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Abstract: Restructuring of supported metal nanoparticles (NPs) e.g., reshaping and 

redispersion are of tremendous interest for the rational design of high-efficiency catalyst 

materials with precise particle sizes, shapes, and reactivities. Here we show a crystal phase 

mediated restructuring of Pt NPs on TiO2, as a simple approach for fabricating either atomically 

dispersed single atoms (SAs) or reshaped planar NPs of Pt catalysts with tunable reactivities. 

Utilizing a variety of state-of-the-art characterizations, we showed that rutile TiO2 favors the 

reshaping of 2D planar Pt NPs, whereas the anatase surface facilitates the redispersion of Pt 

NPs to SAs upon calcination in the air up to 400 ºC. Environmental transmission electron 

microscopy (ETEM) and density function theory (DFT) calculations were employed to directly 

visualize the dynamic transformation of Pt NPs and reveal the specific role that TiO2 supports 

play in promoting the stability and diffusion of Pt SAs. As a result, the reverse reactivity was 

achieved by tunning their distinct restructuring behaviors. Thus, the Pt SAs on anatase TiO2 

preferentially activated selective hydrogenation of phenylacetylene (21.22 x 10-2 s-1 at 50 ºC), 

while planar Pt NPs on rutile significantly enhanced the combustion of methane (3.11 x 10-2 s-1 

at 310 ºC). Our results therefore open up new routes for tuning the restructuring behavior of 

supported metal catalysts and designing catalysts with controlled catalytic structures and 

reactivities. 
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Introduction 

The particle sizes and shapes of metal catalysts are critical in determining their electronic 

and catalytic properties, ranging from nanosized particles to metal clusters or even single 

atoms.1-4 Supported Pt nanoparticles (NPs), for instance, have been extensively studied due to 

their extraordinary catalytic performance in a vast variety of catalytic reactions.5-7 Recently, Pt 

single atom (SA) catalysts have been found to exhibit superior efficiencies by maximizing the 

use of precious metals.8-11 However, the specific structure of the active species for a given 

reaction has not yet been fully explained.,12-16 Particularly in sub-nanometer range, an effective 

approach to control the size, shape and thus the reactivity of active metal species is still lacking. 

Hence, the precise control in the fabrication of Pt NPs/SAs is a crucial step toward designing 

high-efficiency catalyst materials. 

Restructuring of metal NPs on oxide supports has recently attracted tremendous interest for 

precisely controlling particle size, shape, and composition dynamically in heterogeneous 

catalysis.17-22 Among these, redispersion is a common route for disintegrating metal NPs into 

SAs via metal-gas/ligand/support interactions.13, 23-25 High-temperature treatment in oxygen, 

CO, and ligand environments has been widely adopted for the fabrication of Pt, Rh, and other 

metal SAs on many oxide surfaces.26 Additionally, reshaping has also been intensively 

investigated as another method for the restructuring of NPs in gas environments. Oxygen, CO, 

and even inert N2 can significantly alter the shape of NPs under realistic conditions.18, 21 Both 

metal-gas and metal-support interaction are believed to play a significant role, but the 

underlying mechanisms and tunning factors are still unclear. As for the metal-support 

interaction for instance, strong interaction with surface defects is considered to be a key factor 

for anchoring the as-formed SAs.10, 23, 27 while in some circumstances, the reshaped NPs can 

be also stabilized via strong metal-support interactions (SMSI).28-30 However, precisely tuning 

the restructuring of metal catalysts between the redispersion and reshaping via metal-support 

interactions has not yet been well depicted, particularly using the same control method with 

similar metal loading and gas environment.  

