primary product was CH,OOH
with aselectivity of 89%, while HCHO amounted to only 9%. When the
temperatureroseto 30 °Cand 50 °C, the production ratesof HCHO rose
to13.7 umol h™and 40.8 pmol h™, with selectivities 0f 11.5% and 21.0%,
respectively. The production rate of HCHO reached 198.0 pmol h™ with
aselectivity of 66.0% at 100 °C, while the production rate of CH,O0H
dwindled to 39.0 pmol h™ withaselectivity 0of14.4%. When the tempera-
tureincreased to150 °C, the production rate of HCHO further escalated
to448.5 pmol h™withahigh selectivity 0of 85.0%. At 200 °C, the produc-
tion rate of HCHO increased, but a dramatic rise in CO, production
(~18%) resulted inalow HCHO selectivity of 71.7%. The optimal reaction
temperatureis thus150 °C. This indicates that CH;0OH s transformed
toHCHO at higher temperatures, suggesting that CH;OOH is prone to
decomposing under higher-temperature conditions" .

Following this, the O,-to-CH, ratio was tweaked toincrease HCHO
selectivity (Fig.1c). Atlower O, pressures (<0.75 bar), only alimited CO,
production rate was detected. The highest HCHO selectivity of 90.4%
was achieved at an O, pressure of 0.75 bar, with a production rate of
401.5 umol h™’. Control experiments in the absence of light, methane or
catalysts were conducted (Supplementary Fig. 9). Only trace quantities
of HCHO and CO, were detected under these conditions, substantiat-
ing the idea that HCHO originates from CH, and that the process is
predominantly induced by photocatalysis rather than thermocatalysis.
We also investigated methane conversion and found that 0.5Ru-ZnO
had ahigh methane conversion of1.1% at 20 bar of methane after1 h of
reaction (Supplementary Fig.10).

Figure 1d shows the HCHO production over time. In the first
60 min, the HCHO productionrateis very high (~400 pmol h™) because
ahigh concentration of methane and alow concentration of products
exist. The average HCHO production rate from 60 to 120 min drops to
~100 pmol h™ due to accumulated HCHO on the surface of the cata-
lysts. Further extending the reaction time (>120 min), the production
of formaldehyde nearly stops increasing, while the production of CO,
increases rapidly. This is because of the oxidation of HCHO when its
concentrationis rather high. Similar reaction trends were observedin
the thermocatalytic oxidation of methane to methanol®. The results
of HCHO oxidation in the presence and absence of methane confirm
that the HCHO concentration in the reaction system notably influ-
ences the reaction kinetics (Supplementary Fig. 11). The stability of
0.5Ru-ZnO was also assessed (Fig. 1e, Supplementary Figs. 12 and 13,
and Supplementary Tables 1and 2). The 0.5Ru-ZnO catalyst displays
constant activity over seven cycles, indicating its excellent stability.
The used 0.5Ru-ZnO photocatalyst was subsequently characterized
using X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). Both the phase structure of ZnO and the chemical valency of
Ru remained consistent in 0.5Ru-ZnO after the long-term reaction
(Supplementary Figs. 14 and 15). The performance of 0.5Ru-ZnO was
compared with efficient catalysts previously reported for HCHO pro-
duction from methane via either photocatalysis or thermocatalysis.
Overall, 0.5Ru-Zn0O showed a high methane conversion of 1.1% after 1 h
of reaction, with aremarkable selectivity exceeding 90%. This repre-
sentsamethane conversion thatis an order of magnitude higher than
those of previously documented photocatalysts with a high HCHO
selectivity (Fig. 1f and Supplementary Table 3). Such high methane

conversion is also comparable to that achieved by thermal catalysts
operated at temperatures beyond 500 °C (Supplementary Fig.16 and
Supplementary Table 3), while the selectivity of HCHO (>90%) is some-
how higher than that achieved by thermocatalysis (<65%).

