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Graphical abstract 

 

We report an oxygen-defective TiO2-supported palladium catalyst for efficient 

photocatalytic transfer hydrogenation using water as the proton source, which exhibits 

high functional group tolerance and broad substrate applicability, enabling the complete 

conversion of sixteen substrates. 
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Abstract. Photocatalytic transfer hydrogenation using water as the proton source has 1 

emerged as an attractive and green approach for the catalytic reduction of unsaturated 2 

bonds. Herein, we report an oxygen-defective TiO2-supported palladium catalyst (Pd-3 

TiO2-Ov) for efficient photocatalytic water-donating transfer hydrogenation of anethole 4 

towards 4-n-propylanisole in a high yield of 99.9%, which is significantly higher 5 

compared to the pristine TiO2-supported palladium catalyst (Pd-TiO2, 74%). The 6 

enhanced performance is ascribed to the presence of oxygen vacancies, which facilitate 7 

light absorption and suppress the recombination of photogenerated electron-hole pairs. 8 

Furthermore, the Pd-TiO2-Ov is versatile in hydrogenating various alkene substrates 9 

including those with hydroxyl, ether, fluoride, and chloride functional groups in full 10 

conversion, thus offering a green method for transfer hydrogenation of alkenes. This 11 

study provides new insights and advances in current hydrogenation technology with 12 

water as the proton source. 13 

1. Introduction 14 

Enormous attention has been devoted to the pursuit of artificial photosynthesis for 15 

solar-to-chemical energy conversion with minimal environmental impact.1-3 Most of 16 

these studies have focused on photocatalytic hydrogen evolution,4-6 since hydrogen is 17 

one of the most promising fuels with high energy density and no pollutants are produced 18 

during its combustion. Globally, more than 50 million tons of hydrogen are consumed 19 

annually for the agricultural, chemical, and pharmaceutical industries.7 However, 20 
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flammable hydrogen suffers from low bulk density under ambient conditions, which 1 

poses serious challenges for its storage and transport.8 Solar-driven organic conversion 2 

has emerged as a possible alternative (e.g., hydrogenation,9, 10 oxidation,11 and 3 

coupling12, 13) that could produce value-added products for convenient storage and 4 

transportation, thus providing new avenues for the efficient utilization of solar energy. 5 

The hydrogenation of alkenes is among the most fundamental transformations in 6 

organic synthesis, with industrial applications varying from fine chemicals engineering 7 

to pharmaceutical manufacturing.14-16 Conventional thermal hydrogenation is typically 8 

conducted at a high temperature and pressure as well as using pressurized H2 as the 9 

proton source, which is potentially risky and energy-intensive.17 Furthermore, elaborate 10 

high-pressure resistant equipment is usually required. Substitutionally, the chemical 11 

transformation can be accomplished by photocatalytic transfer hydrogenation to 12 

develop green and sustainable chemical production processes, which involves the 13 

hydrogen transfer from a liquid hydrogen donor (e.g., water and alcohol) to a target 14 

molecule.18-20 Recently, Studer et al. demonstrated water activation with a 15 

photocatalytic phosphine-mediated radical process for the hydrogenation of alkenes 16 

under mild conditions.9 Xu et al. employed a carbon nitride-supported platinum 17 

nanoparticle photocatalyst for the proton addition of the C=C bond using water as the 18 

hydrogen source.21 The single-atom catalysts also exhibited enormous potential in 19 

photocatalytic water-donating transfer hydrogenation.20, 22 However, unsatisfactory 20 
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catalytic activity and poor substrate tolerance remained to be resolved. Moreover, the 1 

existing catalytic systems required the addition of hole scavengers (e.g., methanol, 2 

triethanolamine, triethylamine, and Na2SO3), which led to a waste of resources and 3 

hindered the development of photocatalysis. 4 

Herein, we reported an oxygen-defective TiO2-supported palladium catalyst (Pd-5 

TiO2-Ov) for efficient photocatalytic transfer hydrogenation using water as the proton 6 

source. Comprehensive characterizations including X-ray photoelectron spectroscopy 7 

(XPS), electron paramagnetic resonance (EPR), and transmission electron microscopy 8 

