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Supporting Information Text 

Note 1. Formation of oxygen vacancies. In the creation of oxygen vacancies (VOs) by 

light irradiation, the photogenerated holes (h+) oxidize the surface oxygen (O2-) of TiO2 to 

extract the oxygen ([O]) and thus leave a doubly positive charged oxygen defect (-Ti4+- □-

Ti4+-) (1). The reaction equation can be written using Kröger-Vink notation as, 

2 2TiO TiO (e h )h               

O OO 2h V [O]                        

However, these doubly positive charged oxygen defects are highly reactive. They can trap 

photogenerated electrons to be neutral VOs or can be healed by H2O. The neutral VOs are 

much more stable than the positive one, but they are still reactive and can be healed by 

H2O or O2 with time. 

O OV 2e V            Or 

O 2 OV H O O 2H          

This process is different from thermally induced VOs, in which the heat cause extraction of 

active oxygen species [O] and formation of neutral VOs. 

heat
O OO V [O]    

 

Note 2. The change of alcohols’ role in solar hydrogen production. In traditional 

photocatalytic hydrogen production from aqueous phase alcohols, the alcohols act as 

sacrificial reagents to scavenge photogenerated holes. All the produced hydrogen comes 
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from photogenerated electrons reducing protons. Therefore, the hydrogen production 

efficiency is equal to the apparent quantum efficiency of photocatalytic reduction. 

Moreover, low quantum efficiency is still a big issue for most photocatalysts. 

However, when through the new reaction pathway to release hydrogen, alcohols in this 

work are no longer sacrificial reagents. They play the role of promising hydrogen storage 

materials. As presented in Fig. 4, only one-third of produced hydrogen relies on the 

photogenerated electron-driven proton reduction (the reaction pathway is compared with 

the traditional one as below). Moreover, because hydrogen release from aqueous phase 

alcohols requires energy (MeOH(l) + H2O(l) ↔ CO2(g) + 3H2(g), ΔGo =10.7 kJ mol-1), the 

hydrogen release from aqueous phase alcohols driven by sunlight under ambient condition 

also store some solar energy. Significantly, the new reaction pathway gives a high 

hydrogen yield per photon with high apparent quantum efficiency, and thus the solar 

hydrogen release from alcohol becomes a promising alternative to thermal alcohol 

reforming.  

Traditional reaction pathway for solar H2 production from aqueous methanol solution: 

6 6h 6ehv                                             (on TiO2)                  

26H 6e 3H                                         (on Pt NPs)                 

3 2 2CH OH 6h 6OH CO 5H O            (on TiO2)                 

   New reaction pathway for solar H2 production from aqueous methanol solution: 

3 ads adsCH OH Pt 4H CO                     (on Pt NPs)                 

ads 24H 2H                                             (on Pt NPs)            
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2TiO 2 2h 2ehv                                (on TiO2)               

22H O 2h 2 OH 2H                     (at Pt-TiO2 interface)       

ads 2 2CO 2 OH CO H O                 (at Pt-TiO2 interface)       

22H 2e H                                         (on Pt NPs)                 

Transfer of the holes from the TiO2 to the Pt means the transfer of electrons from the 

Pt to the TiO2. As shown in Fig. 3C, the electron transfer barrier from the Pt to the TiO2 is 

much higher than that from the TiO2 to the Pt. Therefore, the transfer of the holes across 

the Pt-TiO2 interface to the Pt is selectively blocked. This suggests that the hole can’t 

directly approach the CO or H adsorbed on the Pt and the electrons trapped on the Pt. The 

hole-driven oxidation of the adsorbed CO or H has to rely on reactive oxygen species at 

the perimeter of the Pt NPs as a redox mediator. It has been reported that the binding energy 

of H on Pt(111) is -2.72 eV, while the binding energy of CO on Pt(111) is -1.82 eV (2). 

That means when being oxidized by the reactive oxygen species under the same condition, 

the adsorbed H presents a higher activation energy barrier than the adsorbed CO. The 

electrons on the Pt obviously react with positively charged H+ prior to reactive oxygen 

species. Therefore, the adsorbed CO would be preferentially oxidized, which is the key for 

the preferential CO oxidation in hydrogen feeds on many catalysts. 

Sacrificial reagents are widely used in the photocatalytic hydrogen production and the 

hydrogen was recognized to come from photogenerated electrons reducing protons. Our 

work indicates that when the chemicals treated as sacrificial reagents added in the 

photocatalytic hydrogen production, some of the produced hydrogen may not come from 

photogenerated electrons induced proton reduction. That means the quantum efficiency 
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calculated based on hydrogen production may be incorrect when using sacrificial reagents 

in some case. Moreover, the hydrogen production from some sacrificial reagents is 

downhill, such as the sacrificial reagent HCOOH (HCOOH → CO2 + H2  ΔGo = -48.4 kJ 

mol-1), the hydrogen production could occur without photogenerated electrons at room 

temperature (3). So, it should be very careful to calculate quantum efficiency for hydrogen 

production when using sacrificial reagents. 

 

 

Methods 

Materials: P25 was obtained from Evonik Degussa Co. (71% anatase and 29% rutile, 21 

nm, 50 m2·g-1). Both TiO2 samples A-45 (anatase, 32 nm, 45 m2·g-1) and A-240 (anatase, 

15 nm, 240 m2·g-1) were purchased from Alfa Aesar. Rutile (40 nm) was obtained from 

Aladdin (Shanghai, China). Analytically pure H2PtCl6·6H2O and NaBH4 were purchased 

from Sinopharm Chemical Reagent Co. and used as received without further purification. 