Characterization of photocatalysts

ZnO presents an absorption edge at 400 nm (Fig. 2a). Pronounced
absorption throughout the visible spectrum is noticeable over
0.5Ru-ZnO and 2Ru-ZnO, probably due to the scattering effect of Ru.
The XRD pattern of ZnO reveals that all peaks correspond to the hex-
agonal wurtzite phase (JCPDS no. 99-0111) of ZnO (Fig. 2b). No new
peaks for Ru were discernible over 0.5Ru-ZnO and 2Ru-ZnO, due to
the high dispersion or small particle sizes of Ru. XPS analysis was per-
formed to further investigate the chemical states of Ru species. The
C1s spectrum of ZnO can be split into four peaks, corresponding to
C=0, C-0, C-Cand Zn-C, which is due to the residual C doping after
the calcination of zinc oxalate at low temperatures®. An extra peak at
281.4 eVwas identified as Ru** over 0.5Ru-Zn0O, while two peaks of Ru**
and Ru®(280.5 eV) were observed in2Ru-ZnO (Fig. 2c)**. These results
suggest that the Ru species are in the Ru** state over 0.5Ru-ZnO andin
amixed state of Ru*" and Ru® over 2Ru-ZnO.

Transmission electron microscopy (TEM) shows that ZnO exhib-
its an average particle size of 10-20 nm (Supplementary Fig. 17a). No
apparent Runanoparticles or clusters can be observed over 0.5Ru-ZnO,
while obvious small dark dots can be observed over 2Ru-ZnO (Sup-
plementary Fig. 17). The interplanar lattice spacing of 0.26 nm pre-
cisely corresponds tothe (002) plane of ZnO (Supplementary Fig.18).
High-resolution TEM and scanning TEM (STEM) images also depict no
discernible Ruspecies on 0.5Ru-Zn0, yet distinct 1-2 nm dark dots are
observed on2Ru-ZnO (Fig. 2d,e and Supplementary Fig.19). Energy dis-
persive spectrometry mapping in Fig. 2f shows that Zn and Ru elements
are uniformly dispersed over 0.5Ru-ZnO. Supplementary Fig.20 shows
that the weight percentage of Ru is 0.43 wt%. Aberration-corrected
high-angle annular dark field STEM (HAADF-STEM) images were
captured to further investigate Ru species over 0.5Ru-ZnO. Distinct
bright spots were observed (Fig. 2g and Supplementary Fig. 21), and
no obvious dimer structures or clusters were detected, suggesting
that Ruis very likely dispersed in a monatomic state. Ru K-edge X-ray
absorption near-edge structure (XANES) spectra and extended X-ray
absorption fine structure (EXAFS) spectra were measured to inves-
tigate the coordination environment of 0.5Ru-ZnO. The Ru K-edge
XANES spectra of 0.5Ru-ZnO show the oxidation state of Ru as between
those of RuO, and metallic Ru foil and closer to the former (Fig. 2h),
indicative of Ru species in a partially oxidized state on the ZnO sup-
port. Fourier-transformed EXAFS at the Ru K-edge does not present
asignal corresponding to Ru-Ru bonding (Fig. 2i), indicating that the
atomically dispersed Ru are stabilized by the O atoms of 0.5Ru-Zn0O. The
coordination environment of Ruwas delineated through curve-fitting
analysis of the EXAFS spectra (Supplementary Fig. 22) and is quan-
titatively summarized in Supplementary Table 4. The curve-fitting
results of 0.5Ru-ZnO elucidate apronounced peak at aradial distance
0f2.006 A, witha coordination number of 4.6, attributable to the Ru-0
bondinginteraction, whichoriginates from the backscattering between
atomically dispersed Ru centres and the surrounding O atoms of the
substrate. From these observations, Ru is dispersed as single atoms
with a chemical state of Ru*" in the low-Ru-loading-amount sample
(0.5Ru-Zn0) and as nanoparticlesin the high-Ru-concentration sample
(2Ru-Zn0). These findings align with recent studies on other metal
oxides loaded with single atoms'*>,

Mechanism of methane oxidation

Electrochemical characterizations were used to investigate O, reduc-
tion and methane oxidation involved in methane oxidation by O,. A
more negative current was achieved over 0.5Ru-ZnO than over ZnO
(Fig.3a), suggesting that Ruis an electron acceptor and promotes the
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oxygenreductionreaction. Moreover, 0.5Ru-ZnO exhibits alower pho-
tocurrent density for methane oxidation than that of ZnO under abias of
0.6 Vversusreversible hydrogen electrode (RHE) in the CH,-saturated
electrolyte (Fig. 3b). Thisis because Ru serves as an electron acceptor
and competes with the small bias, thus reducing the electron transfer to
the counter electrode via the external circuit (Supplementary Fig. 23).

