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Leveraging the continuous and rapid deposition and evaporation processes of water
microdroplets on photocatalyst surfaces, this study presents an innovative dual-state
stepwise methane conversion approach. This method significantly enhances the photo-
catalytic methane oxidation rate and selectivity, addressing the challenges of low meth-
ane solubility and poor liquid product selectivity typically found in aqueous-phase
methane oxidation. By increasing the looping frequency per unit time, we achieved a
state-of-the-art methane oxidation rate of 640 umol g”' h™" using water as the sole oxi-
dant, while maintaining approximately 95% selectivity toward liquid products, includ-
ing 90% for methanol. This water microdroplet-assisted strategy not only establishes
a framework for achieving both high yield and selectivity in photocatalytic methane
oxidation but also pioneers a more efficient and sustainable approach for broadly appli-
cable gases and water-involved photochemical conversion processes.

methane partial oxidation | hydrogen production | water microdroplets | dynamic wetting states |
photocatalytic

Addressing greenhouse gas emissions and promoting renewable energy utilization are
crucial to the sustainable development of human society. Methane, a major component
of natural gas, is a potent greenhouse gas frequently released or flared due to high storage
and transport costs. This underscores the urgent need for an efficient method to convert
methane into transportable and valuable chemicals and fuels (1-3). N,O and H,0, are
commonly used as oxidants for the partial oxidation of methane, but their high costs
inhibit commercial applications (1, 2). Using oxygen to convert methane into liquid
products results in an exothermic reaction that is unsuitable for capturing and storing
renewable energy. In contrast, using water to convert methane into methanol is an endo-

thermic reaction (CH;+ H,0 — CH;O0H + H, AH;% = 115.3kJ /mol) (4). This

conversion reaction not only harnesses renewable solar energy and mitigates greenhouse
effects but also generates value-added liquid products alongside hydrogen. Notably, com-
pared to photocatalytic overall water splitting, photocatalytic methane oxidation with
water offers a highly sustainable approach for solar-to-chemical energy conversion.

Due to its nonpolar nature, methane exhibits extremely low solubility in water, which
makes aqueous-phase methane oxidation often require high-pressure conditions (5, 6).
Recently, photocatalysts with gas—liquid—solid triphasic interfaces are explored to improve
CHy availability and enhance oxidation efficiency (7, 8). However, the catalyst surface
treatment using hydrophobic materials (e.g., PTFE, polydimethylsiloxane, and Nafion)
may cover active sites, inhibit charge carrier transfer, and suffer from instability issue
(9-11). Additionally, the slow diffusion of partially oxidized products from triphasic
interface into bulk solution and the direct mix with oxidants would result in overoxidation
to undesired CO and/or CO, (2). A promising alternative is stepwise conversion, where
methane reacts with oxygen from an activated carrier—typically the metal oxides—to
produce desired products (12—17). This method does not require mutual solubility between
reactants and achieves higher product selectivity by avoiding direct contact between inter-
mediates and oxidants. For example, Sushkevich et al. employed a thermocatalytic stepwise
approach to convert methane into methanol at high temperatures using water as the
oxidant, achieving a selectivity of approximately 97% (15). Khodakov et al. highlighted
a stepwise conversion of methane to ethane using a light-driven chemical looping strategy
at ambient conditions, achieving over 90% selectivity (16). To date, the light-driven
stepwise strategies for converting methane to liquid products, such as methanol, are still
rarely explored. Moreover, in conventional stepwise conversion, each active site is limited
to converting a single substrate molecule during each full catalytic cycle (15, 16). This
limitation and the dead-time between each catalytic cycle results in a significantly lower
catalytic turnover frequency (TOF) (or called space-time yield) compared to the
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Significance

Using water as an oxidant under
solar illumination to convert
methane into methanol while
simultaneously producing
hydrogen offers several benefits.
This method reduces greenhouse
effects, captures renewable solar
energy, and produces high-purity
hydrogen along with cost-effective
methanol. However, selective
methane conversion under mild
conditions remains a grand
challenge due to the low solubility
of methane in water and the risk
of overoxidation. To address
limitations of conventional
approaches, we developed a
dual-state photocatalytic strategy,
in which dynamic transitions
between methane-rich and
water-rich surface states, driven by
water microdroplet deposition and
evaporation, significantly enhance
turnover frequency and product
selectivity. This work provides a
sustainable and scalable route for
solar-driven methane upgrading.
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continuous single-step conversion (12-19). The key to improving
the TOF in stepwise conversion process lies in increasing the num-
ber of chemical cycles per unit time.