(TEM) verified the formation of oxygen vacancies. The resulting Pd-TiO2-Ov exhibited 9 

superior catalytic performance for transfer hydrogenation of anethole using water as a 10 

proton source with a 99.9% yield of 4-n-propylanisole formation. The enhanced 11 

preformation could be ascribed to the existence of oxygen vacancies, which promoted 12 

light absorption and prevented the recombination of the photogenerated electron-hole 13 

pairs. Isotopic-labeling experiments confirmed the hydrogenation mechanism using 14 

active hydrogen intermediates (H*) from water splitting in the reduction end, and EPR 15 

experiments verified that 1,4-dioxane was oxidized to generate 2,2'-Bi(1,4-dioxane) at 16 

the oxidation end. Finally, the catalytic system demonstrated high functional group 17 

tolerance and broad substrate applicability with full conversion. 18 

  19 
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2. Experimental section 1 

Photocatalysts synthesis 2 

To synthesize TiO2-Ov, 0.5 g Commercial TiO2 (P25) was reduced at 773 K (5 K min-3 

1 ramp rate) for 3 h under a 10% H2/Ar atmosphere. To prepare Pd-TiO2 or Pd-TiO2-4 

Ov, a certain amount of PdCl2 solution (2 mg mL-1) was added to deionized water 5 

(50 mL), then 0.5 g support was dispersed in the above PdCl2 aqueous solution with 6 

vigorous stirring in an oil bath at 90°C until dry. Samples with 0.5, 1.0, 1.5, and 3.0 7 

wt.% Pd loading were obtained with the addition of PdCl2 solution (2 mg mL-1) of 2.1, 8 

4.2, 6.4, and 12.9 mL. The collected solid powders were further dried at 353 K 9 

overnight. Finally, samples were calcined at 673 K (5 K min-1 ramp rate) for 5 h under 10 

a 10% H2/Ar atmosphere. 11 

Characterization methods 12 

The palladium content in the photocatalysts was tested by an Inductively Coupled 13 

Plasma Optical Emission Spectrometer (Varian ICP-OES 720). Powder X-ray 14 

diffraction (XRD) patterns were performed using Ultima IV X-ray diffractometer using 15 

Cu K radiation ( = 1.541841 Å). X-ray photoelectron spectroscopy (XPS) 16 

measurements were undertaken on a Thermo ESCALAB 250XI with an Al anode 17 

(Al-K = 1486.6 eV), in which all spectra were referenced to the C 1s peak at 284.8 eV. 18 

The XPS spectra were analyzed by Avantage software, in which the full width at half 19 

maximum (FWHM) between the Pd 3d3/2 and Pd 3d5/2 peaks was fixed. UV-vis diffuse 20 
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reflectance spectra (DRS) were conducted in a Lambda 950 spectrophotometer with 1 

BaSO4 as the reflectance standard. Transmission electron microscopy (TEM), high 2 

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), 3 

and energy-dispersive spectroscopy (EDS) images were obtained by a JEM 2100F 4 

TEM/STEM. Scanning electron microscopy (SEM) images were acquired on a Hitachi 5 

S-4800 instrument. The photoluminescence (PL) measurements were recorded using 6 

Hitachi F4600 spectrophotometer under 370 nm excitation. The time-resolved 7 

photoluminescence (TRPL) spectra were monitored at 530 nm under 375 nm excitation 8 

using FLS980. The electron paramagnetic resonance (EPR) measurements were 9 

conducted on a Bruker EMX plus instrument. The synchrotron radiation measurement 10 

was recorded on the BL14W1 beamline of the Shanghai Synchrotron Radiation Facility 11 

(SSRF) operated at 3.5 GeV under “top-up” mode with a constant current of 240 mA 12 

under fluorescence mode.  13 

Photoelectrochemical measurements 14 

Electrochemical measurements were performed using a CHI760E electrochemical 15 

workstation (Chenhua Instrument Co. Ltd., Shanghai, China) with a standard 16 

three-electrode cell, in which the prepared electrode, a platinum foil, and Ag/AgCl 17 

(saturated KCl) acted as the working, counter, and reference electrode, respectively, 18 

and the three-electrodes were soaked in a 0.2 mol L-1 electrolyte solution of sodium 19 

sulfate. The working electrodes were prepared as follows: catalysts (5 mg) and Nafion 20 
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solution (0.05 mL) were added to ultrapure water (0.45 mL) under sonication for 1 h. 1 

Then, the above slurry (0.010 mL) was dropped onto a π×0.6×0.6 cm2 fluorine-tin 2 

oxide (FTO) glass electrode and dried at 353 K. The transient photocurrent responses 3 

were performed using a 300 W xenon lamp with a 365 nm filter at 0 V (vs. Ag/AgCl). 4 