To obtain more insights into the role of Ruin charge transfer and
recombination, we used photoluminescence (PL) spectroscopy. The
PL peak of Ru-ZnO is substantially diminished compared with that
of ZnO, suggesting a notable reduction in the charge recombination
(Fig.3cand Supplementary Fig. 24). Insitu photo-induced absorption
(PIA) spectroscopy was employed to delve deeply into the charge
transfer processes. Aninsitu ultraviolet-visible-near-infrared diffuse
reflectance spectroscopy (UV-Vis-NIR DRS) system was developed to

measure the reflectance of the photocatalyst under various lighting
conditions and reaction atmospheres®. Essentially, aconstant 365 nm
LED light functions as a ‘pump’ light, triggering continuous electron
transition from the valance to the conductionband of ZnO, thus creat-
ing free carriers. Photons from the probe lamp are absorbed by these
free carriers, exciting electrons to higher energy states”. Through an
analysis of the probe light absorption under dark (ground state) and
light (excited state), PIA can be calculated by the following equation:

Ryark — Riigne

AAbs = x 100% 1

dark

The calculated PIA spectrum shows absorption from 1,000 nm
to 2,700 nm under Ar (Fig. 3d and Supplementary Fig. 25), which is
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attributed to free carrier absorption either in the conduction band or
inthe valence band of ZnO (ref. 27). The PIA of ZnO is quenched in air,
attributable to the notable electron scavenging capacity of oxygen.
Theexcited electronsinthe conduction band are quickly consumed by
oxygen, leaving less observable free carrier absorption. This supports
the premise that the PIA of ZnO from 1,000 nm to 2,700 nm under Ar
results from the excited electrons in the conduction band**%. Upon the
introduction of methane, a marginal increase in the PIA spectrum is
noticeable compared with thatin Ar, indicating that methaneisahole
acceptor, allowing for more excited electronsin the conduction band.
Following this, we explored the PIA of 0.5Ru-ZnOinan Ar environment
to investigate the charge transfer between Ru and ZnO (Fig. 3e). In
comparison with the PIA of ZnO, 0.5Ru-ZnO displayed a pronounced
decrease, mirroring the phenomenon observed when air was intro-
duced. This implies that Ru is capable of quenching the excited elec-
tronsinthe conductionband of ZnO. The PIA absorption of 0.5Ru-ZnO
under a methane atmosphere exhibited similar outcomes as ZnO. Ru
therefore acts as an electron acceptor. The photogenerated charge
transfer process of 0.5Ru-ZnO isillustrated schematically in Fig. 3f.
Theinsituelectron paramagnetic resonance (EPR) spin-trapping
technique was employed to investigate the mechanism of oxygen
reduction, using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a spin
trap®. 0.5Ru-ZnO generates more *OOH than ZnO (Fig. 4a), which is
attributed to the superior separation efficiency of photoexcited carri-
ersby the electron acceptor of Ru. However, anincrease in Ru loading
leads toasubstantial dropin «<OOH production due to the strong light
scattering of Runanoparticles”. To quantify the concentration of <OOH
radicals, we employed nitroblue tetrazolium (NBT) as a scavenger of
superoxide radicals®. Pristine ZnO manifested a first-order kinetic
constant of 0.035 min™, whereas 0.5Ru-ZnO exhibited a higher value of
0.058 min™! (Supplementary Fig. 26), which is consistent with the EPR

results. The generation of *OH radicals was also analysed. 0.5Ru-ZnO
produced the highest quantity of «<OH, while 2Ru-ZnO generated even
lower amounts than the pristine ZnO (Fig. 4b). In the meantime, the
7-hydroxy coumarin fluorescence signal at 454 nm also confirms that
0.5Ru-ZnO promotes the production of *OH, while 2Ru-ZnO produces a
substantially lower amount (Supplementary Fig. 27), whichis also due
to the scattering effect of Ru nanoparticles®. To investigate whether
methane is activated by photo-induced holes or -OH, we conducted
control experiments with different solvents (Supplementary Figs. 28
and 29), together with adding sacrificial agents for «OH and h* (Sup-
plementary Fig. 30)* %, All these clearly indicate the importance of
*OH radicalsin methane activation and high-value chemical synthesis,
which should be produced by water oxidation by photoholes.