In this study, we proposed and demonstrated a dual-state step-
wise methane conversion method, in which the catalyst surface
alternates between anaerobic oxidation and catalyst reactivation
through continuous transitions between dried (methane-rich) and
wetted (water-rich) states by water microdroplets deposition
and evaporation (Fig. 14). By exploiting the rapid deposition and
evaporation of water microdroplets on the photocatalyst surface,
this dual-state methane conversion method resulted in a TOF of

226.4 h™', which is 400-fold and 100-fold higher than the
aqueous-phase methane conversion and conventional stepwise
methane conversion, respectively. The influences of water
microdroplets deposition rate and light intensity on methane oxi-
dation eficiency and product selectivity were also investigated.
Furthermore, by using low-crystalline ZnO/Ag photocatalysts
with easy oxygen vacancy (Oy) formation ability, we demonstrated
a state-of-the-art methane oxidation rate of 640 pmol g™ h™" and
a methane-to-methanol product selectivity of ~90%. This inno-
vative synthetic approach, which utilizes the immiscibility of two
reaction phases and the dynamic transitions of surface wetting
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Fig. 1. Water microdroplet-assisted methane oxidation: concept, performance, and apparatus. (A) Concept of dual-state, water-droplet-assisted methane
oxidation. Under sunlight, the catalyst surface alternates between wet (droplet-contact) and dry (postevaporation) states, enabling high activity and selectivity.
(B) Product yields and (C) product selectivity at different methane pressures for aqueous-phase photocatalytic methane oxidation using bulk water as the sole
oxidant (reaction time: 2 h). (D) Time-dependent product yields and (E) product selectivity for methane oxidation using water droplets as the oxidant (droplet
deposition rate: 0.15 mL min™"; light intensity: 15 suns). In all experiments (B-£), ZnO/Ag is used as the photocatalyst. (F) Schematic of the water microdroplet-
assisted methane conversion apparatus. Gas circulates through (i) the ultrasonic nebulizer chamber, (ii) the reaction chamber, (iii) the condenser, (iv) the liquid

collector, and (v) the circulation pump, returning to (i) to complete the cycle.
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states, provides valuable guidance for enhancing reaction efficiency
and product selectivity in photocatalytic methane conversion.

Results

Enhanced Photocatalytic Methane Oxidation with Water
Microdroplets. At atmospheric pressure, the low solubility of
methane in water limits its interaction with the catalyst (5, 6),
significantly inhibiting the methane oxidation rate. Fig. 1 B and
C show the product formation rate and the selectivity in aqueous
phase photocatalytic oxidation under varying methane pressures
with water as the sole oxidant. Silver-loaded zinc oxide (ZnO/
Ag) was employed as the photocatalyst, which is fully dispersed
in water. At 1 atm, the methane oxidation is nearly inert with
a conversion rate of only 0.64 pmol gf1 h™'. With increasing
methane pressure in the reaction chamber, the methane oxidation
rate increases to 8.61 pmol g h™' (5 atm) and 33.54 pmol g™ h™'
(10 atm), owing to the enhanced solubility of methane in water.
This, in turn, indicates that water acts as a barrier, preventing direct
contact between methane and the photocatalyst. In this aqueous-
phase reaction, the primary products are carbon monoxide and
carbon dioxide with selectivity higher than 70%. This is because
the intermediate products (such as methanol and formaldehyde)
are highly susceptible to overoxidation when they contact with
active radicals (such as hydroxyl radical) produced from water
(20, 21). Therefore, promptly removing intermediate products
from catalyst surface to control the methane oxidation process is
important to achieve high yields and selectivity of liquid-phase
value-added products.

Here, an approach for enhancing yield and selectivity of photo-
catalytic methane oxidation was developed by utilizing water
microdroplets to replace bulk water. The apparatus for experiments
is illustrated in Fig. 1E and ST Appendix, Figs. S1 and S2, which
consisted of five parts: i) the ultrasonic nebulizer chamber, ii) the
reaction chamber, iii) the condenser, iv) the liquid collector, and
v) the circulation pump. In the atomization chamber, deionized
water is atomized into ultrafine microdroplets with diameters of
5 to 20 pm using an ultrasonic nebulizer (S7 Appendix, Fig. S3),
then transported to the reaction chamber where they sprayed onto
the catalyst surface. A water-cooled condenser tube condenses vol-
atile products and water vapor, and the resulting condensate is
routed to a downstream collector. Internal recirculation is driven by
a diaphragm pump. The relative humidity in the reaction chamber
maintained at 90 to 100% throughout the whole experiment, ben-
efited from the continuous inlet of water microdroplets (S Appendix,
Fig. S4). The light source (irradiation intensity, 15 suns) irradiates
the ceramic wool reaction bed loaded with ZnO/Ag photocatalyst.
Fig. 1C exhibits the yield and time-dependent variations of oxida-
tion products during methane photooxidation using water micro-
droplets as the oxidant. During the 4-h experiment, the yields of
CH;O0H, HCHO, CO, CO,, and C,H; stably increased, along
with an average methane oxidation rate of 278.6 pmol g™! h™l,
which is significantly higher than that achieved under atmospheric
pressure (0.64 pmol g'1 h™") and 10 atm pressure (33.5 pmol g'1 )
in aqueous-phase methane oxidation. More importantly, this reac-
tion mode achieved over 85% selectivity for methane-to-methanol
conversion and over 90% selectivity for liquid-phase products
(CH;0H and HCHO), far exceeding that in aqueous-phase meth-
ane oxidation. In addition, as shown in ST Appendix, Fig. S5, under
the identical experimental conditions, the hydrogen production
also increased with illumination time increasing, exhibiting a sim-
ilar evolution rate (250.2 pmol gf1 h™") to methane oxidation. The
results clearly suggest that the use of water microdroplets can
improve efficiency and selectivity of photocatalytic methane
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oxidation, which may be due to a distinct methane oxidation process
compared to that in conventional aqueous phase reaction. Previous
studies have reported methane oxidation occurring within
microdroplets, nevertheless, the amount of oxidation products gen-
erated was minimal and the product selectivity was low (22).

