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Abstract
As a type of significant porous material, molecular sieves possess substantial application potential, particularly for 
catalysis and sustainability. However, the utilization of molecular sieves for photocatalytic synthesis has been 
hampered by the low charge transfer and poor photoresponse. Herein, we demonstrate that titanium silicalite (TS) 
zeolite serves as a versatile support integrated with TiO2 and Pd for selective photocatalytic methane conversion 
into oxygenates. Comprehensive characterizations indicate that the pore structures of TS zeolite can enhance the 
adsorption and the localized concentration of reactants for subsequent reactions, while the Pd cocatalyst functions 
as the photogenerated hole acceptors under light illumination, forming Pdδ+ species to facilitate the C-H bond 
cleavage of CH4 molecules. As a result, the optimal Pd-TS@TiO2 catalyst achieves a high production rate of 6.8 
mmol g-1 h-1 with a selectivity of 96.5% for oxygenate products. This work provides valuable insights into reaction 
regulation through material design and paves the way for efficient methane conversion to high-value oxygenates.
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INTRODUCTION
With the emerging exploration of large reserves of shale gas, coalbed methane, and methane hydrate, 
methane (CH4) has received increasing attention as a feedstock for valuable chemicals and fuels[1,2]. 
Currently, less than 10% of global methane production is used for chemical manufacturing, primarily due to 
the stubborn C-H bonds and negligible polarizability of methane molecules. Traditional indirect 
technologies for methane conversion, such as dry reforming of methane, generally require harsh conditions 
to activate the inert C-H bonds of methane molecules, resulting in high energy costs[3-6]. Therefore, the 
direct catalytic activation of methane for the synthesis of valuable chemicals and fuels under mild 
conditions is significant for the sustainable utilization of methane[7-12].

Specifically, the emerging photocatalytic partial oxidation of CH4 can efficiently transform methane to 
synthesize value-added oxygenate compounds under mild conditions even at room temperature[13]. This 
process occurs due to the action of the photogenerated reactive oxygen species, such as hydroxyl radicals 
(·OH) and superoxide radicals, which efficiently cleave the C-H bonds of methane[14-16]. For instance, Ye et 
al. demonstrated cocatalyst (Pt, Pd, Au, or Ag) loaded ZnO photocatalyst for selective oxidation of CH4 
using only O2 to synthesize liquid oxygenates[17]. Despite these advances, the deep dehydrogenation or 
excessive oxidation of methane molecules still hampers the practical application of photocatalytic methane 
technology[2,18-20]. In this context, it is highly desirable to simultaneously regulate the adsorption 
configuration of the intermediates and the reaction microenvironment in the photocatalytic methane 
conversion system to improve the selectivity of target products. Molecular sieves (e.g., Zeolites) possess 
regular pore channel structures and large specific surface areas, enabling the formation of multi-
dimensional reaction site structures[21]. Thus, this approach presents a promising avenue for photocatalytic 
methane conversion by integrating metal sites with molecular sieves, facilitating an adequate reaction 
microenvironment to simultaneously regulate the activation processes of CH4 and oxygen species[22-24].

Here, we present the combination of titanium silicalite (TS) zeolite support with TiO2 and Pd 
(Pd-TS@TiO2) to achieve efficient photocatalytic methane conversion using oxygen as the oxidant. 
Comprehensive characterizations demonstrated that the pores of TS could significantly enhance the 
adsorption of reactants for photocatalytic reactions. Pd could accept photogenerated holes to form oxidized 
Pdδ+, which greatly facilitates the polarization of CH4 molecules for further activation. Moreover, the methyl 
radicals (·CH3) and ·OH species are the key intermediates for CH4 conversion in the presence of O2 and H2

O. As a result, the optimized Pd-TS@TiO2 catalyst achieved a total oxygenate yield of 6.8 mmol g-1 h-1 with a 
selectivity of 96.5%.