To confirm the oxygen source of HCHO, we conducted isotope
experiments of methane oxidation over 0.5Ru-ZnO using *0, or H,'®0.
The oxygen in HCHO is mainly from H,O rather than O, (Fig. 4c), and
the oxygenin HCHO produced by 0.5Au-ZnO and 2Ru-ZnQis also from
H,O0 rather than O, (Supplementary Figs. 31a and 32a). These results
are consistent with previousisotopic experiments on HCHO produced
by single-atom Cu-modified WO, and ethane oxidation to acetalde-
hyde'”**. In contrast, the oxygen in CH,OH is from O,, as evidenced
by the isotopic results over 0.5Au-ZnO and 2Ru-ZnO (Supplementary
Figs. 31b and 32b), which is consistent with the isotopic experiments
on CH;0H produced by Au-ZnO and Auy,-In,0; (refs. 15,16). These
findings suggest that HCHO is produced by another reaction pathway
rather than the oxidation of CH,OH.

Insitu diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was employed to understand the photocatalytic oxidation
process of methane. The peak at1,304 cm™is ascribed to CH, (Fig. 4d).
0.5Ru-ZnO shows aband at 2,854 cm™, which s associated with the C-H
stretching vibration of adsorbed «CH, species (Fig. 4e)*. The intensity
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by CH, oxidation over 0.5Ru-ZnO with °0, + H,'°0, 0, + H,'°0 or 0, + H,"®0.
d-f, Insitu DRIFT spectra for photocatalytic CH, conversion over ZnO (d),
0.5Ru-ZnO (e) and 2Ru-ZnO (f) in the presence of CH,, O, and water vapour.

of this band increases with prolonged irradiation time. However, this
feature was not observed over both ZnO and 2Ru-ZnO, strongly indicat-
ing the high methane activation efficiency of 0.5Ru-ZnO. The peaks at
1,335/1,350 cm™, attributed to the vibration of adsorbed CH,OOH spe-
cies™ %, were observable in 0.5Ru-ZnO but notably weaker in 2Ru-ZnO.
Furthermore, vibrational peaks at1,052 cm™, 2,939 cm™and2,971cm™,
associated with methoxy and C-H stretching vibrations in CH,;OH
(refs. 39,40), are uniquely present in 2Ru-ZnO and 0.5Au-ZnO (Fig. 4f
and Supplementary Fig. 33). This implies that methanol production
is favourable over 2Ru-ZnO, aligning with the product selectivity of
0.5Ru-ZnO and 2Ru-ZnOin catalytic methane oxidation. Two peaks at
1,446/1,460 cm™and 1,594 cm™are attributed to HCOO- species®. The
peakarea of thisband keepsincreasing with time over ZnO, 0.5Ru-ZnO
and 2Ru-ZnO, indicating that the consumption of HCOO- is much
slower thanits formation on the surface of the catalyst. The accumula-
tion of HCOO- prevents further oxidation of HCOO- to CO,, consistent
with the high selectivity of oxygenates over all catalysts*.

To fully understand the reaction process of HCHO production
from methane by 0.5Ru-Zn0, it is necessary to consider both photo-
catalysisand phonon energy. The methane oxidation performance by
photocatalysis, thermocatalysis and photon-phonon-driven cascade
catalysis is compared in Fig. 5a. Only a trace amount of HCHO was
produced by thermocatalysis at 150 °C. A notable production rate of
CH;00H, accompanied by amodest quantity of HCHO, was observed
by photocatalysis at 30 °C. CH,0OOH is stable at room temperature
(Supplementary Table 5). In contrast, the cascade of photocatalysis
and phonon-driven decomposition generates a substantial quantity
of HCHO (401.5 umol h™) with a high selectivity (>90%), highlighting
the efficacy of phonon input in promoting the product yield. Com-
pared with photocatalysis, the HCHO yield by photon-phonon-driven

cascade catalysis increased by nearly 30-fold, and the selectivity
improved almost eightfold. Moreover, CH,O0H, which is produced
by the oxidation of methane through photocatalysis at 30 °C, is sub-
sequently subjected to 150 °C without light irradiation (Fig. 5b). The
secondary step leads to all CH;O00H molecules being transformed to
CH;0H, HCHO and CO,, with HCHO as the primary product (~80%). The
transformation of CH;00H over ZnO or in the absence of the catalyst
shows similar results (Supplementary Figs. 34 and 35), suggesting that
CH;00H conversionto HCHO is a phonon-driven decomposition step.