Herein, we report a crystal phase mediated restructuring (redispersion/reshaping) of Pt 

catalysts on TiO2 as a simple approach to precisely tuning their restructuring behaviors and 

reactivity. Approximately 1 nm Pt NPs were pre-synthesized and impregnated onto anatase 

and rutile TiO2. After calcination at 400˚C in the air, we clearly identified crystal phase 

mediated restructuring of Pt NPs on TiO2, which formed either planar Pt NPs or atomically 

dispersed Pt SAs, as evidenced by ex situ and in situ scanning transmission electron 

microscopy (STEM), Fourier transformed infrared spectroscopy (FTIR), and temperature-

programmed reduction (TPR) analysis. Density functional theory (DFT) calculations and 

electron paramagnetic resonance (EPR) spectroscopy revealed the role of support in tunning 

the restructuring behaviors. Catalytic testing was further performed for phenylacetylene (PA) 

semi-hydrogenation and methane combustion reactions, and a reverse reactivity was achieved 

as a result of the different Pt restructuring behaviors on the two distinct TiO2 supports. 
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Results 

The crystal phase mediated redispersion/reshaping of Pt on anatase/rutile TiO2 

Approximately 1.0 nm Pt NPs were pre-synthesized using a modified literature approach31-

32 with a uniform size distribution (Figure S1). The fresh Pt-TiO2 catalysts were prepared by 

impregnation of pre-synthesized Pt NPs (0.5 wt.%) onto two commercially available anatase 

and rutile TiO2 powders (see Table S1 and Figure S2). Figure S3 shows the X-ray powder 

diffraction (XRD) patterns, with a clear diffraction pattern for the TiO2 support. No Pt 

diffraction peaks were observed due to their ultra-small particle sizes. Characterized by high-

resolution TEM (HRTEM), the Pt NPs were uniformly dispersed on both the anatase and rutile 

TiO2, and maintained their original particle sizes of 0.8–1.1 nm after impregnation. (See Figure 

1a and b and Figure S5). 

Subsequent calcination in the air up to 400˚C resulted in the varied restructuring behavior of 

the Pt NPs on the two TiO2 supports, as denoted by Pt/anatase-400 and Pt/rutile-400. The 

HRTEM images revealed that the Pt NPs become invisible on anatase TiO2 after calcination 

(Figure 1a and b), suggesting the highly dispersed state of the Pt species in Pt/anatase-400. 

Using AC-STEM, we directly visualized the atomically dispersed isolated Pt SAs anchored on 

the anatase TiO2 supports, due to the enhanced Z contrast in the high-angle annular dark-field 

(HAADF) images (Figure 1c). We also noted the coexistence of ultra-small Pt clusters of 

several atoms (see Figure 1c and S6), which may have required longer calcination or higher 

temperatures for complete atomic dispersion. By contrast, on rutile TiO2, the calcination 

resulted in the reshaping of the Pt NPs, in the form of elongated particles, as shown in Figure 

1e. The atomic revolved HAADF images (Figure 1f and Figure S7) further revealed a 2D planar 

shape of Pt/rutile-400 of 1-3 atomic layers thick. The edge-on particle in Figure 1f shows 

typical planar Pt NPs with two stacking layers of Pt (111), inferring the strong metal-support 

interactions6, 23, 33-34 that favored the wetting of Pt on the rutile TiO2 interface6, 35-36 (more 

detailed evidence is shown in Supplementary Figure S7). CO chemisorption (Figure S8a) 

verified the same restructuring behavior in line with the (S)TEM results, where Pt/anatase-400 

exhibited statistically higher dispersion and smaller particle sizes compared to Pt/rutile-400. 

FTIR spectra of CO adsorption on Pt/rutile-400 and Pt/anatase-400 (Figure 2a) were obtained 

to identify the nature of the different Pt species. Pt/rutile-400 presented both CO adsorption 

bands on the top (2076 cm−1) and bridge sites (1850 cm−1), which was characteristic for 

nanosized Pt particles, along with the 2106 cm−1 band corresponding to CO adsorbed on the 

cationic Ptδ+ clusters.37-39 Pt/anatase-400, however, exhibited only linear CO stretching modes 

on the top sites. The lack of bridge-adsorption sites strongly indicated the ultra-small nature of 