EXPERIMENTAL
Preparation of TS@TiO2

The TS molecular sieve TS-1 was purchased from Jiangsu Xianfeng Nano Material Technology Co., Ltd. 
(XFF08). Firstly, 0.936 g of TS powder was dispersed into 30 mL of ethanol under ultrasonic. Then, 0.4 mL 
of tetra-n-butyl titanate (TBOT) and 300 μL of H2O were dropwise added into the above mixture. After 
stirring for 4 h, the mixture was transferred into a Teflon-lined autoclave and reacted at 180 °C for 3 h. After 
that, the white powder was collected through a centrifuge, washed three times using ethanol, and dried in an 
oven. The sample was then annealed at 550 °C for three hours, denoted as TS@TiO2. The composite samples 
with different TiO2 ratios were synthesized by varying the amount of TBOT.

Loading of metal nanoparticles
The Pd nanoparticles were loaded by the photodeposition method or hydrogen reduction method. 
Typically, 200 mg of the TS@TiO2 sample was dispersed in 30 mL of water under stirring. Subsequently, 200 
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uL of K2PdCl6 aqueous solution with a concentration of 3.08 mg mL-1 was added into the solution and then 
purged with argon for 30 minutes to remove oxygen. After stirring for another ten hours, the solution was 
irradiated under a light intensity of 100 mW cm-2 for 30 min. After the photodeposition, the sample was 
collected by centrifugation, washed three times with water, and dried in a vacuum oven. The obtained 
samples can be denoted as 0.2Pd-TS@TiO.

Photochemical CH4 conversion measurement
The customized high-pressure stainless-steel reactor is used to test the photocatalytic methane conversion. 
Firstly, 10 mg of the catalyst was dispersed in 120 mL of ultrapure water and then transferred into the 
pressurized stainless steel reactor. After finely sealed, the suspension was pursed with ultra-pure oxygen 
(99.999%) three times to completely remove the air. Then, 1 bar O2 was maintained in the reactor. Methane 
(99.999 vol.%) was next injected to acquire the desired pressure. The photocatalytic methane conversion was 
conducted under ultraviolet light of 365 nm for 2 h. After the reaction, the gaseous products were measured 
by the gas chromatograph. The CH3OH and CH3OOH were analyzed by the 400 MHz liquid 
superconducting nuclear magnetic resonance spectrometer, while the HCHO was measured through the 
colorimetric method on the ultraviolet-visible (UV-Vis) spectrophotometer.

RESULTS AND DISCUSSION
The TS zeolite was selected as the support because the presence of titanium ions and the unique -Ti-O-Ti- 
structure in the TS framework can effectively promote C-H bond activation of methane molecule and the 
well-defined microporous structure of TS benefits molecule diffusion for further catalytic reaction[21,25,26]. 
The commercial TS molecular sieve exhibits an ellipsoidal morphology with a particle size of about 300 nm. 
Subsequently, the TiO2 was introduced through solvothermal method to prepare TiO2-TS composite (TS@
TiO2). As shown in Supplementary Figures 1 and 2, scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) characterizations revealed the presence of TiO2 nanoparticles with an 
approximate size of 10 nm on the TS surface. Furthermore, the amount of TiO2 nanoparticles on the surface 
increases with the amount of the added titanium precursor [Supplementary Figure 2]. Subsequently, the Pd 
cocatalyst was further loaded on the TS@TiO2 sample by photodeposition (Pd-TS@TiO2). As a result, the 
uniform distribution of Pd particles with a size of ~ 2.5 nm was observed on the surface of TS@TiO2 
[Figure 1A and B], while the structure of TS@TiO2 was well maintained. The high-resolution TEM 
(HRTEM), high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM), and 
energy-dispersive X-ray spectroscopy (EDS) mapping analysis [Figure 1C and D] further demonstrated the 
modifications of TiO2 and Pd on the surface. Moreover, the distinct lattice fringe spacing of 0.22 nm is 
assigned to the (111) plane of Pd. The Pd particles observed in the HRTEM analysis indicate a uniform 
distribution with an average size of 1.9 nm [Supplementary Figure 3].