To explain the isotopic result and the high selectivity of CH;O0H
over 0.5Ru-Zn0O, we undertook theoretical modelling, and we propose
the following reaction pathways (Fig. 5c,d and Supplementary Fig. 36).
Upon photonirradiation, excited electronsin the conduction band of
ZnOare transferred toRu*, reducingit to Ru“®*. Ru“9* then reduces
theadsorbed O,to H,0. Methaneisfirst activated by «OH radicals from
water oxidationto produce adsorbed *CH,. The reaction energy barrier
of *CH; over Rug,-ZnOis lower than that over Ruy,-ZnO. Following this,
theadsorbed*CH;reacts with«OH species produced from the oxidation
of adsorbed water to formadsorbed *CH,OH species. The adsorption
energy of *CH;OH species on Rug,-ZnO (-1.30 eV) is lower than that
on Ruy-Zn0 (-1.42 eV), which results in a lower reaction energy for
the further reaction of *CH,OH species with «OH to form *CH;00H
on Rug,-ZnO. CH;00H is therefore formed more easily on Rug,-ZnO,
indicating that CH;OOH is the main intermediate on Rug,-ZnO, while
thereisless CH,O00H formed on Ruy,;-ZnO. Subsequently, the adsorbed
*CH,00H desorbs to form CH,00H or further undergoes dehydra-
tion to form the adsorbed *HCHO, which then desorbs in the form
of HCHO. In addition, Ru with a high weight percentage (2Ru) and
other metals (Au, Pd, Pt and Ag) were loaded onto ZnO in the form of
nanoparticles (Supplementary Fig.37), which probably creates anew
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reaction pathway for CH;OH production (Supplementary Fig. 38).
Itis proposed that photogenerated holes oxidize H,0 to produce «OH,
whichthen oxidizes CH,to *CH,. In parallel, O, is reduced by photoelec-
trons to generate H,0,and then «OH. CH,OH is next produced from the
combination of «CH, and OH radicals on the nanoparticle cocatalysts.

Discussion

Insummary, thiswork reports abenchmark yield of HCHO from meth-
ane oxidation by photon-phonon-driven cascade catalysis. Withintact
consecutive photocatalysis and thermodecomposition,an HCHO pro-
duction rate of 401.5 pmol h™ with a selectivity of >90% was achieved
over Rug,-ZnO operated at 150 °C. Mechanism studies prove that Rug,
acts as an electron acceptor and improves charge separation in pho-
tocatalytic oxygen reduction. Oxygen isotopic experiments and theo-
retical modellingindicate that methane reacts with H,0 to selectively
produce CH,00H over Rug,-ZnO via photocatalysis. The phonon-driven
step readily transforms CH,;OOH to HCHO, resulting in anincrease in
theyield of HCHO by nearly 30-fold, while the selectivity isimproved by
almost eightfold. By combining the high selectivity of photocatalysis
and the high reactivity of thermodecomposition, this work realizes
highly efficient and selective oxidation of methane to HCHO under
mild conditions, potentially reducing the carbon footprint related
to HCHO production from methane. The current reaction pathway,
characterized by minimized energy consumption and high efficiency,
offers a promising approach for the sustainable conversion of methane.

Methods

Chemicals and materials

Allreagents were commercially available and were used without any puri-
fication. The gases methane (CP grade), oxygen and argon (zero grade)
were sourced from BOC. Zinc nitrate hexahydrate (98%, extra pure),
oxalicacid (98%, anhydrous) and potassiumiodide (>99%, for analysis)
were acquired from Acros Organics. Potassium tetrachloropalladate
(98%), gold(lll) chloride trihydrate (=99.9% trace metals basis), chlorop-
latinicacid hexahydrate, silver nitrate, sodium borohydride (=98.0%) and
coumarin were obtained from Sigma Aldrich. Ruthenium(lll) chloride
hydrate (99.9%, Ru38% min.) was purchased from Alfa Aesar. NBT (>99%)
wasreceived from Apollo Scientific. Ammonium molybdate 4H,0 (Ana-
lytical Reagent, >99%) was obtained from SLS SELECT. Ethanol absolute
(HPLC grade) was sourced from Fisher Chemical.

Materials synthesis

The ZnO nanoparticles were synthesized via the precipitation method
with a small modification of the procedure outlined in the litera-
ture*’. Anidentical molar concentration of 0.025 moles of zinc nitrate
(Zn(NO,),) and oxalic acid were separately dissolved in 500 ml of deion-
ized water. The oxalic acid solution was then gradually introduced into
the zincnitrate solutioninadropwise fashion using a separating funnel,
resulting in the precipitation of zinc oxalate. Following precipitation,
these zinc oxalate precipitates were dried inan ovenat 60 °C and were
subsequently calcinated in air at 350 °C for 6 h.
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Ruwas deposited onto ZnO following achemical reduction method.
In a standard procedure, 200 mg ZnO nanopowder was dispersed in
100 ml of deionized water and agitated for 20 min. A designated measure
of ruthenium(lll) chloride hydrate solution (0.5 mg ml™ relative to metal-
lic Ru) was then added drop by drop and the mixture was stirred for an
extra 60 min. In the ensuing step, 2 mlNaBH, solution (0.1 M) was intro-
duced gradually into the above-formulated suspension. After stirring
for 60 min, the product was washed by centrifugation with a centrifugal
force of ~900 gand dried at 60 °C.Pd, Au, Ptand Ag were deposited onto
ZnO using the same method with the corresponding metal precursors.