Pt species on anatase TiO2. Other than the linear CO adsorption on metallic Pt at 2076 cm−1, 

the intensified peak at 2131 cm−1 was ascribed to characteristic CO adsorption on Pt SAs due 

to the stronger interactions with surface oxygen14, 38 (see detailed peak assignments in 

Supplementary Discussion Section S4). Given the combined microscopic and spectroscopic 

results, we thus concluded the crystal phase–mediated restructuring of Pt/TiO2 that anatase 
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phase favors atomically dispersed the Pt SAs along with a few ultra-small clusters (< 1 nm). 

By contrast, the rutile phase facilitated the reshaping of Pt NPs, forming 2D planar geometry. 

Specific role of the support and underlying mechanisms for Pt restructuring 

Surface defects are believed to play a significant role in stabilizing metal SAs.9, 37, 40-43 To 

characterize, we have performed the EPR experiments on both Pt-TiO2 and pure TiO2 supports 

after calcination, as shown in Figure 2b.  A significantly enhanced EPR signal at g = 1.982 

characteristic for Ti3+ was clearly identified on Pt/anatase-400 after calcination in the air, 

suggesting the preferential formation of Ti3+ defects as major anchoring sites for Pt SAs on 

anatase phase.44-47 This process is also promoted by the presence of Pt, since no Ti3+ signal was 

detected on pristine anatase TiO2 after the same calcination procedure. (supplementary 

materials section S7)Thus, it can likely be rationalized by a reverse oxygen spillover from Ti4+ 

to Pt during calcination, forming Ti3+-O-Ptδ+ to stabilize ionic Pt atoms.48 TPR (Figure S8b) 

and DFT calculations (Figure S9) were further performed to reveal support effect and the 

underlying mechanism. As shown in Figure S9, the oxygen atoms of anatase TiO2(101) prefers 

to be trapped by Pt nanoparticles through reverse oxygen spillover mechanism involving a low 

kinetic barrier of 1.05 eV and forming Ti3+ defects.  

In situ FTIR spectroscopy of CO adsorption on Pt/anatase during calcination is displayed in 

Figure S10. The IR frequency of linear CO adsorption on Pt gradually shifted from 2112 cm−1 

(CO on cationic Ptδ+ clusters) to 2139 cm−1 (CO on isolated Pt atoms),14 reflecting the 

redispersion of Pt NPs/clusters into the SAs with increased calcination temperature. At ~350–

400˚C, a new band at 2186 cm−1 emerged, which is characteristic for CO adsorption on as-

formed Ti3+ sites during calcination.49-50 The Ti3+ defects on anatase TiO2 thus facilitated the 

redispersion of Pt NPs by providing anchoring sites, which trapped single Pt atoms.10 This 

trapping mechanism was further validated by STEM-HAADF imaging of the Pt SAs on anatase 

TiO2. As shown in Figure S11, most of the Pt SAs (92%) preferentially anchored on the Ti 

sites, suggesting superimposition on Ti3+ or Ti6c substitution.11 (see the Supplementary 

Discussion Section S1) 

DFT calculations were conducted to understand the underlying mechanism for the crystal 

phase–mediated restructuring of the Pt/TiO2 catalysts. The decomposition of metal particles 

and the migration of SAs (or small atomic clusters) from the larger particles were the two 

crucial steps for particle redispersion over the support surfaces via the reverse Ostwald 

Ripening process.51-53 In this study, we employed a highly stable Pt55 particle with an 

icosahedral (Ih) geometry and a diameter of ~1.03 nm,54-55 with a dominantly exposed (111) 

facet to model the Pt NPs according to the experimental results. As shown in Figure 2c, the 

rutile TiO2(110) surface provided strong binding for Pt55 with a binding energy (Eb) of −0.45 

eV per Pt atom, which was higher than the anatase TiO2(101) surface with Eb = −0.23 eV/atom. 