The N2-sorption isotherm for the Pd-TS@TiO2 sample [Supplementary Figure 4] exhibits similar 
adsorption-desorption isotherms as those of TS and TS@TiO2. All samples have mesopore volume 
distribution [Figure 1E and Supplementary Table 1]. These results suggest that the loading of Pd did not 
alter the original pore size and pore volume of TS, thereby ensuring the diffusion of reactants under liquid-
phase reaction conditions. The X-ray diffraction (XRD) patterns of TS were well preserved upon the loading 
of Pd and TiO2 [Figure 1F, and Supplementary Figures 5A and 6A]. At high loading amounts of TiO2 
particles, the characteristic patterns attributed to TiO2 became obvious, while the absence of metallic Pd 
patterns may be ascribed to the low loading amount of only 0.2% [Supplementary Figure 7] as detected by 
inductively coupled plasma atomic emission spectroscopy (ICP-OES). The UV-Vis diffuse reflectance 
spectra [Supplementary Figures 5B, 6B, and 8] show that the pristine TS exhibits two distinct absorption 
edges. The absorption edge at the wavelength of 218 nm can be attributed to the transition absorption of 
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Figure 1. (A) TEM; (B) HRTEM; (C) HAADF-STEM; and (D) elemental mapping images of 0.2Pd-TS@TiO2; (E) Pore size distribution 
plots of TS, 0.2Pd-TS, TS@TiO2, and 0.2Pd-TS@TiO2 samples derived from N2-sorption isotherms; (F) The XRD patterns of TiO2, TS, 
TS@TiO2, and 0.2Pd-TS@TiO2 samples. TEM: Transmission electron microscopy; HRTEM: high-resolution TEM; HAADF-STEM: high-
angle annular dark-field scanning transmission electron microscope; TS: titanium silicalite.

tetracoordinated titanium in the TS framework[27]. In contrast, the absorption edge at the wavelength of 330 
nm is similar to the transition absorption of hexacoordinated titanium in titanium oxide. It is noteworthy 
that the loading of Pd and TiO2 on the TS surface can significantly enhance the light absorption ability of 
TS, which would improve the performance of photocatalytic reactions. Ultraviolet photoelectron 
spectroscopy (UPS) was further employed to characterize the energy band structure of the 0.2Pd-TS@TiO2 
sample [Supplementary Figure 9]. Combined with the UV-vis diffuse reflectance spectrum, the band 
structure of 0.2Pd-TS@TiO2 can be schematically illustrated in Supplementary Figure 10.

The X-ray photoelectron spectroscopy (XPS) was conducted to analyze the valence states. The TS, Pd@TS, 
TS@TiO2, and 0.2Pd-TS samples mainly show the intrinsic signals of Ti, Si, and O inherent to the TS zeolite. 
The high-resolution Ti 2p XPS spectra [Figure 2A] show the characteristic peaks at 464.3 and 458.5 eV 
corresponding to Ti4+. The characteristic peaks at 457.5 and 462.5 eV correspond to Ti3+. The Si 2p XPS 
spectra [Figure 2B] show a characteristic signal for TS zeolite (102.5 eV and 103.5 eV). In addition, the high-
resolution O 1s XPS spectra [Figure 2C] for the peak at 529.8 eV correspond to TiO2, while the peak at 532.5 
eV corresponds to oxygen from TS[26]. Interestingly, the signal attributed to oxygen vacancy can be observed 
at 531 eV upon Pd loading[28]. Meanwhile, the Pd 3d XPS spectra mainly show the distinctive peaks for 
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Figure 2. (A)Ti 2p; (B) Si 2p; (C) O 1d and (D) Pd 3d XPS spectra of TS, TS@TiO2, 0.2Pd-TS and 0.2Pd- TS@TiO2. XPS: X-ray 
photoelectron spectroscopy; TS: titanium silicalite.

metallic Pd [Figure 2D]; oxidized Pd species can also be observed. These results indicate the interaction 
between Pd and the support. Notably, the loading of TiO2 would increase the ratio of oxidized Pd and 
enhance the interaction between Pd and the support.