Characterizations

XRD was performed using a Stoe STADI-P diffractometer, equipped
withaCuKasource (1=1.5418 A, scanned from 10 to 80°). Ultraviolet-
visible diffuse reflectance spectroscopy (UV-Vis DRS) measurements
were conducted employing aShimadzu UV-2550 spectrophotometer,
which is equipped with an integrating sphere. The reflectance val-
ues were directly converted to absorption using the Kubelka-Munk
equation. The XPS analysis was carried out using a Thermo Scientific
XPS machine, outfitted with an Al Ka source emitting at a photon
energy (hv) of1,486.6 eV. TEM analysis was performed using aJEOL 2010
instrument. Aberration-corrected HAADF-STEM was performed witha
Cs-correctedJEM ARM20OCF microscope operated at 200 kV using an
angle annular detector withacollectionangle of 40-160 mrad. Interms
of PL, data were gathered from 330 nm to 800 nm using a Renishaw
InVia spectroscope, with a 325 nm laser as the excitation source. The
X-ray absorption fine structure spectra (Ru K-edge) were collected at
the BL14W beamline in the Shanghai Synchrotron Radiation Facility
(SSRF). The storagering of the SSRF was operated at 3.5 GeV with a sta-
ble currentof200 mA. Using an Si (111) double-crystal monochromator,
the datacollection was carried out in fluorescence mode usingan SDD
detector. All spectra were collected inambient conditions.

Insitu UV-Vis—-NIR DRS measurement

The Agilent Cary 5000 UV-Vis-NIR spectrometer was used to conduct
in situ measurements of charge transfer behaviour. It was fitted with
aPraying Mantis diffuse reflection accessory and aHarrick cell, which
guided the beam path and controlled the sample setting. The triple
windows of the Harrick cell, crafted from crystal quartz, are transpar-
entto UV, visible and near-infrared light. Two of these windows paved
the way for measurement light, while the third facilitated the excita-
tion light. To act as the irradiation source, a 365 nm UV LED paired
with a 365 nm bandpass filter was employed to provide pure 365 nm
irradiation. A 450-nm-long pass filter (1 > 450 nm) installed before
the spectrometer’s detector was used to prevent interference from
the scattering light of the LED source.

Every test involved loading 50 mg of catalyst into the sample
holder of the Harrick cell. A flat measurement surface was set up using
ametal spatula. After that, Ar, air or methane purged the Harrick cell
for 20 min at a flow rate of 100 ml min™. The cell was then sealed for
the measurement process. Reflectance spectra spanning from 500 to
2,700 nm were recorded both in the dark and under LED irradiation.
Each test was run three times, and the resultant average reflectance
values served as the analysis basis.

Electrochemical measurement
The photoelectrodes were fabricated using a spin-coating method.
Typically, 20 mg of photocatalyst was dispersed in2 ml of ethanol and
subsequently sonicated for 60 min. Fluorine-doped tin oxide (FTO)
glass (2 cm x 2 cm) was used as the substrate. 80 pl of the suspension
was deposited onto FTO glass and rotated at a speed of 500 rpm for
30 s. After the spin-coating process, the electrode was transferred to
ahotplate and dried at 100 °C for 15 min.

Allelectrochemical tests were conducted within a three-electrode
cell using a 0.5 M Na,SO, solution as the electrolyte. The FTO glass

coated with the photocatalyst served as the working electrode, while a
Ptplateand an Ag/AgClelectrode immersedin asaturated KCl solution
functioned as the counter electrode and reference electrode, respec-
tively. The oxygenreductionreaction was carried out withinavoltage
window ranging from1to-0.2 Vversus RHEatascanrateof 10 mVs™.
For the photocurrent measurement, abias potential of 0.6 V versus RHE
was applied. A150 W xenon lamp was used as the light source, with the
light being chopped every 2s.

