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1. Computational details 

1.1 DFT calculations. All DFT calculations were performed using the VASP program 

with the spin-polarization being considered. The DFT functional was utilized at the 

Perdew-Burke-Ernzerhof (PBE) level. The project-augmented wave (PAW) method 

was used to represent the core-valence electron interaction. The valence electronic 

states were expanded in plane wave basis sets with energy cutoff at 450 eV. The ionic 

degrees of freedom were relaxed using the conjugate gradient and Quasi-Newton 

Broyden minimization scheme until the Hellman-Feynman forces on each ion were 

less than 0.05 eV/Å. The transition states were searched using a constrained 

optimization scheme, and were verified when i) all forces on atoms vanish and ii) the 

total energy is a maximum along the reaction coordination but a minimum with 

respect to the rest of the degrees of freedom. The force threshold for the transition 

state (TS) search was 0.05 eV/Å. The dipole correction was applied throughout the 

calculations to take the polarization effect into account. 
For TiO2 system, we have demonstrated previously1,2 that the DFT+U method 

can yield similar structures and energies as those from the hybrid DFT (HSE06 

functional) method. Here we mainly applied the DFT+U method in computing the 

thermodynamic properties (e.g. adsorption energy, TS barriers, etc.), where the on-site 

coulomb correction was set on Ti 3d orbitals with an effective U value of 4.2 eV as 

suggested in other theoretical works.3,4 To produce the electronic structure properties 

more accurately (e.g. band gap, band edge position, effective potential etc.), we 

further performed hybrid HSE06 calculations utilizing the DFT+U geometry. In 
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HSE06 calculation, the electronic minimization algorithm was set as ALGO = All 

with a very soft augmentation charge (PRECFOCK = Fast). The HSE06 optimized 

lattice and the band gap for the bulk anatase TiO2 (a=b=3.766, c=9.448 Å; Eg=3.31 

eV) agree well with the experimental data (a=b=3.776, c=9.486 Å; Eg=~3.2 eV).  

The effective potential was calculated by including i) the Hartree potential 

caused by the mean-field electrostatic interaction, ii) the exchange-correlation 

potential due to the quantum mechanical nature of the electrons, and iii) other external 

electrostatic interactions in the system. Technically, this can be done by invoking the 

LVTOT parameter in the input file using VASP program version 5.4 or later.  

The adsorption energy of hydrogen atom (Ead
H) is defined as the energy 

difference after and before the adsorption with respect to the gas phase H2 molecule as 

shown below:  

Ead
H = E(total) - E(surface) - 1/2E(H2)                        

where E(surface), E(H2) and E(total) are the energies for the clean surface, H2 

molecule in the gas phase and hydrogen atom adsorbed on the surface, respectively. 

The Gibbs free energy of H adsorption (ΔGH) is obtained by applying the entropy 

correction proposed by Norskov et al., that is ΔGH = Ead
H + 0.24.5,6 The more negative 

the Ead
H (or ΔGH) is, the more strongly the H atom binds on surface. 

 

1.2 Models for metal/TiO2 composites To accommodate metal clusters, we utilized a 

relative large supercell of anatase (101) surface, namely, a p(23) periodic slab with 

three TiO2 layers (72 Ti and 36 O atoms) and a vacuum of 16 Å between slabs. We 

have checked our main results, e.g. the energetics of electron transfer, by enlarging the 

slab model to four-Ti-layers, which produces similar results as that from three-layer 

calculations (see Table S1 in our previous work7,8). Note that all the metal/TiO2 

composites containing non-Pt metals were constructed by utilizing geometry features 

of the optimal Pt13/TiO2 or Pt8/TiO2 or Pt7/TiO2 composites obtained in our previous 

work,7,8 and replacing Pt with other types of metals by needs. Both the conjugate 

gradient (CG) and the Broyden-Fletcher-Goldfarb-Shanno (BFGS) optimization 

methods were used to determine the stable composite structures, shown in Figure S1. 

In addition, regarding the stability of Pt/Cu/TiO2 catalyst, AIMD simulation was 

performed, taking the Pt7Cu6/TiO2 as an example, to investigate the composite 

structural evolution. The simulation was carried out in the canonical (NVT) ensemble 

employing Nosé–Hoover thermostats. The temperature was set at 450 K that is taken 

from the temperature of hydrothermal treatment commonly used in experiments9,10, 

and the time step was 1 fs. More than 20 ps AIMD simulation was performed (Figure 

S5), and from the equilibrated trajectory (after 2.5 ps) we select the structural 

configurations in every 2 ps interval and fully optimize them until all forces diminish. 

From in total 9 structural configurations, no obvious changes in geometries or 

energies were observed, evidencing the good stability of the Pt7Cu6/TiO2 composite. 

 

1.3 IET energy calculations. The extra photoelectron in the system was simulated by 

adding an excess electron into the supercell as common practice.4,11,12 We have also 

previously validated the approach by comparing the electron transfer results with 
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those obtained by introducing an additional H atom on the opposite layer of TiO2 slab 

in charge neutral systems.7,8 The localization of electron on a particular Ti site of TiO2 

can be initially configured and followed by DFT+U electronic structure optimization. 

Initial magnetic moments on each atom are usually necessary in the input setting, 

although they will be optimized during the calculation. Site-projected magnetic 

moments and the Bader charge analyses are calculated to ensure the localization of the 

electron, while the spin density is visualized by the iso-density surface.  