In this study, when a UV-visible light filter (>850 nm) was used,
only a minimal amount of carbon dioxide was detected (57 Appendix,
Fig. S6), and the production of methanol was undetectable.
Additionally, in the absence of catalysts or methane, almost no
product was detected (SI Appendix, Fig. S6). These results verified
that the generated products originate from photocatalytic methane
oxidation.

To quantify light-to-chemical conversion, we measured mon-
ochromatic apparent quantum yield (AQY) from 350 to 450 nm
(SI Appendix, Fig. STA). ZnO/Ag exhibits a UV-dominated
response, with the apparent quantum yield decreasing with wave-
length and becoming negligible at 450 nm. A small residual at
405 nm likely arises from subbandgap/defect-tail states and/or
Ag localized surface plasmon resonance assisted processes. The
AQY values are 2.84% (350 nm), 2.40% (355 nm), 1.70%
(365 nm), 0.46% (385 nm), 0.16% (405 nm), and 0%
(450 nm); the corresponding light-to-chemical energy conver-
sion efficiencies are 0.49%, 0.42%, 0.29%, 0.09%, 0.03%, and
0% (SI Appendix, Fig. S7B).

To assess stability of water microdroplet assisted methane oxi-
dation, we performed long-duration, multicycle tests (six cycles;
24 h total). Both the methane oxidation rate and product selec-
tivity remained highly stable across cycles (S7 Appendix, Fig. S8 A
and B). Pre- and posttest characterizations on ZnO/Ag catalyst
show no discernible changes in surface chemical states, morphol-

ogy, or crystallinity (87 Appendix, Fig. S8 C-F).

Dual-State Stepwise Methane Oxidation by Water Microdroplets.
In aqueous-phase photocatalysis, the catalyst surface is in a wetting
state at all time, making methane and the oxidation intermediates
continuously interact with the oxidant (water molecules), thereby
leading to severe overoxidation. In contrast, during the reaction
processes involving water microdroplets, the photothermal effects
could cause the microdroplets deposited on the catalyst surface
to rapidly evaporate, driving the catalyst surface to repeatedly
transition between wetted and dried states. SI Appendix, Fig. S9
shows the surface temperature changes of the catalyst-loaded
reaction bed over time under illumination. 87 Appendix, Fig. S10
illustrates the rapid microdroplet deposition and evaporation
processes on the reaction bed surface, characterized using an
infrared camera. Considering the strong shielding effect of water
on methane to catalyst surface and its facilitation effect on liquid-
phase product desorption (23), the surface reactions may differ
under different wetting states. Fig. 24 illustrates the possible
dual-state stepwise methane conversion process when using water
microdroplets as oxidant. Specifically, when the catalyst surface
is dry, the photocatalyst can directly contact methane in the gas
phase and convert it into oxidized products by acting itself as an
oxygen carrier (15). The oxidation process is essentially a gas—
solid interface reaction, which can largely circumvent the low
CH, availability issue in conventional aqueous phase reaction
(24, 25). Subsequently, when the catalyst surface is enveloped by
water microdroplets, the produced liquid products tend to detach
from the catalyst surface, dissolve into the microdroplets, and
leave the catalyst surface along with the evaporation. The water
microdroplet—assisted rapid desorption of liquid products like
methanol can suppress overoxidation and enable high selectivity
(23). The vaporized droplets and liquid-phase products are directly
taken away from the reaction chamber and subsequently condensed
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Fig. 2. (A) Aschematicillustration of the possible reaction processes occurring on the catalyst surface in the dry and wet states during methane oxidation when
using water microdroplets as the oxidant. The red (dry) and blue (wet) arrows indicate the alternating states. Dry state: (i) CH, adsorption; (i) C-H activation; (iii)
hole-driven oxidation of surface -OH, releasing proton; (iv) M-O bond scission to form CH;OH and create oxygen vacancy. Wet: (v) H,O adsorption at oxygen
vacancy; (vi) H,O dissociation/proton delivery; (vii) hole-driven -OH oxidation that replenishes lattice oxygen. (B) The evolution of products over time during
anaerobic methane oxidation under illumination by an LED UV light at 355 nm. (C) GC-MS spectra of the products when '>CH, was used as the reactant instead
of "?CH, in another anaerobic oxidation process. The O 1 s XPS spectra of ZnO/Ag (D) prior to the reactions, (£) after anaerobic methane oxidation (1st step), and
(F) after the water reduction process (2nd step). (G) Methane oxidation rates and product selectivity in three cycles of conventional stepwise methane oxidation.
(H) GC-MS spectra of the products formed during the second cycle (Lower) and the third cycle (Upper) of conventional stepwise methane oxidation.

and collected by the condenser, preventing further oxidation. At
the same time, the methane-reduced catalytic sites on the catalyst
surface in dry state, now covered by water microdroplets, could
be reactivated by water under light excitation.