EPR measurement

EPR spectroscopy analysis was conducted on a Bruker E5S80 X-band
spectrometer, incorporating DMPO as the radical trapping agent. For
the superoxide (O,) radical test, 4 mgof photocatalyst was dispersed
in4 ml of methanol solution with 50 mM DMPO. The mixture was then
illuminated using a 365 nm LED for 5 min in an air atmosphere while
being stirred. After the reaction, 0.5 ml of the mixture was quickly
transferred to a quartz tube for testing. The EPR testing was carried
outatambient temperature, withamodulation frequency of 100 kHz,
amicrowave frequency of 9.46 GHz, asweep time of 60 s, amicrowave
output of 10 mW and ascan from 330 to 345 mT. The procedure carried
out in dark conditions was identical to the above but without the UV
irradiation. The procedure for the «OH radical test was similar to that of
the «OOH radical test except that the solution was composed of water
containing10 mM DMPO.

Quantitative analysis of superoxide radicals

NBT, awell-known superoxide radical scavenger, was used as the prob-
ing molecule to quantify hydroperoxyl radicals®°. NBT reacts with
superoxide radicals (reducing the nitro group) to produce formazan,
which is a purple-coloured precipitate. The reaction can be summa-
rized as follows:

NBT (yellow) + 40, + 2H* — formazan -
2
(purple precipitate) + 40, + 2CI~

Conventionally, a 10 mg sample of the photocatalyst was amal-
gamated with 150 ml of 0.04 mM NBT solution (10% ethanol in water),
followed by stirring in darkness for 30 min. As hydroxyl radicals can
also cause the reduction of NBT to formazan, ethanol was added as
a hydroxyl radical scavenger. The solution was subjected to 365 nm
LEDirradiationinanair atmosphere, and 5 ml of reactant solution was
collected at regular intervals of 5 min. Following filtration, the UV-Vis
spectraofthe samples were then recorded using the Shimadzu UV-2550
spectrofluorometer. The absorption at 259 nm was used to indicate
the remaining NBT.

Quantitative analysis of hydroxyl radicals

Coumarin was employed as a probe to quantify «OH through the gen-
eration of 7-hydroxy coumarin. Typically, 10 mg of photocatalyst was
uniformly dispersed in a 120 ml solution of 0.5 mM coumarin with or
without ethanol. The suspension was then subjected to a light source
(365 nm LED) for 1 h. 3 ml of the suspension was sampled and subse-
quently filtered. The PLintensity of the resulting 7-hydroxy coumarin
inthe solution was measured using the Fluorolog spectrofluorometer
under a 335 nm excitation.

Insitu DRIFTS measurement

In situ DRIFTS was conducted using a Nicolet iS50 FTIR Spectrom-
eter with an MCT detector, supplemented with a Harrick cell and a
Praying Mantis accessory. Each spectrum was collected by taking an
average of 128 scans, maintaining a resolution of 4 cm™. The cell was
equipped with two ZnSe windows designated for IR transmission and
a quartz window reserved for UV irradiation. For each test, 50 mg of
photocatalyst was positioned in the sample holder of the cell with a
flat surface. Subsequently, the cellunderwent a30 min purge process
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in the dark with water-vapour-saturated CH, and O, mixing gas (in a
ratio of CH,/0,=20:0.75). Once purged, the cell was engaged in an
airtight seal and nested into the Praying Mantis accessory. The entirety
of this assembly was then affixed within the spectrometer. A ‘dark’
reference baseline was obtained by cataloguing the photocatalyst’s
signalin the reaction atmosphere under dark conditions. During the
measurement, the catalyst was exposed to radiation from a 365 nm
LED. The spectral datawere recorded at distinctirradiation durations
of1,5,10, 20,30 and 40 min.

Methane oxidation reaction
Photocatalytic methane oxidation reactions were undertaken within
a230 mlhomemade batchreactor, specifically designed withaninte-
grated quartzwindow for lightirradiation. Inatypical reaction, 10 mg
of photocatalyst was dispersed into 180 ml of water and sonicated for
10 min. Upon completion, the resultant suspension was transferred
to the batch reactor. The reactor was subsequently purged with Ar
for 15 min to evacuate air from the headspace. Following this, the
reactor was pressurized at room temperature (~25 °C) with pure O, at
0.75 bar and pure CH, at 20 bar. The reactor was then placed withina
heating mantle, and its temperature was ramped up to 150 °C while it
was stirred at 800 rpm. A thermocouple was strategically positioned
withinthe solution for the precise detection of the temperature of the
liquid solution. Once a stable temperature was achieved, the reactor
was exposed toirradiation througha100 W365 nm LED light (sourced
from Beijing Perfect Light, model PLS-LED 100C). The light intensity
following the quartz window was 75 mW cm™, and theiirradiation area
was 12.56 cm?’.