The electrochemical impedance spectroscopies (EIS) were carried out in frequencies 5 

from 105 to 10-1 Hz with an amplitude of 5 mV at 0 V (vs. Ag/AgCl). Mott-Schottky 6 

analysis was recorded over a potential range from −0.7 to 0.7 V (vs. Ag/AgCl) and 7 

5 mV perturbation signal at different frequencies (2000 and 3000 Hz). 8 

Photocatalytic activity test 9 

The photocatalytic water-donating transfer hydrogenation was performed in a 12 mL 10 

Schlenk reactor. In a typical process, photocatalyst (5 mg) and ultrapure water (2 mL) 11 

were added to the reactor and sonicated for 1 min. Subsequently, 1,4-dioxane (5 mL) 12 

and substrate (0.1 mmol) were added, then the reactor was purged with N2. Afterward, 13 

the reactor was irradiated by a 300 W xenon lamp with a 365 nm filter from a fixed 14 

distance of 10 cm, with an irradiation area of approximately 9.7 cm2. The irradiance of 15 

the LED lamp is 112.8 mW cm-2. After the irradiation, the liquid was collected and 16 

analyzed by GC-MS (Shimadzu QP2020 NX) using acetophenone as an internal 17 

standard. Four concentration gradients of standard solutions for the target analyte were 18 

prepared (Figure S17-S18). For the recyclability test, the catalysts after the reaction 19 

were directly reused in the next reaction cycle.  20 
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The scale-up reaction was performed in a 50 mL Schlenk reactor. Photocatalyst (0.1 g) 1 

and ultrapure water (10 mL) were added to the reactor and sonicated for 1 min. 2 

Subsequently, 1,4-dioxane (25 mL) and substrate (0.5 g) were added, then the reactor 3 

was purged with N2. The reactor was irradiated for 10 h using a 300 W xenon lamp 4 

with a 365 nm filter. 5 

Calculation of yield (Y): 6 

Y = 
moles of substrate converted to form product

moles of initial substrate
 × 100% 7 

3. Results and discussion 8 

Physicochemical properties 9 

The Pd-TiO2-Ov with a Pd content of 1.03 wt.% as determined by the inductively 10 

coupled plasma optical emission spectrometer (ICP-OES) (Table S1), was synthesized 11 

directly by impregnating PdCl2 solution into an H2-pretreated commercial TiO2 (P25) 12 

following a calcination treatment in H2/Ar atmosphere (details in Supporting 13 

Information). For comparison, the defect-free Pd-TiO2 was prepared using the same 14 

method, except for the direct use of P25. The X-ray diffraction (XRD) pattern of TiO2-15 

Ov was the same as that of P25 (Figure S1), indicating that the H2-pretreatment did not 16 

affect the intrinsic crystal structure of the P25. Noted that the diffraction peaks of 17 

metallic Pd at 39.9 (111) and 45.3° (200) could be observed when the Pd content was 18 

above 1 wt.%. The overall morphology and microstructure of TiO2-Ov and Pd-TiO2-Ov 19 

were then characterized by scanning electron microscopy (SEM), transmission electron 20 
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microscopy (TEM), and scanning transmission electron microscopy (STEM). 1 

Specifically, irregular TiO2 particles were observed in TiO2-Ov and Pd-TiO2-Ov by 2 

TEM (Figure 1a-b) and SEM images (Figure S2), and the corresponding energy 3 

dispersive X-ray spectroscopy (EDS) analysis demonstrated the homogeneous 4 

distribution of Pd, Ti, and O throughout the Pd-TiO2 and Pd-TiO2-Ov (Figure S3-4). 5 

Furthermore, the lattice spacing of the (111) plane of Pd (0.23 nm) was observed by the 6 

high-resolution (HR) TEM image of Pd-TiO2-Ov (Figure 1c). As shown in the STEM 7 

images of TiO2-Ov and Pd-TiO2-Ov (Figure 1d-e), the average sizes of the Pd 8 

nanoparticles (NPs) in TiO2-Ov and Pd-TiO2-Ov were revealed to be 4.11 and 3.84 nm  9 

 10 

Figure 1. (HR) TEM images of (a) Pd-TiO2 and (b-c) Pd-TiO2-Ov. HAADF-STEM 11 

(insets, size distribution of Pd nanoparticles) images of (d) Pd-TiO2 and (e) Pd-TiO2-12 

