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Methods
Pretreatment of TiO2. 10 g rutile TiO2 powder was placed in a tube furnace and treated with different 

gas flows at a rate of 200 mL/min. At a ramp of 5 K/min, the powder was heated to 873 K and held 

at 873 K for 1 h. With the inlet gas containing 20% O2/Ar, 7% H2/Ar or pure H2, TiO2-Wt (BET surface 

area of 24 m2/g), TiO2-Gr (24 m2/g) or TiO2-Dg (23 m2/g) was produced, respectively. Wt, Gr and Dg 

stand for the apparent color (white, gray and dark gray) of collected samples. (Fig. S1)

Synthesis of catalysts. After ultrasonically dispersed in 50 mL deionized water, 2 g pretreated TiO2 

powder was stirred for 1 h. A 50 mL solution containing 3.96 mg Pt(NH3)4(NO3)2 was then added 

dropwise. This suspension was then stirred for 3 h and dried with rotary evaporation. The product 

was further dried at 100 ℃ overnight, ground and calcined in a tube furnace in the presence of 

flowing 20% O2 in Ar at a rate of 200 mL/min. The heating ramp was 2 K/min. The calcination was 

held at 573 K for 2 h, forming samples with 0.1 wt% Pt loadings, designated as Pt1/TiO2-Wt, Pt1/TiO2-

Gr and Pt1/TiO2-Dg.

Characterization. The X-ray diffraction (XRD) patterns of these samples were tested on a Philips 

X’pert Pro diffractometer using Ni-filtered Cu Kα radiation (λ = 0.15 nm). The X-ray tube was operated 

at 40 kV and 40 mA. The N2 adsorption at 77 K was applied for the test of BET surface areas of the 

TiO2 samples on a Micrometrics ASAP 2020 adsorption apparatus. All samples were degassed at 573 

K for 3 h before the test. Electron paramagnetic resonance (EPR) spectra were recorded at 110 K on 

a Bruker EMX-10/12 X-band spectrometer operating at a frequency of ν ≈ 9.48 GHz, and 100 kHz field 

modulation was used for the measurements. The aberration corrected high resolution scanning 

transmission electron microscopic (AC-HR-STEM) images were collected on a probe-corrected FEI 

Titan 80-300 electron microscope. The observations were performed in the high angle annular dark 

field (HAADF) mode, which allows Z-contrast imaging. The probe convergence angle was 

approximately 18 mrad and the inner detection angle on the HAADF detector was approximately 3 

times higher than the probe convergence angle. The bright field (BF) HRTEM images were collected 

on a JEM-2100 transmission electron microscopy. To prepare the TEM samples, an appropriate 

amount of the sample powder was dispersed in ethanol and then dropped on a 3 mm TEM Cu grid. 

The X-ray absorption fine spectroscopy (XAFS) were measured at Beijing synchrotron radiation 

facility (BSRF, Beijing, China). The Pt-L3 edge XAFS were collected on the 1W1B beamline of BSRF in 
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fluorescence mode with Pt foil and PtO2 as references. The Ti-K edge XAFS were collected on the 

same beamline in transmission mode. The XAFS of Ti-L3 and O-K edges were also collected on the 

4B9B beamline of BSRF. The electron beam energy of the storage ring was 2.5 GeV with a stored 

current of 200 mA. The XAFS data were processed with REX2000 (Rigaku) and IFEFFIT analysis 

package.1, 2 Raman Spectroscopic measurements were performed on a LabRAM Aramis laser Raman 

spectroscopy using a laser (532 nm) with the power of 5 mW. The UV-Vis diffuse reflectance spectra 

were obtained on a Shimadzu UV-2401 spectrometer with BaSO4 as reference. In situ diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) was carried out on a Nicolet 5700 FT-

IR spectrometer equipped with an MCT detector. The spectra were collected from 400 to 4000 cm-1 

at a spectral resolution of 4 cm-1 for 32 scans. Before the test, ca. 20 mg sample was pressed and 

mounted in the cup of the reaction chamber and purged with 1% O2/He at 473 K for 1 h. The in situ 

CO adsorption test was carried out in the same gaseous environment as the catalytic CO oxidation 

test at 373 K. The temperature-programmed oxidation of adsorbed CO (COad-TPO) was performed 

with our previously reported method.3 Typically, after the equilibrium adsorption of CO at room 

temperature, 1 % O2/He was introduced with elevated temperature. The ramp rate of temperature 

is 10 K/min, with a spectrum collected every 5 K.