Materials characterization: Transmission electron microscopy (TEM) images were 

obtained using a JEOL model JEM 2010 EX instrument at an accelerating voltage of 200 

kV. The measurement of X-Ray photoelectron spectroscopy (XPS) was carried out on a 

VG ESCALAB 250 XPS system with a monochromatic Al Ka X-ray source. All binding 

energies were referenced to the C 1s peak at 284.6 eV of surface adventitious carbon. 

HRTEM and EELS of Pt//TiO2 sample were conducted with a spherical aberration 

corrected transmission electron microscope operated at 200 kV (Titan™ G2 80-200, FEI, 

The Netherlands). Deconvolution was applied to remove the effect of plural scattering in 
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the EELS spectrum. Electron spin resonance (ESR) spectra were obtained over Bruker ESP 

300 E electron paramagnetic resonance spectrometer.  

Electrochemical measurements were conducted with an epsilon (BAS) 

electrochemical workstation. All electrochemical potentials are reported vs. NHE. A 200 

W mercury Xe lamp (Hamamatsu Corp., L9566-02) was used as a light source. Electrolyte 

was 0.2 M Na2SO4 (pH = 6.8) solution. The TiO2 or Pt/TiO2 particulate film electrodes 

were prepared by applying 50 μL of slurry samples to the surface of an optically transparent 

electrode (FTO) and covering approximately 0.25 cm2. The slurry samples were prepared 

by mixing 0.1 g samples and 1 g ethanol. The electrode was then dried at room temperature.  

All infrared spectra were recorded on a Nicolet 670 FTIR spectrometer with a 

deuterated triglycine sulfate (DTGS) detector at a resolution of 4 cm−1 and for 32 scans. 

Infrared spectra of CO adsorption on catalysts were performed in a special IR cell that can 

connect with a vacuum system. Typically, 20 mg catalyst was first pressed into a self-

supporting IR wafer (18 mm in diameter), then the wafer was placed into the sample holder 

which could be moved vertically along the cell tube. Before initiating the IR measurements, 

the wafer was treated under dynamic vacuum at room temperature for 1 h to remove surface 

contaminants. Then CO adsorptions over catalysts were carried out at room temperature 

for 30 min after injecting 1 mL CO into the IR cell. Before the IR measurement of CO 

adsorbed on catalysts, the CO in the IR cell was evacuated to 0.1 Torr. 

Photodeposition and activity evaluation: Both in situ photodeposition and H2 production 

reaction under UV light irradiation from aqueous methanol were performed in a closed gas 

recirculation system equipped with an inner irradiation quartz reaction cell (SI Appendix, 

Fig. S1). Typically, 20 mg photocatalyst was added into the reactor with 170 mL methanol 
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solution (50 vol % methanol-50 vol % H2O). For the in situ photodeposition process, a 

certain amount of H2PtCl6 was added. The reaction system was evacuated by a mechanical 

pump and then filled with 1 atm of high-purity Ar (> 99.99%). This evacuation-filling 

process was repeated three times to remove O2 from the system completely. Finally, 1 atm 

of Ar was kept in the system. During the reaction, the gas in the system was circulated with 

a micro-diaphragm gas pump (NMP-830KNE, KNF Neuberger, Germany). A 125W high-

pressure mercury lamp (GGZ125, Shanghai Yaming Lighting Co, Ltd) was used as a strong 

UV light source. The temperature of the solution was controlled at 10 °C by circulating 

water during the reaction. The amounts of H2 and by-product CO evolved in the circulated 

system were determined by an online gas chromatograph (GC112A, Shanghai Precision 

Scientific Instrument Co, Ltd, TCD, N2 carrier).  

For comparison, the conventional Pt/TiO2 catalysts were prepared by an 

impregnation-reduction method. In detail, the TiO2 particles were impregnated with an 

appropriate volume of H2PtCl6·6H2O solutions and left to stand in a water bath (80 °C). 

The suspension was evaporated to complete dryness under constant stirring and then dried 

at 120 °C for 5 h. The resulting powders were reduced with 0.1 M NaBH4 solution. Finally, 

the product was collected and washed several times with deionized water and dried at 60 °C 

in air for 10 h. The product samples were labeled as Pt/TiO2-I.  

Computational details: First-principle calculations based on density functional theory 

(DFT) were carried out utilizing the Vienna ab initio simulation package (VASP)(4-6) and 

the projected augmented wave (PAW) method. The generalized gradient approximation 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional was employed. The 

kinetic energy cutoff for the plane-wave expansion was set to 400 eV, and the effects of 
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spin polarization were considered. The anatase TiO2(101) surface was modeled by a 18-

layer slab in which the bottom 9 atomic layers were kept at their bulk positions, and a (3  

1) supercell (containing 36 Ti and 72 O atoms) with dimension of 11.33 Å  10.21 Å was 

adopted to avoid the obvious interactions between neighboring Pt8 NPs. The spacing 

between the adjacent slabs was about 15 Å, and a (2  2  1) Monkhorst-Pack k-point mesh 

was used for integration in the reciprocal space.  

Because there are many possible arrangements of Pt8 cluster on the TiO2(101) surface, 

an ab initio molecular dynamics (MD) simulation using the Nosé algorithm performed to 

explore possible configurations of the Pt8/TiO2 (101) system with a low-energy cutoff (200 

eV) and  k-point (7). The simulation length was 10 ps with a time step of 1 fs at a 

temperature of 1000 K. Then some possible deposition configurations were sampled from 

the results of the MD simulations, and finally, further structural optimizations using higher 

accurate settings were performed to determine the most stable configurations. Similar 

approaches have been employed to determine the configurations of other complicated 

systems, such as Au/TiOx/Mo(112) (8).  
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Table S1. Highly-cited and/or recently-published reports on highly active catalysts for 

solar H2 production from aqueous methanol.  