Upon recognizing the structure of Pd-TS@TiO2, the photocatalytic methane conversion performance was 
then evaluated over Pd-TS@TiO2 and control samples using oxygen as the oxidant in an aqueous-phase 
catalytic system. As shown in Figure 3A, both the pristine TS and TiO2 can drive methane conversion to 
generate CH3OH, CH3OOH, HCHO, and a small amount of CO2 with a total production rate of 1.4 and 1.5 
mmol g-1 h-1, respectively. The performance of methane conversion over TS would be slightly improved 
upon the introduction of TiO2 or Pd on the surface. It was unexpected that the performance for methane 
conversion over 0.2Pd-TS@TiO2 would be greatly enhanced, with a production rate of 6.8 mmol g-1 h-1 and a 
selectivity of 96.5% for oxygenate products. The enhanced performance is mainly beneficial from the unique 
pore structure of the TS support and the synergetic effect of TiO2 and Pd. Interestingly, the photocatalytic 
methane conversion performance over the physical mixing of TS, TiO2, and Pd (0.2Pd-TS + TiO2) is much 
lower than that of the 0.2Pd-TS@TiO2 sample [Figure 3B]. The different metal-modified TS@TiO2 catalysts 
exhibit inferior activities on photocatalytic methane conversion Pd-TS@TiO2 catalyst [Supplementary 
Figures 11-14]. These results further confirm that the intimate combination and synergistic effect among 
TS, TiO2, and Pd play an essential role in photocatalytic methane conversion. In addition, a series of control 
experiments suggest that catalyst, light, and CH4 are critical factors in the photocatalytic CH4 conversion 
over Pd-TS@TiO2 [Supplementary Figure 15]. Subsequently, the test was performed by varying the loading 
amount of metallic Pd to screen the optimal photocatalyst sample on its methane conversion performance. 
As shown in Figure 3C, the photocatalytic performance over the Pd-TS@TiO2 sample showed a classic 
volcano-shaped distribution trend with the Pd loading amount, among which the 0.2Pd-TS@TiO2 reached 
the highest production rate for oxygenate compounds.
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Figure 3. (A) Photocatalytic methane conversion performance of Pd-TS@TiO2 and the control samples; (B) Comparison of 
photocatalytic methane conversion performance with physical mixed samples; (C) Photocatalytic methane conversion performance of 
Pd-TS@TiO2 samples with different metal loadings; Photocatalytic methane conversion performance of the 0.2Pd-TS@TiO2 sample 
under (D) different CH4/O2 ratios and (E) different amounts of H2O; (F) Cyclic tests of 0.2Pd-TS@TiO2 catalyst. TS: Titanium silicalite.

After identifying the optimal catalyst, an evaluation was conducted to ascertain the influence of 
experimental parameters on photocatalytic methane conversion. Firstly, the molar ratio of CH4 to O2 was 
examined over the optimized 0.2Pd-TS@TiO2 with a total 20 bar pressure. As revealed in Figure 3D, a much 
lower yield of oxygenates (0.54 mmol g-1 h-1) was obtained under anaerobic conditions, manifesting the 
essential role of O2 in CH4 activation. In sharp contrast, the production rate of oxygenates was markedly 
enhanced, reaching 6.8 mmol g-1 h-1 at CH4/O2 = 19/1. Nevertheless, the yield of oxygenates would gradually 
decrease at a lower CH4/O2 ratio, which can be ascribed to the decreased CH4 concentration in water under 
decreased CH4 pressure. Thereafter, photocatalytic CH4 conversion tests with varying amounts of water 
were carried out to explore the effect of water on CH4 oxidation. As a result, photocatalytic CH4 conversion 
in the gas-solid phase without adding water brings out only CO2 as a by-product due to the severe oxidation 
of CH4 [Figure 3E]. As the amount of water and dissolved methane increased, both the production rate and 
selectivity of liquid oxygenates gradually increased, since water could promote oxygenate desorption from 
the surface of the catalyst and alleviate the overoxidation. Additionally, all of the products gradually increase 
with the reaction [Supplementary Figure 16], suggesting that the catalytic reaction was effective and 
continuous under the described conditions.