CO Oxidation Catalysis. The reaction was carried out in a fixed-bed reactor, where the data was 

collected by an online gas chromatograph equipped with two columns, a flame ionization detector 

(FID) and a thermal conductivity detector (TCD) used for analyzing the products. In a typical test, 50 

mg sample, diluted with 450 mg SiC, was purged with 2% O2/He with a rate of 30 mL/min at 473 K. 

The feed was 1% CO and 1% O2 in He with a total rate of 25 mL/min, corresponding to a space velocity 

of 30,000 cm3(STP)/(g·h). All CO conversions were kept below 10%.

The catalytic rate v was calculated by

𝑣 =
(1 ‒

[𝐶𝑂]𝑜𝑢𝑡

[𝐶𝑂]𝑖𝑛
) × 1.0% × 0.025 𝐿/𝑚𝑖𝑛

22.4 𝐿/𝑚𝑜𝑙 ×
𝑚𝑃𝑡

195 𝑔/𝑚𝑜𝑙
× 60 𝑠/𝑚𝑖𝑛

Computational method. All density functional theory (DFT) calculations were performed using 

Vienna Ab initio Simulation Package (VASP).4, 5 The generalized gradient approximation (GGA) with 

the Perdew-Burke-Ernzerhof (PBE) functional was applied with the cutoff of 400 eV.6 A four-layer 

rutile TiO2(101) surface was constructed with half of the layers at the bottom fixed in all the 
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calculations. A geometry optimization was considered with the convergency of force wo be smaller 

than 0.05 eV/Å. The transition states were located using the constrained optimization.7 A Monkhorst-

Pack k-point of 2×2×1 was applied in all the calculations. Standard free energy corrections were 

performed by the equation: ΔG = Δ𝐸𝐷𝐹𝑇 + Δ𝐸𝑍𝑃𝐸 + Δ𝐸U – TΔS, where ΔEDFT is the DFT electronic energy 

difference of each step, ΔEZPE, Δ𝐸U and ΔS are the correction of zero-point energy, inner energy and 

entropy, respectively.8, 9 The free energy corrections for gas phase molecules were performed by 

Gaussian calculations, and the free energy corrections for adsorbates were obtained by the 

vibrational frequency calculations through VASP. In addition, the effect from the Hubbard U 

corrections were considered beyond the accuracy of DFT calculations of GGA, where U values 

(employed as U - J) of 4.2 for Ti.10
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Fig. S1 (A) The digital photograph of TiO2-Wt, TiO2-Gr, and TiO2-Dg. (B) The UV-vis spectra of TiO2 

samples. Compared to TiO2-Wt, TiO2-Gr and TiO2-Dg show strong absorption in the visible light 

region of UV-vis spectra.
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Fig. S2 The BF-TEM images of (A) TiO2-Wt, (B) TiO2-Gr, and (C) TiO2-Dg. All 3 samples contain TiO2 

crystals with sizes of ca. 50 nm.
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Fig. S3 The XRD patterns of TiO2 samples. In all 3 samples, TiO2 crystals show typical rutile 

structures. (JCPDS #21-1276)
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Fig. S4 The low-temperature EPR of different TiO2 samples.

Because of the unpaired electron in the [Ar]3d1 configuration, the Ti3+ species in the rutile 

nanocrystals can be detected by low-temperature electron paramagnetic resonance (EPR) 

spectroscopy.11, 12 The EPR signals at g = 1.95 indicated that Ti3+ species are present in TiO2-Gr and 

TiO2-Dg samples, while not in TiO2-Wt.
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Fig. S5 The Raman spectra of TiO2 samples, inset amplifying the blue square in this figure.