Ov. (f) Pd 3d XPS spectra of Pd-TiO2 and Pd-TiO2-Ov. The donut plot in (f) indicates 13 

the relative distribution of Pd0 (green) and Pd2+ (blue). 14 
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(insets), respectively. Moreover, the chemical states of Pd species in the catalysts were 1 

studied by X-ray photoelectron spectroscopy (XPS) (Figure 1f). Two types of Pd 2 

species were observed in the Pd 3d spectra of Pd-TiO2 and Pd-TiO2-Ov, which could be 3 

assigned to Pd0 (335.0 eV) and Pd2+ (336.7 eV) based on formal charges. As shown in 4 

the donut plots (insets), the ratio of Pd2+/Pd0 in Pd-TiO2 (1.12) and Pd-TiO2-Ov (1.14) 5 

is almost identical, indicating that the change in the carrier has no effect on the loading 6 

of Pd metal. 7 

Considering the variation in surface defect during the H2-pretreated process, a 8 

comprehensive investigation into the content of oxygen vacancy was investigated using 9 

O 1s and Ti 2p XPS, electron paramagnetic resonance (EPR), and HRTEM analyses. 10 

The O 1s XPS of Pd-TiO2 and Pd-TiO2-Ov were collected (Figure 2a), showing two 11 

main peaks at 529.9 and 532.2 eV that could be assigned to the lattice oxygen of Ti−O 12 

bond and the adsorbed oxygen on the surface, respectively. The content of adsorbed O 13 

in Pd-TiO2-Ov increased significantly compared to that of Pd-TiO2 due to the presence 14 

of more surface oxygen vacancies (insets in Figure 2a). In addition, the Ti 2p spectrum 15 

of Pd-TiO2-Ov demonstrated decreased binding energies when compared with Pd-TiO2, 16 

providing clear evidence for the lower valence state of Ti resulting from the presence 17 

of oxygen vacancies and the stronger interaction between the Pd species and TiO2-Ov 18 

(Figure 2b). The EPR measurements were further employed to explore the surface 19 

defects. As shown in Figure 2c, Pd-TiO2-Ov exhibited relatively stronger EPR signal 20 
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intensities at g ≈ 2.003 than that of Pd-TiO2 under both light and dark conditions, 1 

implying the higher number of surface oxygen vacancies in Pd-TiO2-Ov than Pd-TiO2.23 2 

Furthermore, the analysis by HRTEM revealed the generation of defective surface 3 

layers in the H2-pretreated Pd-TiO2-Ov, which was not observed in Pd-TiO2 (Figure S5).  4 

 5 

Figure 2. XPS of the (a) O 1s and (b) Ti 2p spectra of Pd-TiO2 and Pd-TiO2-Ov. The 6 

donut plot in (a) indicates the relative distribution of lattice oxygen (green) and 7 

adsorbed O (blue). (c) EPR spectra of Pd-TiO2 and Pd-TiO2-Ov under dark and light 8 

conditions. 9 

Since the aforementioned results conclusively demonstrated the defective surface 10 

structure in Pd-TiO2-Ov, the X-ray absorption fine structure (XAFS) measurement was 11 

further conducted to analyze the coordination environments and electronic structure of 12 

Pd species on TiO2-Ov. X-ray absorption near edge structure (XANES) result showed 13 

that the absorption edge of Pd-TiO2-Ov is located between that of the Pd foil and PdO, 14 

but closer to the Pd foil (Figure S6a), suggesting that the oxidation state of Pdδ+ (0 < δ 15 

< 2) species, in line with the results of XPS analysis. Moreover, the Fourier-transformed 16 

(FT) k2-weighted Pd K-edge extended X-ray absorption fine structure (EXAFS) 17 

analysis in the R space of the Pd-TiO2-Ov showed one main peak at 2.50 Å (Figure S6b), 18 
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attributing to the metallic Pd−Pd scattering. The EXAFS fitting manifests that the 1 

coordination number of Pd−Pd is 10.1±1.3 with bond lengths of 2.73±0.01 Å (Figure 2 