Catalysts 
Methano

l vol% 

Initial H2 production rate Hydrogen yield 

per photon 
Light source 

Method for Pt NPs 

loading mmol h-1 mmol h-1g-1 

5%Pt//TiO2 (this work) 50 39.4 1970 

1.34(< 400 

nm) 125W-Hg photodeposition 

1%PdAu/TiO2(9) 25 1.05 20.53 0.41(365 nm) 

LED (365 

nm) sol-immobilization 

0.5%Pt/TiO2/10%CNT(1

0) 50 1.22 40.6 - 200W-Hg photodeposition 

3%Pt/1%Sn/TiO2(11) 3 4.04 80.8 0.074(total) 125W-Hg wetness impregnation 

3mol%Cu/TiO2(12) 10 2.7 18 0.2(365 nm) 125W-Hg chemical reduction 

9.1mol%CuO/TiO2(13) 10 26.83 18.5 - 400W-Hg impregnation 

0.5%Pt/TiO2 film(14) 10 - 47.8 - 300W-Xe wet impregnation 

0.3%Pt/TiO2(15) 2.4 7.65 25.5 - 450W-Hg dry impregnation 

The data of H2 production performances under UV light from aqueous alcohols over various 

photocatalysts have been listed in the reviews by Alberto V. Puga (16)  and Xiaobo Chen et al (17). 

The results in this work can be compared with the best hydrogen production rate (129.6 μmol·g-1·s-

1=0.466 mol·g-1·h-1) using heterogeneous catalysts Pt/α-MoC under 150-190 °C reported (18) in 

Nature 2017 544, 80-83.  
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Fig. S1. Schematic of used inner irradiation quartz reactor. The reactor contains 170 mL 

methanol solution during a reaction. It should be noted that the number of total incident 

photons is difficult to be accurately calculated. The lamp was put into the reactor and was 

turned on for H2 evolution from aqueous methanol. Ten minutes later, the quartz tube with 

a lamp in it was taken out from the reactor and the irradiation spectrum of the lamp was 

measured with the detector located at the strongest light intensity, as shown in the right 

drawing. 
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Fig. S2. Irradiation spectrum of 125 W high-pressure mercury lamp. The incident light 

spectrum of the high-pressure mercury lamp was measured by SpectriLight ILT950 

spectroradiometer.  

The hydrogen yield per photon is defined as the ratio of number of produced H2 

molecules to the number of incident photons, as showed in the following equation, 

2number of product H  molecules
hydrogen yield per photon=

number of incident photons
 

Because the absorption edge of TiO2 is located at about ca. 400 nm, the number of incident 

photons was calculated based on the photons with a wavelength smaller than 400 nm. To 

obtain a highly accurate number of incident photons in the inner irradiation quartz reactor 

as shown in SI Appendix, Fig. S1, the o-nitrobenzaldehyde (o-NB) actinometry approach 

was used (19, 20). The o-NB can absorb photons with wavelength from 290 to 400 nm (19), 

which is in good agree with the TiO2 absorption wavelength range. Moreover, the 

experimental procedure of the o-NB actinometry is safe and easy to perform. The 
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calculated number of incident photons (N(photon)) was 4.92×1018 s-1. During tests of solar 

hydrogen production performance and measurement of the number of incident photons, the 

reactor was covered with aluminum foil to avoid loss of radiation and the temperature of 

the stirred tank was kept at 25 °C with circulating cooling water. 

The number of H2 molecules was calculated by the following equation, 

2 A
2

(H )
N(H )=

3600

 N
 

Here v(H2), H2 evolution rate (here is 0.0394 mol·h-1); NA, Avogadro constant. And 

N(H2) = 6.5×1018 s-1.  

The hydrogen yield per photon of 5 wt % Pt//TiO2 was calculated to be 1.34 by 

N(H2)/N(photon). 

The apparent quantum efficiency (AQE) were also calculated. We should note that 

the reaction pathways for H2 production over Pt/TiO2-I and Pt//TiO2 were different. 

Because only the proton reduction by electrons occurred on Pt/TiO2-I, while the proton 

reduction coupling with continuous dissociative adsorption of alcohols to produce H2 took 

place over Pt//TiO2. So, for the Pt/TiO2-I, the AQE was calculated by the below equation, 

2number of photogenerated electrons for H  production
AQE=

number of incident photons
 

2number of produced H  molecules 2
=

number of incident photons


 

And for the Pt//TiO2, the AQE was calculated by the below equation.  

2number of photogenerated electrons for H  production
AQE=

number of incident photons
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2number of produced H  molecules 2 /3
=

number of incident photons

（ ）
 

The AQE of the best Pt//TiO2 was calculated to be 89.2%, while the AQE of the best 

Pt/TiO2-I was 4.9%. 

 

 

 

Fig. S3. Effect of Cl- ions in aqueous methanol on the H2 production performance of 5 wt % 

Pt//TiO2 under UV light irradiation. As chloroplatinic acid was used in the in situ 

photodeposition process for Pt//TiO2 preparation, the influence of Cl- ions on H2 production 

performance should be excluded. Therefore, different amounts of NaCl were added into 

the aqueous methanol. No effect is observed from Cl- ions on the H2 production 

performance.  
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Fig. S4. (A) A typical TEM image of Pt NPs with similar size to the Pt NPs on the Pt//TiO2 

and (B) the corresponding size distribution of Pt NPs.  