Raman spectra of these samples were collected to understand the geometric structural change in 

the TiO2 surface. As shown in Fig. S5, in the case of TiO2-Wt, its Raman spectrum indicates a typical 

rutile structure, presenting the peaks at ca. 146, 450 and 612 cm-1 ascribed to the vibration modes 

of B1g, Eg and A1g, respectively. The peak at ca. 240 cm-1 is relevant to the second order Raman 

scattering.13, 14 Compared to TiO2-Wt, shifts of Raman bands at 146, 240, and 450 cm-1 can be 

observed on TiO2-Gr and TiO2-Dg samples, indicating the change of surface structures of the H2-

treated TiO2. For instance, the redshift of peaks corresponding to the Eg mode (450 cm-1) was related 

to the nonstoichiometric decrease of O/Ti ratio, which suggests the reduction of surface Ti4+ to Ti3+ 

and the formation of oxygen vacancies.15 Moreover, more significant shifts in the Raman spectrum 

were observed on TiO2-Dg than on TiO2-Gr, suggesting a higher degree of surface structural changes 

after a deep reduction treatment with pure hydrogen.
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Fig. S6 (A) Ti-L3 and (B) O-Kedge XANES of TiO2-Wt, TiO2-Gr, and TiO2-Dg.

X-ray absorption fine spectroscopy (XAFS) of Ti-L3 edge and O-K edge to study the density of state 

(DOS) of unoccupied orbitals in TiO2 crystals. As can be seen in Fig. S6, the XANES of Ti-L3 edge and 

O-K edge correspond to the electron transfers from Ti-2p→Ti-3d and O-1s→O-2p, respectively.16 

There are 2 peaks in the eg normalized XANES of Ti-L3 edge (ca. 460 eV and ca. 463 eV) assigned to 

the t2g and eg states (Fig. S6A), respectively. The slightly increased t2g intensities of reduced TiO2 

samples suggest the increased ratios of unoccupied Ti-3dπ states in t2g bonds. For eg normalized O-K 

edge XANES depicted in Fig. S6B, as the degree of surface reduction increased, the narrowed eg peak 

and decreased a1g and t1u intensities indicate the change of local symmetry and reduced long-range 

order.17 Furthermore, it should be noted that although the Ti-K XAFS gives mainly the sample’s 

structural information in bulk phase, the higher Debye-Waller factors for the fitting results of the 

reduced TiO2 samples indicate the increase of the degree of surface disordering after the reduction 

treatments at high temperature (Table S1), which further proves the surface structural changes in 

the reduced TiO2 concluded from TEM images and Raman spectra (See Fig. S7-S10 and Table S1).
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Fig. S7 The (A) XANES and (B) EXAFS of TiO2 samples with insets showing the white line.

To study the geometric and electronic structural differences among these TiO2 samples, we have also 

performed the Ti-K edge XAFS for all three samples. As can be seen in Fig. S7A, the slightly lower 

white line in the XANES of the reduced TiO2 samples compared with the pristine TiO2-Wt sample also 

proves the partial reduction of the TiO2 surface, which is in line with the results of EPR spectra. For 

the Ti-K edge EXAFS (see Fig. S7B, Fig. S8–S10, and Table S1), a series of very similar spectra and 

fitting results are obtained for the three TiO2 samples, regardless of the treatments. Such results are 

reasonable because EXAFS is a technique that measures the sample’s structural information in bulk 

phase. The EXAFS results are also consistent with the structural information inferred from TEM and 

XRD, indicating the perseverance of bulk properties of the rutile nanocrystals during high-

temperature reduction treatment.
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Fig. S8 The k3 weighted Ti-K EXAFS function of the corresponding region of fitting area (experiment 

results, open circle) and fitting results (red line) of (A) TiO2-Wt, (B) TiO2-Gr, and (C) TiO2-Dg.
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Fig. S9 The k3 weighted Ti-K EXAFS function of TiO2-Wt, TiO2-Gr, and TiO2-Dg.
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Fig. S10 The Ti-K edge EXAFS data (open circle) and the corresponding fitted curves (solid red line) 

in R space for (A) TiO2-Wt, (B) TiO2-Gr, and (C) TiO2-Dg.
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Fig. S11 Top-views (left) and side-views (right) of simulated TiO2 structures. (A, B) The perfect TiO2 

structures. (C-H) The reduced TiO2 structures with 1 (C, D), 2 (E, F), and 4 (G, H) oxygen atoms 

removed. The removed oxygen atoms were signified by red dotted circles. Green and red balls 

indicate Ti and O atoms, respectively.