In order to investigate the role of titanium-silicon molecular sieve (TS) in the photocatalytic conversion of 
methane, we carried out a series of control experiments. Initially, the porous structure of TS was disrupted 
by ball milling (Pd-TS@TiO2-BM). As shown in Supplementary Figure 17, the Pd-TS@TiO2-BM exhibits 
diminished performance for photocatalytic methane conversion. Alkaline treatment was employed to etch 
the pristine TS zeolite to destroy the TS pores (NaOH-TS). The resulting composite catalyst was then 
decorated with Pd and TiO2 (0.2Pd-NaOH-TS@TiO2)[29]. We also replaced the TS with silica spheres (SiO2) 
[Supplementary Figure 18] without pores to prepare the composite catalyst (Pd-SiO2@TiO2). As an 
outcome, the performance of photocatalytic CH4 conversion over both 0.2Pd-SiO2@TiO2 and 0.2Pd-NaOH-
SiO2@TiO2 is significantly lower than that over the 0.2Pd-TS@TiO2 sample [Supplementary Figure 19]. 
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These results firmly suggest that the pore of TS zeolite plays a crucial role in photocatalytic methane
conversion, which may concentrate methane molecules, thereby increasing the local concentration and
facilitating the interaction of reactants with active sites. Subsequently, the stability of the Pd-TS@TiO2

catalyst was then examined. As shown in Figure 3F, both the production and selectivity of the oxygenates
generated from CH4 conversion were well maintained over ten consecutive cycles. In addition, both
morphology and crystal phase show negligible changes after the stability test, confirming the excellent
catalytic stability of the Pd-TS@TiO2 catalyst.

Upon recognizing the superior performance of methane conversion by modifying TS with TiO2 and Pd, we
are now able to gain a fundamental insight into the reaction mechanism over Pd-TS@TiO2. As evidenced by
the photoluminescence and photoelectrochemical measurements [Supplementary Figure 20], the
modification of TiO2 and Pd can significantly enhance the separation efficiency of photogenerated charge
carriers[30-32]. Additionally, the electrochemical impedance spectroscopy (EIS) measurements were
conducted to compare the transport resistance of photogenerated electrons [Supplementary Figure 21]. The
0.2Pd-TS@TiO2 presents the lowest impedance, indicating efficient electron transport upon Pd and TiO2

loading. The synergistic effect of both Pd and TiO2 significantly lowers the electron transport resistance,
resulting in superior photocatalytic performance for methane oxidation. Moreover, as observed by in situ
XPS under light illumination, the valence state of Pd would gradually change from a metallic state (Pd0) to
an oxidized state (Pdδ+), while the Si, O, and Ti elements exhibit negligible change under light illumination
[Supplementary Figure 22][33,34]. These results suggest that Pd can trap photogenerated holes under light
illumination, and the oxidized Pdδ+ can facilitate photocatalytic methane conversion towards oxygenates[35].

Given the indispensable role of oxygen species in photocatalytic methane activation, the in situ electron
paramagnetic resonance (EPR) was conducted to monitor the reactive oxygen species in the process of
photocatalytic CH4 conversion. As shown in Figure 4A, the intensity of the hydroxyl radicals (·OH) exhibits
typical quartet signals with an intensity ratio of 1:2:2:1. The signals of TS@TiO2 and Pd-TS@TiO2 are much
stronger than those of the TS and Pd-TS. This may be attributed to the presence of abundant titanium-
oxygen sites upon the introduction of TiO2, which are conducive to the activation of oxygen to generate
·OH species[36]. Moreover, both the characteristic signals of ·CH3 and ·OH can be detected in the EPR spectra
[Figure 4B] for Pd-TS@TiO2 in the CH4 atmosphere under light irradiation, indicating that the CH4

molecule could be efficiently activated over Pd-TS@TiO2 catalyst for further conversion. Then, temperature-
programmed desorption (TPD) was employed to investigate the adsorption behaviors of the reactants on
the catalyst surface. As illustrated in Figure 4C, the O2-TPD profile for 0.2Pd-TS@TiO2 exhibits strong O2

desorption peaks at about 95 and 300 °C, respectively. In comparison, the O2-TPD profiles for TS, Pd-TS,
and TS@TiO2 show much weaker O2 desorption peaks. This observation indicates the enhanced O2

adsorption upon the co-modification of Pd and TiO2. Similarly, the CH4-TPD profile for 0.2Pd-TS@TiO2

shows much stronger CH4 desorption peaks (100 and 300 °C) than that for TS, Pd-TS, and TS@TiO2

[Figure 4D]. Overall, the enhanced O2 and CH4 reactant adsorption capability brought by the synergetic
effect of Pd, TiO2, and TS greatly promotes the performance of photocatalytic CH4 conversion.