This was due to the fact that the oxygen atoms on the reconstructed rutile TiO2(110) surface 

(Figure S12) captured more electrons (3.74 e) from Pt55, according to the Bader charge analysis 

(Figure S13 and S14).56 However, only 0.80 e from Pt55 was transferred to the anatase 
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TiO2(101) surface. Moreover, Pt55 decomposed into Pt54 and one Pt adatom (*Pt55 → *Pt54 + 

*Pt, shown in Figure 2c and S14) more easily on the anatase TiO2 (101) surface with a kinetic 

barrier of 1.06 eV and reaction energy of 0.32 eV, than on the rutile TiO2(110) surface (2.46 

eV and 2.12 eV, respectively). 

We further calculated the diffusion behavior of one Pt adatom on the surface of the two 

support types containing a Ti3+ defect. The anatase TiO2(101) exhibits a smoother binding 

strength for Pt adatom corresponding adsorption energy with range of –2.34 ~ –3.13 eV than 

that of reconstructed rutile TiO2(110) of –2.73 ~ 0.48 eV. (Figure S16 and S17) Figure 2d thus 

shows that the most stable sites of adsorbed Pt adatom is on the Ti3+ site of anatase TiO2(101) 

with Eb = −3.13 eV, and on the bridge site with two O atoms for rutile TiO2(110) with Eb = 

−2.73 eV, which is well consistent with previous report 38. However, the diffusion barrier of 

the Pt adatom on rutile TiO2(110) was 3.21 eV, which was much higher than anatase TiO2(101) 

(0.79 eV). This was due to the reconstructed oxygen on the rutile TiO2(110), which formed a 

rough potential surface and hindered Pt diffusion.25, 53 Therefore, the Pt adatom was prone to 

diffusion and was further captured by the Ti3+ defects on anatase TiO2(101), promoting reverse 

Ostwald Ripening. These results explained the experimental observations of the redispersion 

behavior of Pt on the anatase TiO2.  By contrast, the stronger binding of Pt55 and the higher 

diffusion barrier of the Pt adatom on rutile TiO2(110) confined the Pt NPs on the surface, and 

the wetting of the Pt NPs during calcination further resulted in a planar geometry as a result of 

the strong metal-support interactions. 33, 35-36 

In situ STEM visualization of dynamic restructuring of Pt NPs on anatase/rutile TiO2. 

To directly visualize the dynamic redispersion of Pt on anatase TiO2, in situ HAADF-STEM 

imaging was further employed in a 6 mbar O2 environment from 100˚C to 400˚C, as shown in 

Figure 3a–d. To avoid the beam effect, the electron beam was shut off during heating (more 

detailed procedures and operations are listed in the Supplementary Discussion Section S1). As 

shown in Figure 3a, the pristine ~1 nm Pt NPs were stable up to 100˚C in an O2 environment. 

After heating up to 200˚C, Pt was more mobile, likely due to the lower diffusion barrier on the 

anatase surface and the agglomeration of adjacent NPs, as indicated by a1, a2, and a4 (Figure 

3a and b). At 300˚C, the disappearance of the Pt NPs was observed, as marked by a1, a3, and 

a4, suggesting an onset of Pt redispersion. Meanwhile, the anatase-TiO2 surface became more 

pitted, resulting in a growing number of dim patches due to the reduction of the anatase TiO2 

that formed at the same temperature range (see TPR in Figure S8b). The pitted structure thus 

provides undercoordinated step edges or defect sites that facilitates the trapping of Pt single 

atoms.57-59 Therefore, we established a strong correlation between the redispersion of Pt NPs 

and the formation of reduced Ti3+ defects. This was further evidenced by the a3 NP located on 

the defective area, which split into two smaller pieces at 200˚C (Figure 3b) and eventually 

disappeared at 300˚C (Figure 3). However, the a2 NP in the non-defective area remained 

integrated up to 400˚C, and redispersion may require a longer calcination time or higher O2 

partial pressure. 
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For comparison, the dynamic evolution of the Pt NPs on rutile TiO2 was visualized under 

identical in situ conditions. As shown in Figure 3e–h, most of the Pt NPs (r1 and r2) remained 

stable during calcination, while others (r3 and r4) slightly agglomerated until 300–400˚C. This 

indicated that particle size slightly increased from 0.87 nm to 1.17 nm (see statistics in Figure 