We have examined the structural change of rutile TiO2 through the reduction by removing some 

oxygen atoms of rutile (101) surface.12 As shown in Fig. S11, the reduction progress, compromising 

the close-packed surface lattice structure, leads to the distortion of Ti-O bonding on the TiO2 

surfaces, which decreases the surface periodicity and creates expansion in the surface lattice.
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Fig. S12 The Arrhenius plot of Pt1/TiO2 samples for CO oxidation.
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Fig. S13 The k3 weighted Pt-L3 EXAFS function of the corresponding region of fitting area 

(experiment results, open circle) and fitting results (red line) of (A) PtO2, (B) Pt1/TiO2-Wt, (C) 

Pt1/TiO2-Gr and (D) Pt1/TiO2-Dg.
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Fig. S14 The k3 weighted Pt-L3 EXAFS function of (A) PtO2, (B) Pt1/TiO2-Wt, (C) Pt1/TiO2-Gr and (D) 

Pt1/TiO2-Dg.
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Fig. S15 The Pt L3-edge EXAFS data (open circle) and the corresponding fitted curves (solid red line) 

in R space for (A) PtO2, (B) Pt1/TiO2-Wt, (C) Pt1/TiO2-Gr and (D) Pt1/TiO2-Dg.
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Fig. S16 The line profiles (up) at 398 K from the COad-TPO profiles (down) of (A) TiO2-Wt, (B) TiO2-Gr, 

and (C) TiO2-Dg.

To illustrate the evolution of Pt atoms at elevated temperature, we tested the TPO of the adsorbed 

CO. Typically, after equilibrium adsorption of CO at room temperature, 1% O2/He was introduced to 

the Pt catalysts as the temperature was elevated. As shown in Fig. S16A, the band at ca. 2120 cm-1, 

corresponding to the linear adsorption of CO on cationic Pt single atoms supported on TiO2-Wt, 

shifted to lower wavenumbers. At low temperatures (<400 K), a very mild decrease of intensity is 

observed, indicating the in situ charge transfer between Pt single atoms and adsorbed CO molecules 

rather than the oxidation of the CO molecules to CO2 on the Pt1/TiO2-Wt sample. This explains the 

low activity of catalytic CO oxidation of Pt1/TiO2-Wt. The band of adsorbed CO on Pt1/TiO2-Gr also 

shifted as temperature was increased, but not as significant as that of Pt1/TiO2-Wt (Fig. S16B), 

indicating the lower reduction tendency of Pt single atoms on the mildly reduced TiO2 supports. 

Interestingly, as shown in Fig. S16C, the band center associated with CO adsorbed on Pt1/TiO2-Dg 

remained nearly unchanged during the TPO test, showing that the deeply reduced TiO2 could 

stabilize Pt single atoms with high electron deficiency. In other words, by varying the surface 

properties of supporting materials (TiO2 in this case), the structural and electronic properties of 

supported Pt single atoms could be finely tuned, which might give rise to better activities of these Pt 

atoms.

It is also noteworthy that, after reaction at higher temperatures, shoulder bands at ca. 2090 cm-1 are 

observed with Pt1/TiO2-Wt and Pt1/TiO2-Gr samples (Fig. S16), suggesting that part of the Pt single 

atoms agglomerated into nanoparticles at elevated temperature, which should be caused by the 

reduction of positively charged Pt atoms by CO.18 In other words, the stabilization of isolated Pt 
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atoms with high electron deficiency by reduced TiO2 surfaces not only promotes their catalytic 

performance for CO oxidation, but also prevents these atoms from agglomeration.
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Fig. S17 In situ DRIFTS of CO adsorption (298 K) on used samples after CO oxidation test. The 

feeding gas contained 1% CO (He Balance).
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Fig. S18 The energy diagram of O2 activation on Pt1/perfect TiO2 (pink) and Pt1/reduced TiO2 (blue) 

at 373 K. Both pathways are corrected to free energy. Blue, green, red balls indicate Pt, Ti, O atoms, 

respectively.
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Fig. S19 The energy diagram of CO oxidation on Pt1/perfect TiO2 (pink) and Pt1/reduced TiO2 (blue) 

at 373 K via Mars-van Krevelen mechanism. All pathways are corrected to free energy. Blue, green, 

gray, red balls indicate Pt, Ti, C, O atoms, respectively.