Pt nanoparticles (NPs) could be plasmonic photocatalyst (21). So, the plasmonic effect of 

Pt NPs for the ultrahigh performance should be excluded. The Pt NPs with a similar size 

to the Pt NPs on the Pt//TiO2 (~2.6 nm) were prepared by a previously reported simple 

method (22, 23). A typical TEM image of the prepared Pt NPs is shown in SI Appendix, 

Fig. S4. Polyvinylpyrrolidone (PVP) protection makes these Pt NPs have a small size with 

a narrow size distribution, like the Pt NPs on the Pt//TiO2. These PVP-protected Pt NPs 

have been reported to be excellent cocatalyst for solar hydrogen production (23). The H2 

production from aqueous methanol over the Pt NPs under UV light was studied after 

loading them on Al2O3 (24). The H2 evolution rate was 0.13 mmol g-1h-1, which is four 

orders of magnitude smaller than that of the Pt//TiO2. Therefore, the ultrahigh performance 

of the Pt//TiO2 doesn’t arise from the plasmonic effect of the Pt NPs.  
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Fig. S5. H2 and by-product CO evolution under UV light irradiation from aqueous 

methanol solution over 2 wt % Pt//TiO2 in a closed system.  

In the first run, the H2 evolution rate keeps constant for the first 20 min, starts to 

decrease from 30 min, and drops to zero at 60 min. Interestingly, no by-product CO was 

produced at the first 20 min. The CO evolution rate is increased when the H2 evolution rate 

starts to decrease. As the H2 production rate drops to zero, the CO evolution rate starts to 

keep constant. In the second run after the product gas is evacuated (evacuation time 

presents no effect on the activity), the H2 evolution rate (175 mmol·g-1·h-1) remains 

constant and is much lower than the initial rate of H2 production in the first run (1.45 mol·g-

1·h-1). The hydrogen yield per photon of H2 production is decreased from 0.89 in the first 

run to 0.11 in the second run. The CO evolution rate is high and also shows no change in 

the second run. We can see that in the first run, ~520 mL (standard temperature and 

pressure, STP) H2 was produced in the closed system in 60 min. And the total pressure of 

the gas is measured to be ~1.7 atm with a pressure gauge. So the H2 partial pressure is 
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about ~0.53 atm. Increasing pressure of H2 in the closed system enhances dissociative 

adsorption of H2 on Pt NPs, which finally induces a balance between H2 formation from 

Hads and dissociative adsorption of H2 into Hads on Pt NPs (25). More Hads on the Pt NPs 

raises the Fermi level of Pt NPs (25). The stabilization of the VOs at the Pt//TiO2 interface 

relies on the charge transfer across the interface, which arises from the aligning of the 

Fermi levels. When the Fermi level of the Pt NPs becomes near or over the Fermi level of 

the TiO2, the charge transfer across the interface could not happen and the interfacial VOs 

could be unstable and healed by H2O with time. When the Hads was removed, the VOs can’t 

be regenerated at the interface again and thus the activity returns to the level of the 

conventional Pt/TiO2 samples. At the same time, the by-product CO gas would be produced 

correspondingly. 

The two runs went through two different reaction pathways. But the chemical 

stoichiometric ratios of product H2 to CO2 in the two reaction pathways for H2 production 

from aqueous-phase methanol are the same. Therefore, the CO2 evolution rate can’t be 

used to distinguish the two mechanisms and was not shown in the SI Appendix, Fig. S5. 

But the final CO2 evolution amounts in the two runs were measured (168 mL in the first 

run and 31mL in the second run) and confirmed the molar ratios of H2 to CO2 are 3:1 and 

consistent with the chemical stoichiometric. Several research groups also have reported 

that the evolution rate ratio of H2 to CO2 in the conversional reaction pathway over Pt/TiO2 

is equal to the chemical stoichiometric (26, 27). 
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Fig. S6. H2 evolution under UV light irradiation from aqueous methanol solution over 2 

wt % Pt//TiO2 in an open system with keeping the total pressure of gas at STP (1atm). The 

product gas was collected with a drainage method  

As no decrease in H2 generation rate occurs only in the first 20 min of reaction (SI Appendix, 

Fig. S5), the H2 partial pressure should be controlled below ~0.25 atm for stable H2 

generation. So, when the H2 at STP (1atm), the H2 generation rate will decrease with time. 

Because it is not easy to keep the H2 at STP, the total pressure of the gas in the system was 

kept at STM instead via collecting the produced gas with drainage method. The 

corresponding performance of the 2 wt% Pt/TiO2-P is shown below. The H2 partial 

pressure increases toward STP with time and exceeds 0.25 atm at the reaction of 30 min. 

So, we can see that the H2 generation rate decrease with time, which indirectly indicates 

that the H2 generation can’t sustain when the H2 kept at STP. Comparing with a closed 

system, the decrease in activity become slow due to the slow increase in the H2 partial 

pressure. 
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Fig. S7. Effect of complete removal of H2 during cycling test on H2 production 

performance of 2 wt % Pt//TiO2 under UV light irradiation from an aqueous methanol 

solution. When the product H2 after 20 min of reaction under light irradiation was 

completely removed by evacuation for 15 min, the H2 production activity deceases by 75% 

in the second run.  

The residual H2 in the closed system is very critical for maintaining ultrahigh activity. 