S19). The stability of Pt NPs on the rutile surface thus suggested stronger support interactions 

and a higher diffusion barrier that confined the Pt NPs in position, which was in good 

agreement with our DFT calculations. Moreover, the rutile surface was less defective compared 

to anatase during the entire in situ experiment, which made the atomic dispersion of Pt more 

unfavorable. 

Tunable reactivity of restructured Pt/TiO2 mediated by the crystal phase of the support 

The crystal phase mediated redispersion/reshaping of Pt/TiO2 substantially influences their 

catalytic performance. Thus, two typical reactions, semi-hydrogenation of PA and methane 

combustion, were chosen as probe reactions to demonstrate the different catalytic reactivities 

of the Pt/anatase-400 (Pt SAs) and Pt/rutile-400 (Pt planar NPs) catalysts. Catalytic testing for 

semi-hydrogenation of PA to styrene (ST) was carried out in a batch reactor at 20˚C (6 h), 30˚C 

(4 h), and 50˚C (1 h). As shown in Figure 4a, the isolated Pt SAs on anatase TiO2 (Pt/anatase-

400) exhibited high conversion and ST yields for all three testing conditions, resulting in ST 

yields of 65.0±6.7 % at 20°C for 6 h, 64.3±6.3 % at 30˚C for 4 h, and 41.6±9.2 % at 50˚C for 

1 h. In comparison, the Pt planar NPs on rutile TiO2 (Pt/rutile-400) showed only low activity 

with a PA conversion below 3.2% for all testing conditions. We thus confirmed that anatase-

TiO2 stabilized Pt SA catalysts were highly active for PA semi-hydrogenation rather than 

planar NPs for the rutile phase. This was likely attributed to the preferential -C≡C- activation 

and favorable diffusion of the *H species on single-atom Pt sites (Ptδ+), despite the more 

favorable H2 dissociation on Pt NPs.60-61 The turn-over frequency (TOF) was further calculated 

which is among the highest reported values in literatures. (see Table S4 and supplementary 

discussion S6) For the methane combustion reaction (Figure 4b), Pt planar NPs on TiO2 

(Pt/rutile-400) exhibited nearly 100% CH4 conversion at 400°C, which was remarkably higher 

than the isolated Pt atoms on anatase TiO2 (Pt/anatase-400), which only had 18.2% conversion 

under the same conditions. We thus identified a reverse reactivity trend where rutile-TiO2 

stabilized Pt planar NPs exhibited better catalytic activity than Pt SAs on the anatase phase in 

terms of the methane combustion reaction. This was further rationalized by the preferential O2 

activation on Pt NPs over single atoms. The TOF was further calculated and comparable to the 

reported values in previous works. (see Table S5 and supplementary discussion S6) 

To gain an atomistic insight, we systematically examined the dissociation of H2 and O2 

molecules, and the binding strength of H and O atoms on Pt1/anatase TiO2(101) and Pt55/rutile 

TiO2(101) using DFT calculations (Figure S20, Table S2, and supplementary discussion 

section S3). Our results showed that the adsorbed H2 molecules could dissociate into two H 

adatoms involving a low kinetic barrier (Ea
*H2 < 0.48 eV) for Pt1/anatase TiO2(101) and 