Furthermore, in situ diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) was carried out
to elucidate the reaction mechanism on the Pd-TS@TiO2 catalyst. As shown in Figure 4E, obvious peaks at
1,301 and 1,540 cm-1 can be observed in the DRIFTS spectrum of Pd-TS@TiO2 in the dark, which can be
attributed to the C-H deformation vibration and C-H symmetric deformation vibrational mode of CH4,
respectively[37]. Additionally, the peaks at 3,650, 3,551, and 1,623 cm-1 can be attributed to the vibration
absorption of H2O molecules[38]. Upon light irradiation, the vibrational mode of *CH3 deformation at 1,476
cm-1 appears, suggesting the rapid dissociation of CH4 over the surface of Pd-TS@TiO2, which is consistent
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Figure 4. (A and B) EPR spectra of zeolite series samples (TS, TS@Ti O2, 0.2Pd-TS, 0.2Pd -TS@TiO2) before and after adding light in 
oxygen-saturated ultrapure water; (C) O2-TPD and (D) CH4-TPD profiles of TS, Pd-TS, TS@Ti O2, Pd-TS@Ti O2. In situ DRIFTS spectra of 
0.2Pd-TS@TiO2 catalyst (E) in the dark and (F) under light illumination in CH4 + O2 + H2O atmosphere. EPR: Electron paramagnetic 
resonance; TS: titanium silicalite; TPD: temperature-programmed desorption; DRIFTS: diffuse reflectance infrared Fourier-transform 
spectroscopy.

with EPR characterizations. Moreover, the peaks of *OH, *OCH3 and *CH2O appear and gradually increase 
at 3,408, 1,034, and 1,721 cm-1, respectively, demonstrating the transformation of the intermediates on the 
surface under light illumination [Figure 4F][39]. Overall, the DRIFTS results indicate that CH4 molecules are 
first activated on the surface of 0.2Pd-TS@TiO2 to form *CH3 species, and then undergo the pathway of 
*OCH3 and *CH2O intermediates to further generate oxygenate products (CH3OH and HCHO). Based on 
these results, a potential reaction pathway is proposed for photocatalytic methane conversion over 0.2Pd-
TS@TiO2 [Supplementary Figure 23]. In detail, the 0.2Pd-TS@TiO2 sample is excited under light irradiation 
to generate electron-hole pairs. The photogenerated holes are enriched on Pd to form Pdδ+ species, while the 
photogenerated electrons can drive the activation of oxygen to ·OH species. Subsequently, the adsorbed CH4 
molecules would be polarizing induced by Pdδ+ species (steps 1-3), and further be activated to form *CH3 
species. Then, the formed *CH3 species can couple with ·OH to generate CH3OH (steps 4-5, path 2), or 
undergo a stepwise dehydrogenation and oxygenation process to generate HCHO products (step 8, path 
1)[40].

CONCLUSIONS
In summary, an effective strategy for selective photocatalytic methane conversion into oxygenates has been 
demonstrated using TS zeolite-based composite catalysts. The pore structures of TS zeolite can facilitate an 
increase in the local concentration of reactants for further reaction. The Pd cocatalysts function as the 
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photogenerated hole acceptors under light illumination and further boost the C-H bond cleavage of CH4 
molecules, while the presence of TiO2 can promote the formation of reactive oxygen species. As a result, the 
optimal Pd-TS@TiO2 catalyst achieves a production rate of 6.8 mmol g-1 h-1 with a selectivity of 96.5% for 
oxygenate products. This study proves that molecular sieves are a powerful carrier in photocatalytic 
synthesis, which may provide a promising avenue for the rational design of photocatalysts for efficient 
methane conversion.
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