It should be noted that H2 can be generated during the in situ photodeposition of Pt NPs on 

TiO2, so abundant H atoms adsorb on the Pt NPs. These H atoms adsorbed on the Pt NPs 

raises the Fermi level of Pt NPs (25), which can lower the Schottky barrier height at the Pt-

TiO2 interface for efficient electron injection from the TiO2 to the Pt NPs. Therefore, when 

the product H2 was completely removed by evacuation for a long time, the H atoms 

adsorbed on the Pt NPs would be removed also. As a result, the Fermi level of the Pt NPs 

becomes lower and thus the Schottky barrier height at the Pt-TiO2 becomes higher. In this 

situation, the electron injection would be prevented and thus the photocatalytic activity 
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would decrease. Moreover, because the charge transfer across the interface makes the 

interfacial VOs stable, raising the Schottky barrier could lead the VOs to be unstable and 

healed by H2O with time. By this way, the ultrahigh activity of the Pt//TiO2 would lose 

irreversibly, as happened in SI Appendix, Fig. S7.   

 

 

Fig. S8. Negatively charged PSS was added before drying to protect H2 production 

performance of 2 wt % Pt//TiO2 under UV light irradiation from aqueous methanol. These 

catalysts were tested in situ or after drying at room temperature with or without PSS 

protection. Without PSS protection, the catalyst shows a very low activity of 167 mmol·g-

1·h-1 after drying at room temperature, corresponding to a low hydrogen yield per photon 

of 0.1. 
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Fig. S9. Protection mechanism of the unique Pt-TiO2 interface of Pt//TiO2 by PSS  

PSS is a polymer with large molecular weight, high density of negatively charged 

functional groups. Therefore, it was widely used to protect nanoparticles against oxidation 

through encapsulation, such as zero valent iron nanoparticles (28), magnetite nanoparticles 

(29). Moreover, PSS can act as the negative counter ion to the positively charged species 

and thus stabilizing the encapsulated species against oxidation (30). These features make 

PSS as a good option for protection of the unique interfacial electronic structure of Pt//TiO2. 

As shown in SI Appendix, Fig. S9, in the catalysis reaction after deposition of Pt NPs, the 

photogenerated electrons trapped on Pt NPs reduce H+ ions into H2 and OH- ions around 

Pt particle provide negative charges to balance the positive charges under Pt NPs. After 

drying even at room temperature, OH- ions in solution around Pt particle will be removed 

with water. Without the protection of OH- ions, the unique interface structure becomes 

unstable. The metallic Pt will be oxidized and the positive VOs will be healed. However, 

when PPS was added to encapsulate the Pt NPs, the positive VOs can be stabilized and thus 
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the unusual activity of Pt//TiO2 can be kept. XPS confirms the metallic Pt and VOs with 

Ti3+ on the Pt//TiO2. And without PSS, only the oxidized PtOX and non-defect TiO2 were 

detected by XPS. Moreover, EELS results reveal the VOs under Pt NPs and the OCP results 

confirm the electron transfer across interface induced positive VOs under Pt NPs. Our 

results evidence the protection of Pt//TiO2 by PSS. 

 

 

 

Fig. S10. A typical high-angle annular detector dark-field scanning transmission electron 

microscopy (HAADF-STEM) image of 0.5 wt % Pt/TiO2-P. 
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Fig. S11. A typical HAADF-STEM image of 1 wt % Pt/TiO2-P. 

 

 

 

Fig. S12. A typical TEM image of 5 wt % Pt/TiO2-P. 
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Fig. S13. A typical TEM image of 10 wt % Pt/TiO2-P. 

 

 

Fig. S14. A typical TEM image of 2 wt % Pt/TiO2-I sample.  
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Fig. S15. (a) A typical TEM image of 2 wt % Pt/TiO2-P after the loss of unusual activity 

via solar H2 production in a closed system without H2 removal and (b) the corresponding 

size distribution of Pt NPs.  
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Fig. S16. Comparing XPS Ti 2p spectra of the Pt/TiO2-P, the Pt/TiO2-P without protection 

of PSS and the Pt/TiO2-P after the loss of unusual activity in solar hydrogen production in 

a closed system (high press of H2 gives rise to the deactivation). We can see that the peaks 

shift toward much higher binding energy, indicating the loss of many VOs for the Pt/TiO2-

P without PSS protection. 
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Fig. S17. (A) A typical TEM image of 2 wt % Pt/TiO2-I. (B) Ti L-edge EELS of TiO2 

substrate near Pt-TiO2 interface (1) and far away from Pt-TiO2 interface (2) in (A). 

The Ti EELS spectra of Pt/TiO2-I sample are also provided to show the distribution of 

Ti3+ species. The EELS spectra were obtained from the Pt-TiO2 interface and from a TiO2 

particle without Pt loading, respectively. The two spectra are almost the same, indicate the 

uniform distribution of Ti3+ species on the TiO2 surface. Estimated from the Ti EELS 

spectrum using a reported method, 52% of the Ti atoms on the Pt/TiO2-I surface are Ti3+. 

The Ti3+ species indicate the exist of VOs. It should be noted that the positive VOs at the 

Pt-TiO2 interface of Pt//TiO2 don’t have or have one Ti3+ around each VO. So, the Pt/TiO2-

I sample presents a lower concentration of VOs than that at the Pt-TiO2 interface of Pt//TiO2.  
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Fig. S18. H2 production performances of Pt//TiO2, Pt/TiO2-L, and Pt/TiO2-Xe samples 

with 2 wt % Pt loading under UV light irradiation from aqueous methanol. The Pt/TiO2-L 

sample was prepared by photodeposition without hole scavenging reagent methanol and 

the Pt/TiO2-Xe was prepared with 300 W Xe lamp in the presence of methanol. For them, 

the H2 production under UV light irradiation from aqueous methanol performance was 

tested without drying them. 

 High concentration of VOs in situ created in the photodeposition process is the key to 

construct highly active Pt-TiO2 interface for H2 release from methanol. The power of UV 

light obviously determines the concentration of VOs created on TiO2. The Xe lamp as a 

widely used light source presents a small part of the total light power as UV light. The 

spectra of Xe lamp and high-pressure mercury lamp were compared in SI Appendix, Fig. 