Pt55/rutile TiO2(110). Moreover, Pt1/anatase TiO2(101) provided moderate adsorption energy 
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of –0.10 eV for *H species (ΔE*H), with the moderate binding of *H favoring the subsequent 

hydrogenation reaction. However, the binding of ΔE*H = −1.21 eV for Pt55/rutile TiO2(110) 

was too strong, which prevented the *H species from reacting. For O2 dissociation, the O–O 

bond broke easily in Pt55/rutile TiO2(110) due to the kinetic barrier (Ea
*O2) of 0.81 eV, which 

was beneficial for oxidation reaction; thus, the O2 dissociation on Pt1/anatase TiO2(101) was 

much more difficult at Ea
*O2 = 2.06 eV. Therefore, this determined the tunable reactivity 

mediated by the different restructuring behaviors of the Pt catalysts on TiO2, and Pt SAs 

favored the semi-hydrogenation reaction of PA, whereas stabilized Pt planar NPs promoted the 

oxidation reaction for methane (see Figure 4c). Our results thus provide a new route for 

precisely controlling the dynamic structure (size and shape) of Pt catalysts for designated 

reactions by simply choosing an appropriate support crystal phase. 

Conclusion.  

Two types of Pt/TiO2 catalysts were prepared by impregnating as-synthesized Pt NPs (~1 

nm) onto anatase and rutile TiO2 supports. After calcination in the air at 400˚C, a crystal phase 

mediated restructuring of Pt NPs on TiO2 was clearly identified. (S)TEM imaging along with 

CO chemisorption and FTIR experiments provided solid evidence for the 

redispersion/reshaping of Pt NPs, indicating that rutile TiO2 stabilized the Pt NPs with 2D 

planar geometry, whereas the anatase phase favored isolated Pt SAs. In situ STEM provided 

dynamic insight and real-time evidence for the dynamic restructuring of Pt on both anatase and 

rutile TiO2. The reverse oxygen spillover very likely facilitates the stabilization of Pt SAs on 

anatase TiO2 via promoted Ti3+ defects validated by EPR results. DFT calculations further 

revealed that the diffusion barrier of Pt adatom on rutile TiO2(110) is 3.21 eV, much higher 

than that on anatase TiO2(101) (0.79 eV). The anatase TiO2(101) has a smooth potential energy 

surface, which is beneficial to diffusion of Pt adatom to forming atomically dispersed Pt 

catalysts. 

The reactivities of the two catalysts, Pt/anatase-400 and Pt/rutile-400 were tested for two 

typical reactions: semi-hydrogenation of phenylacetylene and methane combustion. A reverse 

reactivity was achieved by tunning the dynamic behavior of Pt restructuring on the two 

different TiO2 supports. Isolated Pt SAs on anatase TiO2 (Pt/anatase-400) exhibited much 

higher conversion and styrene yields for the semi-hydrogenation of PA, while the Pt planar 

NPs on rutile (Pt/rutile-400) were remarkably active during methane oxidation.  

In summary, we discovered and visualized the in situ restructuring (redispersion/reshaping) 

of Pt catalysts mediated by the crystal phases of TiO2, as a simple approach for the fabrication 

and design of Pt catalyst with precise dispersion, shape, and reactivity control.  

Methods 

Chemicals and materials 

All chemicals are commercially available and were used as received. Platinum (IV) acid 

(H2PtCl6·6H2O, 40%), sodium borohydride (NaBH4, 99.9%), ethanol (HPLC grade, 99.9%), 
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3-mercaptopropionic acid (HSC2H4COOH, 99%), and TiO2 (rutile, anatase) were purchased 

from Adamas, while ultrapure water (resistance 18.2 MΩ·cm) was purified using a Barnstead 

NANO pure Diwater TM system. All glassware was thoroughly cleaned with aqua regia (HCl: 

HNO3 = 3: 1, v/v), rinsed with copious amounts of ultrapure water, and then dried in an oven 

prior to use. 

Sample preparation.  

A modified literature approach for the synthesis of Pt NPs was used.31-32 In this work, 

H2PtCl6•6H2O (0.1 mmol) was dissolved in 10 ml ethanol, then 3-mercaptopropionic acid 

(molar ratio of thiol/Pt: 6/1) was added to the solution, and the mixture was stirred for 20 min. 