S6c and Table S2). The results indicated that the Pd species were dispersed on the TiO2 3 

in the form of well-crystallized nanoparticles. 4 

Photoelectrochemical properties 5 

The optical properties and band structures of Pd-TiO2 and Pd-TiO2-Ov were analyzed 6 

by UV-visible diffuse reflectance spectroscopy (UV-vis DRS). As shown in Figure 3a, 7 

the formation of oxygen vacancies increased the light absorption of Pd-TiO2-Ov over 8 

the entire wavelength range. The bandgaps (Eg) of Pd-TiO2 and Pd-TiO2-Ov were 9 

calculated to be 3.18 and 3.20 eV according to the Tauc plots, respectively (Figure 3b). 10 

Then, the Mott-Schottky (M-S) plots were performed to acquire the conduction band 11 

(ECB) positions of Pd-TiO2 (-1.07 eV vs. Ag/AgCl) and Pd-TiO2-Ov (-1.06 eV vs. 12 

Ag/AgCl) (Figure S7), which corresponded to -0.47 and -0.46 eV (vs. reversible 13 

hydrogen electrode (RHE)), respectively. Then, the valence band (EVB) positions could 14 

be further calculated to be 2.71 and 2.74 eV for Pd-TiO2 and Pd-TiO2-Ov, respectively. 15 

Thereafter, their band gap diagrams could be schematically plotted (Figure S8). To 16 

study the charge transfer process, electrochemical impedance spectroscopy (EIS) 17 

measurements were conducted. As shown in Figure 3c, Pd-TiO2-Ov presented a smaller 18 

EIS radius than Pd-TiO2, illustrating a lower interface electron-transfer resistance. 19 

Additionally, the transient photocurrent experiments showed that Pd-TiO2-Ov possesses 20 
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a faster photocurrent response and a higher photocurrent density under irradiation than 1 

Pd-TiO2 (Figure 3d), indicating the effective promotion of the separation of 2 

photogenerated electron-hole pairs. The mobility of photogenerated electron-hole pairs 3 

was further investigated by the steady-state photoluminescence (PL) spectra. As shown 4 

in Figure 3e, the Pd-TiO2-Ov sample showed a weaker PL emission peak, which might 5 

be due to the presence of more structural defects. Moreover, time-resolved 6 

photoluminescence (TRPL) spectra (Figure 3f) exhibited that the average lifetime of 7 

the photogenerated charges of Pd-TiO2-Ov (2.16 ns) was shorter than that of Pd-TiO2 8 

(2.85 ns), which suggested that photogenerated charges in Pd-TiO2-Ov were transferred 9 

to certain favorable localized states (e.g., surface defects), thus facilitating the  10 

 11 

Figure 3. (a) UV-vis absorption spectra, (b) Tauc plots, (c) electrochemical impedance 12 

spectra, (d) transient photocurrent responses, (e) solid-state PL spectra, and (f) time-13 

resolved PL spectra of Pd-TiO2 and Pd-TiO2-Ov. 14 
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separation of photogenerated electron-hole pairs. These results manifested that the 1 

presence of oxygen vacancies could enhance light absorption and promote the 2 

separation and migration of photogenerated electron-hole pairs, which could facilitate 3 

the resulting reactivity. 4 

Photocatalytic performance 5 

The catalytic performance of the prepared photocatalysts was initially evaluated in the 6 

water-donating photocatalytic transfer hydrogenation of biomass-derived anethole 7 

without sacrificial agents or additives (Figure 4a). As shown in Figure 4b, Pd-TiO2-Ov 8 

exhibited a higher yield of 4-n-propylanisole formation (99.9%) compared to that of 9 

Pd-TiO2 (74%), whereas both TiO2-Ov and TiO2 were inactive for the reaction. The 10 

effect of the Pd content was then evaluated over TiO2-Ov (Figure S9a). Compared to 11 

the inert TiO2-Ov, the introduction of a small amount of palladium (0.51 wt.%) could 12 

significantly promote the photocatalytic transfer hydrogenation, showing a 37% yield 13 

of 4-n-propylanisole formation. The yield could increase to 59% in the case of 14 

Pd-TiO2-Ov with 1.03 wt.% Pd species. Although further increasing Pd content to 1.3 15 

and 2.53 wt.% could steadily improve the yield of 4-n-propylanisole to 60 and 72%, 16 

respectively, the metal utilization efficiency decreased significantly (Figure S9b). 17 

Therefore, the Pd-TiO2-Ov with a Pd content of 1.03 wt.% was selected as the optimal 18 

catalyst for the subsequent studies. The control experiments revealed that no 19 

hydrogenated product (i.e., 4-n-propylanisole) could be observed in the dark, without a 20 
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catalyst or H2O (Figure 4c), suggesting the indispensable roles of these conditions. 1 