To verify our hypothesis, a conventional stepwise methane con-
version experiment was conducted to simulate the reaction process
(15-17, 19), as depicted in SI Appendix, Fig. S11. The stepwise
methane conversion cycle involves an anaerobic methane oxida-
tion process (1st step, without water), followed by a catalyst reac-
tivation process using water (2nd step), which can simulate the
reaction processes under dry and wet states in water microdroplet
reaction system, respectively. Fig. 2B shows the yield of methane
oxidation products over 2 h of reaction in the Ist step of the first
cycle of conventional stepwise reaction. With prolonging the light
irradiation time, the yields of oxidation products first increased
and then gradually leveled off after 1.5 h likely due to the catalyst
deactivation. To determine the carbon source of the oxygenates,

https://doi.org/10.1073/pnas.2511126123

we repeated the reaction using ?CH; (instead of >CH,) and
analyzed the products by GC-MS. In the "“CH, control, the
dominant ion is the molecular ion of 12CHSOH atm/z 32, accom-
panied by the fragment ">CH,O" at m/z 31. In the >CH exper-
iment, the base peak shifts to m/z 33, assigned to the molecular
ion of "CH,;OH; the ion at m/z 32 arises from the fragment
CH,O". The normalized relative intensity of 100% at m/z 33
confirms that the produced methanol carbon originates from CH,
(Fig. 2C) (26). Due to the high volatility of formaldehyde and
low concentration, no obvious molecular ion or fragment ion
peaks of formaldehyde were observed in the GC-MS spectra.
Furthermore, the selectivity for converting methane to liquid
products in the first cycle reaches ~90% (Fig. 2C), which is sig-
nificantly higher than that observed in aqueous-phase methane
oxidation and similar to the results obtained when using water
microdroplets as the oxidant. X-ray photoelectron spectroscopy
(XPS) measurement was employed to investigate the changes in
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the surface chemical states of ZnO/Ag catalyst. Fig. 2 D and E
show the O 1s XPS spectra of ZnO/Ag before and after anaerobic
methane oxidation, respectively. The })eak at approximately 530.2
eV corresponds to lattice oxygen (O7) in the ZnO crystal, while
the peak at around 531.8 €V is associated with oxygen-related
vacancies in the ZnO crystallographic structures (27-31). After
anaerobic methane oxidation, the integral-area percentages of the
peaks related to oxygen vacancies increased significantly from 0.17
to 0.34, indicating the increased oxygen vacancies in ZnO/Ag
catalyst during anaerobic methane oxidation, which may be
because the oxygen atoms in the photocatalyst participate methane
oxidation.

Moreover, to complete the cycle of conventional stepwise meth-
ane oxidation, a catalyst reactivation process is conducted follow-
ing the anaerobic methane oxidation process. Humidified argon
is introduced into the reactor to remove unreacted methane and
to fully wet the catalyst, simulating the wetting state of the catalyst
during methane oxidation reactions using water microdroplets.
Fig. 2F presents the O 1s XPS spectra of ZnO/Ag after 1 h of
catalyst reactivation by water. The integral-area percentages of the
peaks related to oxygen vacancies significantly decreased to 0.19.
Then, in the second cycle reaction using the reactivated ZnO/Ag
photocatalyst, we found the slightly reduced methane oxidation
rate and selectivity compared to those observed in the first cycle,
as shown in Fig. 2G. Nevertheless, the results indicate the success-
ful reactivation of the ZnO/Ag catalyst in the presence of water
molecules. Due to the separation of the oxidant from methane,
zinc oxide cannot continuously supply oxygen for the deep oxi-
dation of liquid products. As a result, the stepwise oxidation pro-
cess achieves an average liquid products selectivity of ~87% in the
anaerobic methane oxidation over three cycles, which is signifi-
cantly higher than that observed in aqueous-phase oxidation
(~30%) and closely resembling the selectivity obtained with the
use of water microdroplets as the oxidant. To rule out interference
from other potential oxidants, H,'°O was replaced with H,'*O
during the water reduction process in the second cycle reaction.
Fig. 2H shows the GC-MS spectra of the products formed during
the second cycle (Bortom) and the third cycle (Upper). The peaks
with m/z = 32 and 34 correspond to CH,'*OH and CH,OH,
respectively, while other peaks, such as CH;'*O" (m/z = 33) and
CH,'°O" (m/z = 31), represent the ionized fragments. The
CH,'®O" peak at m/z = 33 appears with 100% relative intensity
(orange line, Fig. 2H) in the third cycle reaction, demonstrating
that the oxygen in the methanol originates from H,O that par-
ticipated in ZnO/Ag reactivation. In subsequent cycles (cycle 4
to cycle 6, SI Appendix, Fig. S12), the photocatalytic methane
oxidation under anaerobic condition in stepwise oxidation system
showed stable performances, further indicating that the use of
water molecules can successfully reactivate the ZnO/Ag photo-
catalyst through filling oxygen vacancies. In the initial three cycles,
the decline in catalyst performance may be attributed to the irre-
versible or partially reversible reconstruction, sintering, or deac-
tivation of some active sites (32-34). As the number of cycles
increases, a dynamic equilibrium of oxygen species is established
on the catalyst surface, thereby stabilizing the catalytic perfor-
mance. Notably, during the photocatalyst reactivation period, a
specific quantity of hydrogen was produced from the reduction
of water, as shown in SI Appendix, Fig. S13, which supports the
crucial role of water molecules in catalyst reactivation via contrib-
uting the oxygen atoms.