S19. The power of UV light (with a wavelength smaller than 400 nm, which can be 

absorbed by TiO2 for creating VOs) of the Xe lamp is only about one-tenth of that of the 

mercury lamp. This means the concentration of VOs decreased by one order of magnitude 
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when using a Xe lamp instead of a high-pressure mercury lamp. Therefore, the unexpected 

activity didn’t occur for the Pt-TiO2 prepared with a Xe lamp. These results suggest that 

for practical application, the sunlight can be concentrated to have high UV light intensity, 

just like concentrator solar cell (31). 

 

 

 

Fig. S19. Comparison of irradiation spectrum between the Xe lamp and the 125 W high-

pressure mercury lamp 
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Fig. S20. H2 production from aqueous methanol under UV light irradiation over 2 wt % 

Pt/TiO2 samples prepared by in situ photodeposition in Ar atmosphere and in Air, 

respectively.  
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Fig. S21. Correlation between H2 production performance under UV light irradiation from 

aqueous methanol and VO creation ability under UV light irradiation. (a) H2 production 

performance under UV light irradiation from aqueous methanol over 2 wt % Pt/TiO2-P 

catalysts which were prepared from four commercial TiO2 samples, and the intensity of 

ESR signal at g= 2.002 obtained from (b) which indicates the number of VOs can be created 

on the TiO2 under UV light for Pt deposition. H2 evolution rates represent initial rates of 

the first half-hour. (b) EPR spectra of the four commercial TiO2 powder samples under UV 

light irradiation at 77 K in air.  

UV light irradiation can make surface lattice oxygen on TiO2 form active oxygen 

species and leave the surface for photooxidation reaction, which can generate VOs on the 

TiO2 surface. Several pieces of evidence have been reported for this. First, it has been 

reported that photooxidation of many organics (including acetic, formic acids, CH2Cl2, 

CH3CN and so on) in the absence of O2 can proceed on the TiO2 surface under UV light 

exposure, with lattice oxygen leaving the surface as an oxidant (32). Second, many isotopic 

tracing experiments demonstrate that the active oxygen species for photooxidation of 
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organics originates from surface lattice oxygen on TiO2 (33). Moreover, it was found that 

the activity of photocatalytic oxidation correlates well with the activity for photoinduced 

isotopic exchange between O2 and lattice oxygen of TiO2 (34, 35). The isotopic exchange 

activity between O2 and lattice oxygen of TiO2 under UV light irradiation relates to the 

number of active oxygen species that could be produced to involve in the photocatalytic 

oxidation reactions. Third, it was discovered that photocatalytic selective oxidation of 

benzyl alcohol in trifluorotoluene over TiO2 suffers from the accumulation of VOs with 

time (36). The VOs were verified by the signal of one e- trapped at VO in the EPR spectrum 

(37). Therefore, the photooxidation of alcohols in our work could rely on the active oxygen 

species that can be produced from TiO2. Moreover, a positive correlation between 

photocatalytic oxidation of methanol and the number of active oxygen species derived from 

lattices oxygen has been reported (35).  

The number of VOs formed in the Pt photodeposition process depends on the number 

of active oxygen species generated for the photocatalytic alcohol oxidation. The active 

oxygen species were produced via lattice oxygen trapping holes. Therefore, the number of 

hole-trapping species (O-) on the TiO2 powder sample from electron paramagnetic 

resonance (EPR) spectra under UV light in the air indirectly indicates the ability of VOs 

creation over these samples during the Pt photodeposition (i.e. during the photooxidation 

of alcohols).  

In order to reveal the relationship between the number of photoinduced active VOs on 

TiO2 and the unusual activity of the Pt//TiO2, four commercial TiO2 samples (P25: 71% 

anatase and 29% rutile, 21 nm, 50 m2·g-1; A-45: anatase, 32 nm, 45 m2·g-1; A-240: anatase, 

15 nm, 240 m2·g-1; Rutile: 40 nm) were used to prepare 2 wt % Pt/TiO2-P by the same in 
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situ photodeposition method. SI Appendix, Fig. S21a shows their activities for H2 

production from aqueous methanol under UV light irradiation. It can be seen that the 

activity of H2 production is decreased in the order of P25 ~ A45 > A240 >> Rutile. EPR 

spectra of the four commercial TiO2 powder samples under UV light irradiation at 77 K in 

the air are shown in SI Appendix, Fig. S21b. No signals were presented for the four samples 

in the dark. Under UV light irradiation, there are mainly three paramagnetic species to be 

observed. The peaks for trapped hole species O- (h+ + O2- → O-) are at g⊥= 2.017 and g‖= 

2.002. The peaks for trapped electron species Ti3+ (e- +Ti4+ → Ti3+) are at g = 1.982. And 

the peaks for other trapped electron species O2
- (e- + O2 → O2

-) are at gzz = 2.023, gyy = 

2.009, gxx = 1.996.(38-40) Note that the intensity of trapped hole species O- can be 

considered to stand for the number of photoinduced VOs (i.e., 
OV  or 

OV ), because the VOs 

are originally derived from the oxidation of lattice oxygen by holes (1, 41). As shown in 

SI Appendix, Fig. S21a, the number of the photoinduced VOs is decreased in the order of 

P25 ~ A45 > A240 >> Rutile, which is completely consistent with the decreasing order of 

the H2 production activity of the four samples.  

VO formation has been reported to be more favorable in anatase than rutile (42). 