Noted that a small amount of 4-n-propylanisole (1.4%) was observed without the 2 

presence of 1,4-dioxane, indicating the possibility of transfer hydrogenation in pure 3 

water. Furthermore, the recyclability of the Pd-TiO2-Ov was examined in a stability test 4 

(Figure 4d), exhibiting a slight decay in the yield after five consecutive reaction runs, 5 

which should be due to the non-negligible metal leaching (Table S1, from 1.03 to 6 

0.88 wt.%). Further post-analysis of the used catalyst by HAADF-STEM revealed no 7 

aggregation of the Pd NPs (an average size of 3.61 nm) (Figure S10).  8 

Afterward, the amount of hydrogen evolution was measured during the transfer 9 

hydrogenation of anethole under optimal reaction conditions. 13.4 μmol of hydrogen 10 

protons were employed for hydrogen evolution. However, there were approximately 11 

200 μmol of protons for transfer hydrogenation. Therefore, the apparent quantum 12 

efficiencies (AQEs) for transfer hydrogenation and hydrogen evolution were 0.72% and 13 

0.05%, respectively, suggesting that the dominating (~93.7%) of the photogenerated 14 

hydrogen protons have been utilized for the transfer hydrogenation processes. The Pd-15 

TiO2-Ov was then demonstrated on a gram scale with the potential for large-scale 16 

applications, reaching a 99.9% yield of 4-n-propylanisole (Figure S11). Furthermore, 17 

we evaluated the photocatalytic transfer hydrogenation performance using outdoor 18 

sunlight as the light source (Figure S12). The target product was obtained with a yield 19 

of 56.1% under 10 h of solar irradiation, which confirms that our strategy can  20 
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 1 

Figure 4. (a) Illustration of the photocatalytic water-donating transfer hydrogenation 2 

using anethole as a model substrate. Standard reaction conditions: catalyst (5 mg), 3 

anethole (0.1 mmol), ultrapure water (2 mL), 1,4-dioxane (5 mL), reaction time (140 4 

min), 300 W Xenon lamp with 365 nm filter, and N2 atmosphere. n.d. = not detected. 5 

(b) Photocatalytic water-donating transfer hydrogenation over different photocatalysts 6 

under standard conditions. (c) Photocatalytic water-donating transfer hydrogenation 7 

under various conditions. (d) Reusability testing of Pd-TiO2-Ov. The stability test was 8 

performed under the standard reaction conditions except for a reaction time of 50 min. 9 

(e) Reaction scope of the photocatalytic water-donating transfer hydrogenation 10 

reactions under the standard reaction conditions except for different reaction times: 3 h 11 

(entries 1-5 and 7-16) and 4 h (entry 6). 12 
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effectively utilize renewable solar energy, further highlighting its potential for 1 

sustainable and large-scale applications. The reaction scope and effectiveness of the 2 

prepared Pd-TiO2-Ov in photocatalytic water-donating transfer hydrogenation 3 

reactions were further investigated. Broad substrate scope for the hydrogenation of 4 

aromatic olefins was investigated (Figure 4e), including biomass-derived chemicals 5 

(entries 1-6) and petrochemicals (entries 7-16). Remarkably, all sixteen substrates 6 

showed 100% conversion, resulting in the complete hydrogenation of olefins. The 7 

result not only validated the robustness and high activity of our developed catalytic 8 

system but also implied broad applicability and potential in complex organic synthesis. 9 

Mechanism analysis 10 

The photocatalytic water-donating transfer hydrogenation mechanism was first 11 

investigated by isotope-labeling experiments. As shown in Figure 5a and Figure S13, a 12 

molecular ion peak of the 4-n-propylanisole at m/z = 150 was detected by gas 13 

chromatography-mass spectrometry (GC-MS) after the photocatalytic transfer 14 

hydrogenation in H2O using anethole (m/z = 148) as substrate (Figure S14). Rather, a 15 

deuterated 4-n-propylanisole product (m/z = 152) was discovered when the reaction was 16 

conducted in D2O (Figure S15), pointing to the direct water-donating protonation of 17 

anethole at the reduction end. Moreover, the production of 2,2'-bi(1,4-dioxane) was 18 

observed by GC-MS (Figure S16), which might be caused by the oxidation of 1,4-19 

dioxane at the oxidation end. Furthermore, EPR experiments were also employed to 20 
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study the reaction intermediate using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the 1 

radical trapping agent. As shown in Figure 5b, the absence of the EPR signal in the dark 2 

indicated that the constituents of the standard reaction system remained inert with 3 

respect to DMPO in the absence of light-induced activation or other perturbing factors. 4 