Compared to the use of humidified argon for transitioning the
ZnO/Ag catalyst from anaerobic oxidation to the reactivation
mode in the conventional stepwise reaction system, the rapid wet-
ting and evaporation of water microdroplets on the catalyst surface

PNAS 2026 Vol.123 No.1 2511126123

facilitates high-frequency stepwise conversion (SI Appendix,
Fig. S$10). When both the light intensity and water microdroplets
deposition rate are optimum, the water microdroplets deposited
on the ZnO/Ag surface have sufficient time to restore the deac-
tivated catalytic sites and can be promptly removed through the
photothermal effects caused by the incident light. We then inves-
tigated the effects of water microdroplet evaporation and depo-
sition rate on methane photooxidation, which was controlled
through varying water deposition rate and light irradiation inten-
sity: 1) the higher the water deposition rate, the faster the dep-
osition and the slower evaporation of water droplets, and 2) the
higher light intensity, the faster evaporation of water droplets.
SI Appendix, Fig. S9 illustrates the increased stable surface tem-
perature of the catalyst-loaded reaction bed as a function of light
intensity, where the higher temperatures will increase evapora-
tion rates. Fig. 3 A and B illustrate the methane oxidation rate
and its selectivity toward liquid products under varying water
microdroplet deposition rates and light intensity levels, respec-
tively. When the water microdroplets deposition rate is approx-
imately 0.15 mL/min and the light intensity is around 15 suns,
the ZnO/Ag photocatalyst achieves a maximum methane oxida-
tion rate of 280 pmol g”! h™! and a methanol selectivity of ~90%.
This dual-state stepwise conversion allows catalytic sites to undergo
repeated utilization within a short time, substantially enhancing
the turnover frequency of the catalyst and enabling significantly
higher catalytic rates. A TOF of 226.4 h™" is achieved at a water
deposition rate of 0.15 mL/min and a light intensity of 15 suns,
which is over 400 and 100 times higher than that of aqueous-phase
methane conversion under atmospheric pressure (0.55 h™") and
conventional stepwise conversion (an average value of 2.07 h™in
the first three cycles), as shown in S7 Appendix, Fig. S14.

At high microdroplet deposition rates, the catalyst remains
constantly in the wetting state, where the surface environment is
similar to that of methane oxidation in aqueous phase at atmos-
pheric pressure. In this case, the oxidation rate is primarily con-
strained by the concentration of methane dissolved in water rather
than the light irradiation intensity. As shown in Fig. 3 A and B,
when the water microdroplet deposition rate exceeds 0.7 mL/min,
variations in light intensity have insignificant impact on the meth-
ane oxidation rate, and the selectivity for liquid products is low.
When the light intensity is too high and the water microdroplet
deposition rate is relatively low, the evaporation rate exceeds the
water deposition rate, leading to the catalyst being predominantly
in dry state. Under this condition, the consumed catalytic sites
are unable to undergo timely reactivation by water, thereby causing
a decrease in oxidation activity.

To further interrogate the dry—wet dual-state mechanism, we
measured both reaction orders and apparent activation energies.
At fixed photon flux, we independently varied the methane partial
pressure and the microdroplet deposition rate. The fitted reaction
orders are & = 0.77 for CH, and p = 0.98 for microdroplets dep-
osition rate (S/ Appendix, Fig. S15 A and B). The fact that p > a
indicates that wet-side processes exert stronger kinetic control than
further increases in CH, under our conditions. Because the surface
inherently cycles between wet contact and a postevaporation dry
state, determining a purely “wet” or purely “dry” apparent activa-
tion energy is impractical. At an appropriate droplet deposition
rate, increasing the catalyst-surface temperature shortens droplet
residence and enlarges the dry fraction, whereas decreasing tem-
perature does the opposite. Accordingly, by keeping the deposition
rate fixed and measuring the apparent activation energy in two
temperature windows—a dry-biased high-temperature window
(100 to 120 °C) and a wet-biased low-temperature window (65
to 85 °C)—we can thereby further examine the existence of the
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dual-state reaction. The apparent activation energies are 0.15 eV
in the dry-biased window and 0.46 €V in the wet-biased window
(Fig. 30). The clear difference between the two activation energies
further provides kinetic evidence for a coupled dual-state cycle.

To isolate ambient-humidity effects, we performed humidity-
only controls in which CH, was prehumidified, but no microdrop-
lets were introduced. Both total yields and methanol selectivity
dropped markedly: Even at RH > 95%, the methane oxidation
rate plateaued at ~30 pmol g”' h™" and methanol selectivity at
~65% (Fig. 3D). Compared with the conventional stepwise meth-
ane conversion (Fig. 2), cofeeding methane with water vapor
drives fragile intermediates to further overoxidation. Under high
humidity, this direct methane oxidation can occur concomitantly
during our microdroplet-assisted stepwise process, likely explain-
ing why 100% methanol selectivity is not achieved.