An aqueous solution of NaBH4 (0.3 mmol in 2 ml water) was then quickly added to reduce Pt 

(IV) to Pt (0). The reaction was allowed to proceed for one hour. After centrifugation (9000 

rpm, 10 min), 1.9 g of TiO2 powder (rutile and anatase) was added to the solution. After stirring 

for three hours at room temperature (RT), the supernatant became colorless, indicating that the 

Pt NPs were loaded onto the TiO2 surface. Then the solid was collected by centrifugation and 

washed with ethanol three times. Afterward, the catalysts were dried at 100˚C in open air. The 

Pt/TiO2-400 (Pt/anatase-400 and Pt/rutile-400) were obtained after the calcination process at 

400˚C for four hours to activate the restructuring process. 

Catalytic testing 

Semi-hydrogenation of phenylacetylene. A 10 ml Schlenk flask was fitted with a balloon 

filled with H2. The tube was charged with 20 mg of catalyst, 3 ml of ethanol, and 0.7 mmol 

of PA. Then the flask was flushed with H2 and tightly sealed at a balloon pressure of H2, and 

then stirred at 20˚C for 6 h, 30˚C for four hours, and 50°C for one hour. The products were 

analyzed by a 7820A gas chromatograph (GC) equipped with a flame ionization detector 

(FID) and a HP-5 capillary column. A known amount of n-octane was used as the internal 

standard. The conversion of PA (𝜒𝑃𝐴) and the yield of expected product ST were determined 

by: 

𝜒𝑃𝐴(%) =
PAfeed(mol) − PAresidue(mol)

PAfeed(mol)
× 100%                         Equation (1) 

YieldST(%) =
STproduct(mol)

PAfeed(mol)
× 100%                                                Equation (2) 

𝑟𝑃𝐴 =
𝑛𝑃𝐴 × 𝜒𝑃𝐴

𝑚𝐶𝑎𝑡 × 𝑤𝑃𝑡 × 𝑡
(𝑚𝑜𝑙 ∙ 𝑠−1 ∙ 𝑔−1)                                               Equation (3) 

TOF =
𝑟𝑃𝐴 ×𝑀𝑃𝑡
𝐷𝑃𝑡

(𝑠−1)                                                                            Equation (4) 

Methane combustion. The catalytic testing was carried out in a fixed bed reactor at 

ambient pressure, where 100 mg of catalyst sample was induced in the middle of the reaction 

tube. Then, the reactant gas CH4/O2/He = 1/20/79 (v/v) was introduced into the reaction 

system at a rate of 60 ml/min. Catalyst evaluation was performed at 1˚C intervals from 70˚C 
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to 400˚C, at a space velocity of 36,000 ml h−1 g−1. All the products from the reaction were in 

situ analyzed using a gas chromatograph system (Agilent 7890B) with a TDX-01 carbon 

molecular sieve column. The detectors consisted of a flame ionization detector (FID) and 

thermal conductivity detector (TCD). The CH4 conversion (𝜒𝐶𝐻4) was determined by 

Equation (5). The kinetic measurements were performed with the methane conversion lower 

than 10% in order to eliminate the thermal and diffusion effects. The reaction rates (𝑟𝐶𝐻4) 

and TOF were calculated by equation (6) and (7).  

𝜒CH4(%) =
CCH4
In − CCH4

0ut

CCH4
in

× 100%                                                         Equation (5) 

𝑟𝐶𝐻4 =
𝑐𝐶𝐻4 × 𝜒𝐶𝐻4 × 𝑉 × 𝑝𝑎𝑡𝑚

𝑚𝐶𝑎𝑡 × 𝑤𝑃𝑡 × 𝑅 × 𝑇
(𝑚𝑜𝑙 ∙ 𝑠−1 ∙ 𝑔𝑃𝑡

−1)                             Equation (6) 