To calculate the IET energy, the initial state is set as a localized electron on a Ti 

site in the bulk region of TiO2. Due to the limitation of our simulation supercell, the 

electron is actually localized at the subsurface layer of TiO2 slab, which is inevitably 

involved in experiments and can be regarded as a state that mimics a localized 

electron at the bulk region or the region away from the Pt sites. At the final state, the 

electron migrates to metal clusters, showing quite delocalized spin density features 

(Figure S3), as confirmed by the increased electron quantities of ~0.4 |e| on metals 

relative to the initial state via Bader charge analysis. It should be mentioned that, 

since there are many possible Ti atoms in the subsurface region of TiO2, we have 

calculated at least three different electron trapping sites (see sites I, II, and III in 

Figure S3) for each metal/TiO2 composite and the reported energies were the averaged 

value. Eventually, the thermodynamics of the directional electron transfer process can 

be calculated by comparing the total energy along the pathway, as summarized in 

Table S1.  

 

 

2. Supplementary results 

 

Table S1 Computed IET energies and tunneling barrier height ΦTB (using the hybrid HSE06 

functional) of considered metal/TiO2 composites. All energies are given in eV. 

Composites ΦTB IET energies  Composites ΦTB IET energies 

Pt5/TiO2 -2.18 -0.39  Cu7Pt6/TiO2 0.76 0.02 

Pt8/TiO2 -0.72 -0.17  Pt6Cu13/TiO2 0.70 -0.05 

Pt13/TiO2 1.45 0.05  Ir8/TiO2 -1.05 -0.08 

Pt19/TiO2 0.90 0.01  Pt7Ir6/TiO2 0.01 0.09 

Rh8/TiO2 -1.40 -0.27  Os8/TiO2 -2.06 -0.23 

Rh13/TiO2 0.80 -0.08  Pd8/TiO2 -0.10 -0.08 

Pt7Rh6/TiO2 0.54 -0.04  Pd13/TiO2 1.70 0.09 

Rh7Pt6/TiO2 1.00 0.07  Ag7/TiO2 3.00 0.23 

Cu8/TiO2 -0.46 -0.15  Au7/TiO2 2.79 0.21 

Cu13/TiO2 0.75 -0.08  Ni8/TiO2 / 0.09 

Pt7Cu6/TiO2 0.60 -0.08  Ru8/TiO2 / 0.01 
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Figure S1 Optimized composite structures of candidate electron transfer metals (displayed by 

ball-and-stick) on TiO2 support (line) using M8/TiO2 or M7/TiO2 models. Pannels (a-j) correspond 

to Ni8/TiO2, Cu8/TiO2, Ru8/TiO2, Rh8/TiO2, Pd8/TiO2, Ag7/TiO2, Os8/TiO2, Ir8/TiO2, Pt8/TiO2 and 

Au7/TiO2, respectively. 

 

 

 
Figure S2 Optimized structures and spin density plots (at the iso-value of 0.015 |e|/Bohr3) for 

active metals (electron affinity <1 eV) supported on TiO2. In all cases, significant electron 

donation from metal to TiO2, forming many Ti3+ cations, is observed upon interface formation. 

Particularly, the deposition of Hf and Ta clusters on TiO2 causes intensive structural distortion at 

the interface, as one can see the off-lattice oxygens indicated by dash circles in panels (f) and (g). 
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Figure S3 Spin density plots (at the iso-value of 0.005 |e|/Bohr3) evidencing the electron transfer 

from TiO2 bulk to metals for (a) Pt7Rh6/TiO2, (b) Pt7Cu6/TiO2, (c) Pt7Ir6/TiO2, (d) Rh7Pt6/TiO2 and 

(e) Cu7Pt6/TiO2 composites, respectively. Bader charge analysis also confirmed an increasing 

electron quantity of ~0.4 |e| on metals for the delocalized state relative to the initial bulk trapping 

state. Considering many possible electron trapping sites in the subsurface region of TiO2, we have 

calculated three different electron trapping sites (Sites I, II, and III) for each composite and the 

reported IET energies were the averaged values. 

 

 

 

Figure S4 Geometry structures and energy profile for the H-H coupling process on Pt7Rh6/TiO2 

composites using the CI-NEB method. A very late transition structure with an energy barrier of 

0.67 eV and transition distance of 0.78 Å (image 5), resembling the H2 adsorption configuration, 

was determined.  

 

 



7 
 

 

Figure S5 AIMD simulation trajectory for the Pt7Cu6/TiO2(101) composite under experimental 

hydrothermal treatment temperature of 450 K. We have selected 9 structural snapshots from the 

equilibrated trajectory (after 2.5 ps) in every 2 ps interval and fully optimized them until all forces 

diminish. From these optimized structures, no obvious changes in geometries or energies (energy 

difference less than 0.1 eV) were observed, evidencing the good stability of the Pt7Cu6/TiO2 

composite. 

 

 

 

Table S2 Gibbs adsorption energies of H atom (ΔGH) at various metal sites on Pt7Rh6/TiO2, 

Pt7Cu6/TiO2 and Pt6Cu13/TiO2 composites, respectively. The H adsorption favors the bridge 

configuration involving two Pt atoms. Two of the most reactive sites with exothermic ΔGH 

approaching zero on each composite are indicated in bold. Energy unit: eV. 

Items 

Sites 
Pt7Rh6/TiO2 Pt7Cu6/TiO2 Pt6Cu13/TiO2 

a -0.02 -0.01 -0.07 

b -0.06 0.00 -0.10 

c -0.12 -0.50 -0.54 

d 0.01 -0.41 -0.47 

e -0.18 0.28 -0.14 

f -0.09 0.03 -0.28 

g -0.18 -0.34 -0.27 

h -0.11 0.25 -0.18 

i 0.02 -0.57 \ 

j -0.08 -0.50 \ 
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