Enhanced Performance by Promoting Oy, Formation. In addition
to the deposition and evaporation rates of water microdroplets, the
formation of oxygen vacancies on the catalyst surface also plays a
crucial role in methane anaerobic photocatalytic oxidation. The
reason for selecting zinc oxide as the oxygen carrier here is that,
compared to other oxides, it has a lower surface oxygen vacancy

https://doi.org/10.1073/pnas.2511126123

formation energy (20). The introduction of metal cocatalysts
lowers the formation energy of oxygen vacancies and serves as
an electron reservoir, thereby enhancing photoinduced charge-
carrier separation and facilitating proton transfer (35, 36). As
shown in Fig. 44, ZnO/Ag, ZnO/Au, and ZnO/Pt—ZnO
loaded with highly electronegative metal cocatalysts—exhibit
similar methane oxidation activities in experiments using water
microdroplets, significantly outperforming ZnO catalyst. The
results demonstrated the important roles of oxygen atoms of
oxides in dual-state stepwise methane oxidation. Materials
with low crystallinity or amorphous structures tend to exhibit
easier oxygen vacancies formation compared to perfect crystals
(37, 38). Here, ZnO/Ag catalysts with lower crystallinity were
synthesized for further enhancing the methane oxidation rate.
By immersing the materials in an ammonium hydroxyzincate
solution and controlling the drying temperatures, low-
crystallinity ZnO/Ag samples (denoted as LC-ZnO/Ag-1
and LC-ZnO/Ag-2, larger suffix numbers indicate the use of
higher concentrations of ammonium hydroxyzinate solutions)
were successfully prepared. ST Appendix, Fig. S16 shows the
X-ray diffraction (XRD) spectra of ZnO/Ag, LC-ZnO/Ag-1,
and LC-ZnO/Ag-2 samples. The full width at half maximum
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(FWHM) of the (101) peak increases from the 0.22° 268 (ZnO/
Ag) to 0.26° 20 (LC-ZnO/Ag-1) and 0.33° 20 (LC-ZnO/
Ag-2), indicating a decrease in crystallinity after ammonium
hydroxyzincate treatment. The high-angle annular dark-
field (HAADF) scanning transmission electron microscopy
(STEM) images of ZnO/Ag and LC-ZnO/Ag-1 are shown in
SI Appendix, Fig. S17. The ZnO/Ag sample exhibits a smooth
surface with continuous and uniform lattice fringes. As a portion
of zinc oxide dissolves into the ammonium hydroxyzincate
solution and subsequently recrystallizes during the drying and
crystallization process, the surface of the LC-ZnO/Ag-1 sample
exhibits increased roughness and intermittent lattice fringes.
Fig. 4B shows the performance of these samples in methane
oxidation reaction using water microdroplets as oxidant. It
can be observed that the LC-ZnO/Ag-1 and LC-ZnO/Ag-2
exhibit higher methane oxidation rates compared to ZnO/
Ag. At ambient pressure (1 atm), using the dual-state strategy,
LC-ZnO/Ag-1 achleved a state- of-the-art methane oxidation
rate of ~640 pmol g”' h™ and a comparable liquid-product
selectivity of ~95% (290% methanol), as shown in ST Appendix,
Fig. S18 and Table S1. Regions with low crystallinity are prone
to significant recombination of photogenerated charge carriers,
impeding the efficient transfer of photogenerated electrons and
holes to catalytic sites for reaction (39). Consequently, LC-
ZnO/Ag-2 demonstrates a reduced methane oxidation rate
compared to LC-ZnO/Ag-1. The improvement may also likely
arise from the increased exposure of polar facets (40), which
reduces the formation energy of oxygen vacancies and thereby
enhances activity. Irrespective of the precise origin, the observed
trend accords with a Mars—van Krevelen—type mechanism—
namely, higher activity results from a lowered oxygen-vacancy
formation energy.

PNAS 2026 Vol.123 No.1 2511126123

To assess the generality of the dual-state strategy, we evaluated
CeO,/Ag, TiO,/Ag, and g-C;N,/Ag (SI Appendix, Fig. S19). With
microdroplet assistance, oxide photocatalysts showed marked gains
over the conventlonal hrgh pressure aqueous system: CeO,/Ag deliv-
ered ~200 pmol g™ h™" with 89% liquid-product selectivity, and
TiO,/Ag reached ~100 pmol g™ h™" with ~85% selectivity. The lower
activity of TiO,/Ag likely reflects its higher oxygen-vacancy forma-
tion energy (20), whereas g-C;N/Ag showed no clear enhancement,
consistent with the absence of lattice oxygen.

Methane Oxidation Catalytic Mechanisms Investigation. Further-
more, the in situ diffuse reflectance FTIR (DRIFT'S) measurements
were employed to track the methane oxidation process. The DRIFTS
experiments were conducted in a dry and oxygen-free chamber under
CH,/Ar or H,0O/Ar atmosphere. During the first 30 min, only the
CH,/Ar mixture was purged into the reaction chamber to simulate
the anaerobic catalytic process under dry conditions. As illustrated
in Fig. 4C, the spectra obtained in dark exhibit only two prominent
peaks at 1,303 cm™" and 3,010 cm ™, corresponding to gaseous CH,
(41). Upon 1 min of illumination, peaks near 1,100 and 1,050 cm!
appeared, corresponding to the C—O stretching vibrations of the
methoxy species from adsorbed methanol (CH;OH,,) (42, 43).