After the reaction, the reactor was subjected to rapid cooling in
a water bath until a temperature below 25 °C was achieved. Subse-
quently, the gaseous product released from the outlet was sampled
by a GC syringe and injected into a GC (Varian 450), equipped with a
TCD detector, a methanizer and an FID detector. The liquid product
was filtered and collected for further analysis. The concentrations of
CH;00H and CH,;0H within the liquid were accurately quantified using
the IH NMR spectrum (Bruker Avance Neo 700 MHz). This was under-
taken by mixing 0.5 ml of liquid product with 0.1 ml of D,0 contain-
ing 0.768 pmol ml™ dimethyl sulfoxide (Wako, 99.99%) as an internal
standard. Calibration curves were configured by plotting the standard
concentrations of methanol with the area ratio between methanol to
dimethyl sulfoxide (Supplementary Fig. 2). Given the identical proton
count withinthe methyl groups of both the CH,OH and CH,OOH mol-
ecules, the calibration curve employed for the quantitative analysis
of CH,00H serves equivalently for the quantification of CH;OH. The
quantification of HCHO was performed using a colorimetric method".
Initially, 50 ml of reagent solution was prepared by the dissolution
of 7.5 g of ammonium acetate, 0.15 ml of acetic acid and 0.1 ml of
pentane-2,4-dionein water. Subsequently, a mixture was prepared by
combining 0.5 ml of the liquid product, 2.0 ml of water and 0.5 ml of
thereagent solution. This solution was conserved at room temperature
overnight, and the concentration of HCHO was evaluated by analysing
the absorptionintensity at 412 nmviaa UV-Vis absorption spectrom-
eter. The concentration of HCHO was quantified using a standard
curve, referenced in Supplementary Fig. 2. The product selectivity
was calculated on the basis of observable products as the following:

MHcHo
NcH,00H + McH;0H + MHcHo + Nco + Nco,

Selectivity of HCHO = x 100%

3

where nrepresents the yield of productsina certain period.

For the cycling test, 10 mg of 0.5Ru-ZnO was used for photo-
catalytic methane oxidation under the optimized conditions. Seven
cycleswere conducted, and each cycle lasted 2 h. Between each cycle,
liquid products and water were evaporated to preclude the loss of
photocatalysts.

Isotopic experiments

For an oxygen source withisotopically labelled *0,,10 mg of 0.5Ru-ZnO
(2Ru-ZnO or 0.5Au-Zn0) was dispersed in 180 ml of H,'°O; then, the
reactor was purged with Ar for 30 min and pressurized with 0.75 bar
180, (97 atom % "0, Sigma-Aldrich) and 20 bar CH,. For the investiga-
tion of the oxygen source in the products using isotopically labelled
H,'®0,10 mg of 0.5Ru-ZnO was dispersed in 3 ml of H,®0 (97 atom %0,
Sigma-Aldrich), and then the reactor was purged with Ar for 30 minand
pressurized with 0.75 bar *°0, and 20 bar CH,. After the temperature
reached 150 °C, thereactor wasilluminated by a365 nmLED for2 h. The
as-produced HCHO was measured witha GC-MS (8890-5977, Agilent)
equipped with an HP-PLOT Q column.

Density functional theory calculations

The Vienna Ab Initio Simulation Package was employed to performall
density functional theory calculations****. The projector augmented
wave method was used for the interaction between ionic cores and
valence electrons, and the exchange-correlation energies were cal-
culated viathe generalized gradient approximation with the Perdew—
Burke-Ernzerhof functional®*¢. The 4 x 4 supercell of ZnO (001) was
selected to avoid the interaction between neighbouring slab models
with five atomic layers, and a vacuum layer of 15 A was added along
the z axis direction. Monkhorst pack k-points of 3 x 3 x 1 were applied
for all calculations to sample the Brillouin zones. An energy cutoff of
400 eV was used for the plane-wave basis set. The geometries were
optimized with the self-consistent field and force convergence criteria
setto107eVand 0.05 eV A, respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
paper and its supplementary files. Source data are provided with this

paper.
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