Moreover, the VO induces both shallow, delocalized electronic level and deep, localized 

level in anatase, while the only deep localized level in rutile. The shallow level in anatase 

results in superior electron transport (43), which is good for charge separation and 

photocatalytic activity. As a result, a very small number of VOs can be produced on the 

rutile TiO2 surface. Thus, the Pt-TiO2(Rutile) interface contains a low number of VOs and 

the H2 production activity is very low. The number of VOs on the anatase TiO2(A240) is 

almost half of that on A45 and P25. This could be because comparing with A45 and P25, 
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the high specific surface area of A240 causes more surface sites for trapping electrons as 

Ti3+ and O2
-, which act as the recombination center for reducing the trapped holes and the 

number of VOs. The junction between rutile and anatase endows P25 with high charge 

separation (44), and thus the number of VOs on P25 is large like A45. In a short word, the 

charge separation efficiency determines the number of VOs the TiO2 and controls the 

formation of unique Pt-TiO2 interface for the unique H2 production pathway. 

The amount of photogenerated oxygen-trapped hole species directly reflects the 

number of VOs that can be confined at the Pt-TiO2. The unusual reaction pathway could 

occur when the number of VOs at the Pt-TiO2 interface is larger enough than a certain 

critical value. The number of VOs becomes a positive correlation with the activity when 

the number of VOs is large enough, while the VOs present almost no remarkable effect on 

the activity under such a large number. There are several reasons for the positive correlation 

relationship. Firstly, a larger number of VOs could further reduce the activation energy of 

CO interfacial oxidation reaction, which enhances the photoinduced H2 release from 

alcohols through the new reaction pathway. Secondly, more VOs under each Pt particle 

induces lower Schottky barrier for higher efficiency of electron injection into the Pt NPs. 

The easier electrons are trapped by the Pt NPs, the more holes could be attracted toward 

the perimeter of the Pt NPs for the charge balance. 
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Fig. S22. TEM image of typical 2 wt % Pt/TiO2-P prepared from A45. 

 

 

 

Fig. S23. TEM image of typical 2 wt % Pt/TiO2-P prepared from A240. 
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Fig. S24. A typical TEM image of 2 wt % Pt/TiO2-P prepared from Rutile. 
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Fig. S25. Scheme of Pt deposition on TiO2 via (A) impregnation-reduction method, (B) 

photodeposition method with a low concentration of VOs formed on TiO2, (C) 

photodeposition method with a high concentration of VOs formed on TiO2. 

As shown in SI Appendix, Fig. S25, in the impregnation-chemical reduction method, the 

[PtCl6]2- species adsorb on the TiO2 surface through impregnation first (45). Then the TiO2 

surface and the [PtCl6]2- species are reduced by NaBH4 independently. Importantly, the 

reduction of [PtCl6]2- species into Pt NPs is much easier to occur than the reduction of TiO2 

to produce VOs, due to the higher redox potential of [PtCl6]2-/Pt0 (+ 0.744 V) than that of 

TiO2/Ti3+ (-0.56 V). As a result, Pt NPs grow on the TiO2 surface and stable VOs form on 

the TiO2 surface independently. During the photodeposition of Pt NPs, VOs can be created 

on the surface by the light irradiation. The Pt atoms are reduced by TiO2 and preferentially 



 
 

37 
 

cluster on the VOs (46). When the concentration of VOs is low, photogenerated electrons 

become the main driving force for reduction and growth of Pt particles. Photoinduced VOs 

can be healed by water or O2 and thus few VOs are maintained on the final Pt/TiO2 surface. 

In contrast, when the concentration of VOs is high, [PtCl6]2- species are mainly reduced 

directly by VOs. More VOs means more nucleation centers. As Pt particles grow to cover 

abundant VOs, a large number of electrons will transfer from the VOs to the Pt NPs for 

aligning the Fermi levels. This can form strong interaction at the Pt-TiO2 interface, which 

protects the VOs beneath the Pt particles from being healed and maintains a small size of 

the Pt NPs. These mechanisms are proposed based on our research results.  

The unusual activity for hydrogen production in this work lies on the activation of CO 

oxidation reaction at the perimeter of Pt NPs via confining large enough number of VOs at 

Pt-TiO2 interface. Therefore, there are several reasons for the Pt/TiO2-I not to achieve 

unusual activity. (i) The VOs on the Pt/TiO2-I are evenly distributed on the entire surface 

of TiO2. In contrast, the VOs on the Pt//TiO2 only located at the Pt-TiO2 interface. So, the 

Pt/TiO2-I don’t have large enough number of VOs at the Pt-TiO2 interface, although it has 

the same large number of VOs in total as the Pt//TiO2 revealed by XPS. (ii) Comparing with 

the Pt//TiO2, the large number of exposed VOs on the Pt/TiO2-I could trap photogenerated 

charges and become recombination centers, which decreases the ability for the Pt-TiO2 

interface to collect photogenerated charges for CO oxidation reaction. (iii) The stable VOs 

in the air on the Pt/TiO2-I indicates lower reactivity to produce active oxygen species at 

the perimeter of Pt for CO oxidation, compared to the VOs on the Pt//TiO2. (iv) Moreover, 

it has reported that the activation of CO oxidation at the metal-support interface is size 
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dependent (47). The large size of Pt NPs with wide size distribution also could be a reason 

for the failure of the Pt/TiO2-I to trigger the CO oxidation. 

 

 
Fig. S26. H2 production from aqueous methanol under UV light irradiation over 2 wt % 

Pt/TiO2-I samples prepared by an impregnation-reduction method and a reduction-

impregnation-reduction method, respectively. 