The peak at around 1,450 cm ™" is attributed to the C—H bending
vibration mode of adsorbed methanol molecules (CH;OH,,) (44,

45). With illumination time increasing, two additional characteristic
peaks were observed at 2,350 cm™" and 1,590 cm ™, corresponding to
the C=0 stretching vibration of formaldehyde and the asymmetric
stretching vibration of CO,, respectively. This indicates that methanol
acts as an intermediate product in the oxidation of methane, leading
to the formation of formaldehyde, carbon monoxide, and carbon
dioxide. After 30 min of photocatalysis reaction, the CH,/Ar flow
was replaced with H,O/Ar to investigate the role of water molecules
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in the dual-state stepwise conversion under wetting conditions. A
rapid decrease in the methanol-related peaks was observed, validating
the desorption effect of water vapor on methanol. Furthermore,
peaks at approximately 3,640 cm™' and 3,720 cm™ in the high
wavenumber region, attributed to surface hydroxyl groups (15, 46,
47), diminished rapidly under CH,/Ar flow but were restored under
H,O/Ar flow.

Using DFT, we performed a mechanistic study to propose a
possible methane oxidation mechanism (computational details
can be found in the SI Appendix). In Fig. 5, we display the rel-
ative Gibbs free energy of each respective intermediate, with the
optimized geometries given in Fig. 5B, including reaction free
energies of each step. We chose the polar ZnO(0001) surface,
one of the most dominant low-index surfaces, to model the
oxygen-rich ZnO (48). We have also investigated the nonpolar
ZnO(10 —1 0) surface (ST Appendix, Fig. S22), which however
showed endergonic methane dissociative adsorption, which sug-
gests low contribution to the overall catalytic activity. However,
on the oxygen-terminated polar surface, dissociation of the
methane is heavily exergonic (-2.56 ¢V), leading to a methyl
radical (*CHj;) attached on the surface and a hydroxyl radical
integrated into the surface, an intermediate we call ZnO*CH,_
ZnO*H. Upon photoexcitation, the surface integrated hydroxyl
group gets oxidized by photogenerated holes, releasing a proton
(+1.47 eV, provided by the high-energy photogenerated holes),
leading to the ZnO*CH; intermediate. When the formation
energy of oxygen vacancies is low, the O**CHj radicals can break
the oxygen—metal bonds under light excitation, by reduction
through photogenerated holes and subsequent reprotonation,
leading to methanol formation while simultaneously generating

oxygen vacancies on the zinc oxide surface (+0.77 eV, easily
provided by high-energy electrons generated by photoexcitation)
(20, 40). This process corresponds to the decrease in hydroxyl
intensity during the CH,/Ar flow observed in Fig. 4C. The
removal of surface oxygen leads to deactivation of the catalytic
sites, thus preventing further oxidation of the generated meth-
anol and ensuring high methanol selectivity during anaerobic
methane oxidation. When the catalyst surface becomes wetted,
the generated oxygen vacancies are replenished by water, under
release of a proton and photooxidation, this leads to the ZnO*H
intermediate (-0.44 eV). This is also experimentally evidenced
by the increase in hydroxyl group intensity in Fig. 4C during
the H,O/Ar flow. Further oxidation of this intermediate leads
to the ZnO surface (+1.93 eV), regenerating the catalyst and
allowing for the next catalytic cycle.

It is important to note that the reaction under dry condition is
stochiometric with regard to photoexcited electrons and holes as
well as protons, while under wet conditions, electrons and protons
are generated. Accumulation of electrons at the Ag (or other metal
cocatalyst) nanoparticles and abundance of protons then leads to
hydrogen evolution on the silver site (49, 50), extracting the excess
electrons and holes. This therefore leads to the following reaction
equations under dry and wet conditions:

h
CHy +ZnO = CH,OH + ZnO, Dry,
h
ZnO, +H,0 = ZnO + 2H* +2¢~ Wet,

h
CH, + H,0 - CH;OH + 2H" + 2¢~ (Toral).
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Fig. 5. Proposed mechanism of photocatalytic methane oxidation to methanol. (A) Free energy profile including each respective reaction intermediate. (B)

Optimized geometries and free energies of reaction for the reaction steps.
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With the reduction on silver (or other metal cocatalyst):
hv
2HT +2¢” > H,.
This leads to the total reaction equation

CH4 + H,Ohv—CH;0H + H,.

Discussion

In summary, this study presents a photocatalytic method for con-
verting methane into high-valued liquid product, CH;OH, using
water microdroplets as the sole oxidant, with metal-loaded low-
crystallinity zinc oxide acting as the oxygen carrier. We propose a
dual-state stepwise methane conversion model in the presence of
water microdroplets, supported by complementary evidence from
kinetics, isotopic labeling with XPS, DFT calculation, and in situ
DRIFTS. In this reaction mode, the rate of methane oxidation and
the selectivity of products can be adjusted by controlling the depo-
sition and evaporation rates of water microdroplets. This dual-state
stepwise oxidation method overcomes the low catalytic turnover
frequency (TOF) of conventional stepwise conversion and the poor
product selectivity in atmospheric aqueous-phase reactions. It simul-
taneously achieves a high methane oxidation rate (640 umol g_1 h™)
and excellent selectivity (~95%) for liquid products (CH;OH and
HCHO). This study offers an efficient stepwise conversion strategy
for photocatalytic methane upgrading.