While under UV light irradiation, the typical EPR signals of carbon radicals were  5 

 6 

Figure 5. (a) Mass spectra of the liquid products from the photocatalytic water-donating 7 

transfer hydrogenation in H2O and D2O, respectively. (b) EPR spectra of carbon radical 8 

in standard reaction system captured by DMPO. (c) Proposed mechanism of 9 

photocatalytic water-donating transfer hydrogenation reaction catalyzed by Pd-TiO2-10 

Ov. 11 
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observed and the intensity increased with time.24 Based on the above experimental 1 

results, a possible mechanism for the photocatalytic water-donating transfer 2 

hydrogenation process was proposed (Figure 5c). At the reduction end, water is 3 

photolyzed to produce active hydrogen intermediates (H*), which are subsequently 4 

adsorbed onto the surface of metal species for the hydrogenation of organics. 5 

Meanwhile, a small amount of H* inevitably generates H2 (detected by gas 6 

chromatography). Moreover, 1,4-dioxane is oxidized to form an intermediate (A) at the 7 

oxidation end, which is subsequently coupled to form 2,2'-Bi(1,4-dioxane), in 8 

agreement with previous literature.25 9 

4. Conclusions 10 

In summary, we have demonstrated that Pd nanoparticles-supported TiO2 with oxygen 11 

vacancies (Pd-TiO2-Ov) could facilitate the photocatalytic water-donating transfer 12 

hydrogenation. The formation of oxygen vacancies was verified through multiple 13 

techniques including X-ray photoelectron spectroscopy (XPS), electron paramagnetic 14 

resonance (EPR), and high-resolution transmission electron microscopy (HRTEM). 15 

Photoelectrochemical characterizations have revealed that the defect structure in 16 

Pd-TiO2-Ov could enhance light absorption and suppress the rapid recombination of 17 

photogenerated electron-hole pairs, consequently bolstering the photocatalytic 18 

performance. Notably, Pd-TiO2-Ov exhibited remarkable performance in the transfer 19 

hydrogenation of anethole. It achieved a high yield of 4-n-propylanisole formation 20 
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(99.9%) that was 1.4 times higher than that of Pd-TiO2 (74%) within a simple, 1 

environmentally friendly, and cost-effective reaction system composed solely of water 2 

and 1,4-dioxane. By employing isotope-labeling techniques and EPR measurements, a 3 

possible mechanism was proposed, in which1,4-dioxane undergoes oxidation to yield 4 

2,2'-bi(1,4-dioxane), while the aromatic alkene is hydrogenated by the active hydrogen 5 

intermediates (H*) generated from water splitting. Moreover, the strategy presented 6 

herein enabled the efficient transfer hydrogenation of diverse aromatic olefins including 7 

representative petrochemicals and biomass-derived chemicals, thus offering a 8 

sustainable approach to the synthesis of alkanes. These findings offer invaluable 9 

guidance for developing a diverse array of clean and non-polluting organic reactions. 10 

In these reactions, water can be effectively harnessed as either a hydrogen source or an 11 

oxygen source. 12 
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Graphical abstract 1 

 2 

We report an oxygen-defective TiO2-supported palladium catalyst for efficient 3 

photocatalytic transfer hydrogenation using water as the proton source, which exhibits 4 

high functional group tolerance and broad substrate applicability, enabling the complete 5 

conversion of sixteen substrates. 6 

 7 
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⚫ An oxygen-defective TiO2-supported palladium catalyst were prepared by H2-

pretreatment and impregnation for efficient photocatalytic transfer hydrogenation 

using water as the proton source. 

⚫ The optimized system exhibited superior catalytic performance for transfer 

hydrogenation of anethole using water as a proton source with a 99.9% yield of 

4-n-propylanisole formation. 

⚫ The photo(electro)chemical analyses demonstrated that the introduction of the 

surface defects could enhance light absorption and inhibit carrier recombination. 

⚫ The reaction mechanism was revealed by isotope-labeling techniques and 

electron paramagnetic resonance measurements. 
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