For the Pt/TiO2-I samples prepared by the impregnation-reduction method, the Pt species 

were loaded on the TiO2 first and then the Pt species and the TiO2 were reduced 

independently by NaBH4. In this process, the region of TiO2 surface covered by the Pt may 

not be reduced, which could be the reason for the low activity of the Pt/TiO2-I in 

comparison with the Pt//TiO2. So, the TiO2 was reduced by NaBH4 first and then loading 

the Pt species on the TiO2 surface. After that, the Pt species was reduced by the NaBH4. In 

this reduction-impregnation-reduction process, VOs on the TiO2 surface could affect the 

loading of the Pt species. As shown in SI Appendix, Fig. S26, the Pt/TiO2-I prepared from 

the reduction-impregnation-reduction method has a better performance than the sample 
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prepared by the impregnation-reduction method. But the performance was still an order of 

magnitude smaller than that of Pt//TiO2, which can be explained in detail by several reasons. 

Firstly, the Pt//TiO2 has a much higher concentration of VOs at the interface, as revealed 

by the XPS. Secondly, the VOs on the TiO2 produced by NaBH4 reduction are stable in the 

air. Reactive VOs could be produced by the NaBH4 reduction, but they would be healed by 

H2O and O2 rapidly. In contrast, for the Pt//TiO2, the freshly produced reactive VOs were 

in situ stabilized via bonding to Pt atoms. Thirdly, the Pt species on the TiO2 after 

impregnation were reduced by NaBH4, while the Pt species in the photodeposition process 

were directly reduced by freshly created reactive VOs. 

 

 

Fig. S27. Open circuit potential (OCP) measurements of the Pt/TiO2-P samples in air.  

 



 
 

40 
 

 

Fig. S28. Schematic illustrations of the electronic energy levels at the interface between a 

TiO2-based electrode and an electrolyte containing redox couples. (A) No contact between 

TiO2 and electrolyte, (B) TiO2 and electrolyte at equilibrium in the dark condition, (C) 

Pt/TiO2-P and electrolyte at equilibrium in the dark condition, (C) Pt/TiO2-P and 

electrolyte at equilibrium under strong illumination. 

Open-circuit potentials (OCPs) of the Pt/TiO2-P samples were measured, as shown in 

SI Appendix, Fig. S27. OCP reflects the Fermi level of the semiconductor-based electrode, 

which is actually the electrochemical potential of electrons in the solid (48). When the 

electrode contacts with an electrolyte containing a redox couple, the Fermi level of the 

electrode will be aligned to the redox potential of the couple. Because the Fermi level of 

TiO2 is higher than the redox potential of H+/H2 without contact, the energy bands of TiO2 
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at the semiconductor/electrolyte interface bend upward to achieve equilibrium with the 

electrolyte containing H+/H2 via charge redistribution, as presented in SI Appendix, Fig. 

S28A and B. For the Pt/TiO2-P samples, the photoinduced VOs on the TiO2 from the Pt 

photodeposition are reactive and can be healed by reacting with H2O and O2 (49). In our 

case, the VOs at the perimeter of and especially under the Pt NPs are stabilized by the 

unique interface and the healing of them by H2O becomes slow. But these VOs are still 

reactive and could be oxidized easily when drying at room temperature. Therefore, the 

electrons trapped by the VOs on the Pt/TiO2-P samples can drive O2 involved redox couples 

O2/O2·- or O2/H2O2 when contact with the electrolyte in the air, as presented in SI Appendix, 

Fig. S28C. This is the reason for the Pt/TiO2-P samples present a positive shift of OCP in 

the dark, compared with the perfect TiO2 (SI Appendix, Fig. S27). It should be noted that 

the degree of positive shift of the OCP with increasing the Pt loading has a positive 

correlation with the number of VOs indicated by the XPS. This could be explained by that 

higher concentration of VOs at the Pt-TiO2 interface can lower the Schottky barrier height 

for enhancing electron injection to the Pt NPs, and thus the interfacial VOs allow more 

electrons to transfer to the Pt with leaving more positive charges on the VOs. The more 

positive charges on the VOs make the electrons trapped in the VOs drive more positive 

redox couple. It should be noted that the redox couple driven by the electrode does not 

have a well-defined redox potential in the experimental condition, which could be affected 

by the over-potential on the electrode (50). Under light irradiation, the OCPs of all the 

samples local at -0.5~-0.6 V vs NHE. This is because strong illumination generates 

electrons and holes to move the system toward the flat band condition as shown in SI 

Appendix, Fig. S28D. In this case, the energy bands are pinned at the surface (48, 51). So, 
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the OCPs of all the samples reach the flat-band potential of the TiO2 (but never fully reach). 

Prior research by our group has indicated that the flat-band potential of TiO2 is near -0.6 V 

vs NHE (52), which is in good agreement with the OCPs results. 

 

 

Fig. S29. HAADF-STEM and EDS mapping images of the Pt//TiO2 after photodeposition 

of PbO2 with UV.  

Photodeposition of PbO2 was developed to locate the hole-driven reaction sites in many 

works (53, 54). We also tried to locate the hole-driven reaction sites with this method. As 

shown in SI Appendix, Fig. S29, the distribution of Pb element is consistent with that of Pt 

element, indicating that the PbO2 species are assembled mainly near the Pt NPs. This 

phenomenon directly proves that the hole-driven reaction sites are located at the perimeter 

of the Pt NPs. 
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Fig. S30. CO/H2 ratio as a function of Pt loading in H2 production under UV light from 

aqueous methanol solution over Pt/TiO2-P. As Pt loading increases over 1 wt %, the new 

unique interfacial structure forms on the Pt/TiO2-P for unusual activity. The close 

proximity of photooxidation and photoreduction at the Pt-TiO2 interface can efficiently 

suppress the evolution of by-product CO. 
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