Materials and Methods

Materials Preparation. Ag-loaded photocatalysts (Ag/Zn0 as the primary system;
Ag/Ce0,,Ag/Ti0,, and Ag/g-C;N, for generality) were prepared by a photodeposition
procedure: A suspension of the support (Zn0, TiO,, Ce0,, g-C;N,) in H,0/MeOH
containing AgNO, was evacuated and irradiated with a Xe lamp (30 min), then
washed and vacuum-dried at 60 °C.To obtain low-crystalline ZnQ shells, crystalline
Zn0/Ag powders were contacted with ammonium hydroxyzincate solution, rapidly
filtered, and vacuum-dried at 90 °Cto dehydrate hydroxyzincate to a ZnO overlayer;
Ag was then redeposited by the same photodeposition step. Full reagent amounts
and step-by-step conditions are provided in S/ Appendlix, section S1.

Methane Oxidation Experiments. Three reaction modes were employed. i)
Aqueous high-pressure tests: 100 mg catalyst was dispersed in 20 mL H,0 in
a 150 mL stainless-steel reactor (PTFE liner, quartz window) and irradiated with
a 300 W Xe lamp (~15 suns) after Ar/Methane purging; typical reaction time
was 2 h. ii) Conventional stepwise mode: ~200 mg catalyst on a ceramic-wool
bed in a 30 mLglass reactor was dried/degassed, exposed to CH,/Ar (1:3) under
illumination for the anaerobic oxidation step, then reactivated by humid Ar/H,0
flow; liquids and gases were collected after each cycle. iii) Microdroplet-assisted
dual-state mode: Deionized water was atomized into ultrafine microdroplets and
delivered to the illuminated catalyst bed (300 W Xe, quartz window) using a
sealed internal-circulation apparatus; condensate and gas-phase products were
captured downstream via condenser/collectors. Detailed operating procedures
and the design of the microdroplet-assisted methane oxidation apparatus are
provided in the S/ Appendix, sections S2 and S3.

Product Analysis. Gaseous and liquid products were quantified using comple-
mentary methods. Gas products (CH,, CO, CO,, H,) were analyzed on a GC equipped
with TCD and FID. Liquid products were first screened by 'H NMR (D,0; maleic
acid internal standard) and then quantified by GC-FID with external-standard
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calibration. Formaldehyde was determined by the acetylacetone (Nash) colori-
metric method after derivatization (60 °C, 10 to 30 min; absorbance at413 nm).
Isotopic incorporation from *CH, or H,"80 was verified by GC-MS from methanol
mass shifts. Details are provided in the S/ Appendix, section S7.

Kinetic and Activation-Energy Measurements. Kinetic tests were performed
inthe same sealed internal-circulation reactor and protocol as standard runs (total
pressure 1atm; illumination 10 suns). The methane order (o) was obtained with
the droplet flux J, fixed (=0.15 mLmin™") while varying Pey, from 0.1t0 1.0 atm
(Arbalance); awequalsthe slope of logy(rate) vs. log;oPe. The droplet order () was
measured with Py, fixed (0.7 atm) while varying J,, from 0.05t0 0.15 mL min~";
B equals the slope of log,(rate) vs. log,oJ,,. Apparent activation energies were
determined by replacing the ceramic-wool bed with a PID-heated circular quartz
disk bearing a drop-cast catalystfilm (areal loading ~ 64 mg cm %) and irradiated
by a 365 to 385 nm UV-A LED (~85 mW cm~2); at fixed J, (~0.1 mLmin™") we
swept the disk temperature to define wet-biased (65 to 85 °C) and dry-biased
(1000 120 °C) windows and constructed Arrhenius plots separately to obtain £,
and E, 4,,. Full operating conditions, instrumentation, and regression procedures
are provided in S/ Appendix, sections S5 and Sé.

Apparent Quantum Yield and Light-to-Chemical Energy Calculation. AQY(A)
was measured under monochromatic LEDs (350 to 450 nm); a >800 nm-filtered
Xe lamp supplied only thermal input for droplet evaporation, and its photons were
not counted. AQY() equals electron-weighted product moles divided by incident
photons, and the methanol light-to-chemical efficiency is calculated as

AG,
Micee(A) = AQYCH30H(A)—W:
2hv

where hvis the photon energy. The factor of two accounts for the two-electron pro-
cess associated with CH;0H formation. More details are provided in S/ Appendix,
section S8.

Materials Characterization and In situ DRIFTS. Catalysts were characterized
by STEM, XPS, PL, and XRD (instrument models and settings in SI). In situ DRIFTS
was performed on a Bruker FT-IR under anaerobic conditions: The catalyst on a
quartz-disk was pretreated in Ar at 100 °C for 30 min, then exposed to CH,/Ar
(1:5,5 scem) for 1 h, illuminated for 30 min, and finally switched to H,O/Ar for
20 min. (S/ Appendix, section S11).

Computational Methods. Surface models included polar O-terminated
Zn0(0007) and nonpolar (100) slabs (four double layers; top and bottom layers
relaxed; 30 Aincluding vacuum). A detailed description of the DFT-based compu-
tational methods, model construction, associated references, as well as complete
model definitions and tabulated energies and free energies, is provided in the
Sl Appendix, Figs. $20-522, Table $2-S4, and section S12.

Data, Materials, and Software Availability. Study data are included in the
article and/or SI Appendix.
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