As shown in Fig. 4, Fig. S19 and Table S3, the energy barrier for CO oxidation with model S1 is lower 

than the L-H mechanism, yet still higher than that of S2 under the L-H mechanism. Nevertheless, the 

subsequent reaction of adsorbed CO and lattice oxygen would compromise the stability of the lattice 

expanded TiO2 surface structure, making the MvK mechanism for S2 not favorable.
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Table S1 Ti K-edge EXAFS fitting results (σ2: Debye-Waller factor; CN: coordination number; R: 

distance; △E0: inner potential correction; k-range: 3.0-12.0 Å-1 R-range: 0.8-3.8 Å) of TiO2 samples.

Samples Shells CN** R (Å) σ2 (10-2 Å2) △E0 (eV) s0
2**

R factor 

(%)

Ti-O 6 1.95 0.694

Ti-Ti1 2 2.96 0.578TiO2-Wt*

Ti-Ti2 8 3.57 0.859

0 0.7 --

Ti-O 6 1.94 ± 0.01 0.700 ± 0.051

Ti-Ti1 2 2.95 ± 0.01 0.604 ± 0.070TiO2-Gr

Ti-Ti2 8 3.56 ± 0.01 0.880 ± 0.041

-1.0 ± 0.7 0.7 0.5

Ti-O 6 1.94 ± 0.01 0.716 ± 0.044

Ti-Ti1 2 2.95 ± 0.01 0.626 ± 0.062TiO2-Dg

Ti-Ti2 8 3.56 ± 0.01 0.882± 0.036

-1.0 ± 0.6 0.7 0.4

*TiO2-Wt was chosen as the standard for the fitting of Ti-K edge of other samples.

**These values were fixed during the fitting procedures.
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Table S2 Pt L3-edge EXAFS fitting results (σ2: Debye-Waller factor; CN: coordination number; R: 

distance; △E0: inner potential correction; k-range: 3.0-10.0 Å-1 R-range: 1.2-2.2 Å) of Pt1/TiO2 

samples.

Samples CN of Pt-O Shell R (Å) σ2 (10-2 Å) △E0 (eV)

PtO2 6* 2.02 ± 0.01 0.29 ± 0.19 4.7 ± 2.1

Pt1/TiO2-Wt 3.9 ± 0.6 2.05 ± 0.01 0.29 ± 0.25 2.0 ± 1.9

Pt1/TiO2-Gr 5.2 ± 0.5 2.02 ± 0.01 0.39 ± 0.11 -1.5 ± 1.1

Pt1/TiO2-Dg 4.6 ± 0.6 2.02 ± 0.01 0.23 ± 0.13 -1.5 ± 1.3

*These values were fixed during the fitting procedures.
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Table S3 Elementary reaction energies of CO oxidation at on Pt1/perfect TiO2 and Pt1/reduced TiO2 

at 373 K via Langmuir-Hinshelwood mechanism and Mars-van Krevelen mechanism.

Pt1/perfect TiO2 Pt1/reduced TiO2

Mechanism Elementary reactions Activation barrier 

(eV)

Reaction energy 

(eV)

Activation barrier 

(eV)

Reaction energy 

(eV)

CO + * → CO* -2.69 -1.72

CO* + O* → CO2* + * 2.97 0.78 0.85 0.39

CO2* → CO2 + * 0.28 0.63

O2 + *→ O2* -1.16 -1.64

L-H

mechanism

O2* + * → 2O* 1.29 -1.27 0.37 -2.67

CO + * → CO* -2.69 -1.72

CO* + O* → CO2* + * 1.84 1.81 3.29 2.37

CO2* → CO2 + * 2.42 0.70

O2 + *→ O2* -3.50 -2.65

MvK 

mechanism

O2* + * → 2O* 0.01 -5.27 0.03 -5.75
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