TOF =
𝑟𝐶𝐻4 ×𝑀𝑃𝑡

𝐷𝑃𝑡
(𝑠−1)                                                                          Equation (7) 

Characterizations 

High-resolution TEM analysis was performed on JEM 2100 working at 200 kV. The STEM 

analysis and elemental mapping were performed on a JEM ARM200F thermal-field emission 

microscope with a probe Cs-corrector working at 200 kV. For the HAADF imaging, a 

convergence angle of ~23 mrad and collection angle range of 68–174 mrad were adapted for 

the incoherent atomic number imaging. The elemental composition as well as distribution were 

analyzed with an energy dispersive X-ray analyzer (EDS, EX-230 100m2 detector) equipped 

on the microscope.  

In situ STEM experiments were carried out on the Themis ETEM (Thermo Scientific 

Company), equipped with 300 kV Schottky emission gun and Cs corrector for parallel imaging 

(CEOS GmbH). The sample (Pt/anatase-fresh and Pt/rutile-fresh) was loaded on a Si3N4 

membrane and heated in situ using a micro-electromechanical system (MEMS) based heating 

method (FEI NanoEX). The in situ experiments were imitated at 100˚C under ultra-high 

vacuum (UHV) conditions to exclude carbon contamination and then collected the HAADF/BF 

images simultaneously in an environment of 6.0±0.1 mbar O2 with increasing calcination 

temperatures. To minimize the electron beam effect, we shut off the beam during heating 

process and adopted other procedures (see Supplementary Discussion S2). 

For CO probed FTIR characterization, all of the FTIR spectra were acquired in transmission 

mode scanning in range of 1000 cm−1 and 4000 cm−1 at 32-scans integral using a Bruker 

TENSOR27 spectrometer that was equipped with a mercury cadmium telluride (MCT) detector 

facilitating a resolution of 4 cm−1. For CO-FTIR experiments, we first purged the cell with N2 

(50 ml/min) and collected a spectrum as the background. Then, we introduced CO (10 ml/min) 

and maintained the concentration for 10 min to reach saturation of CO on the Pt catalysts. 

Afterward, we evacuated CO by purging with N2 (50 ml/min) and collected the FTIR spectra. 
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CO chemisorption was measured with a Micromeritics AutoChem 2920 II equipped with a 

thermal conductivity detector (TCD). The data were analyzed using the software of 

MicroActive for AutoChem II 2920 Version 6.01. 

For temperature programmed reduction (TPR), H2-TPR was performed on a Micromeritics 

AutoChem 2920 II instrument. The experiments were performed in a fix bed U-tube reactor 

using a mixture of 5% H2/Ar gas at a flow rate of 30 ml/min, with a heating rate of 10˚C/min 

from room temperature to 600°C. The amount of H2 consumption was analyzed with a TCD 

detector. 

X-ray diffraction (XRD) patterns were collected using a PAN analytical X’Pert Pro 

diffractometer equipped with graphite monochrometer and Cu Ka radiation (40 kV and 30 

mA). The data were analyzed using HighScorePlus 4.8.0 software. 

The Electron Paramagnetic Resonance (EPR) spectra were recorded at 100 K using a 

Bruker A200 EPR spectrometer. All spectra were collected under the same experimental 

conditions with the following EPR parameter settings: microwave frequency, 9.30 GHz; center 

field, 3330 G; sweep width, 600 G; modulation frequency, 100 kHz; and power, 10.00 mW. 

Theoretical calculations.  

All theoretical calculations were carried by applying the density functional theory. See 

detailed information in the Supplementary Methods. 

Data availability.  

All data needed to support the plots and evaluate the conclusions within this paper are present 

in the paper and the supplementary materials.  
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Figures: 

 

Fig. 1 | Direct visualization of the crystal phase mediated by redispersion/reshaping of 

Pt on anatase/rutile TiO2. TEM (a, b, d, and e) and AC-STEM (c, f) images of Pt 

restructuring on anatase and rutile TiO2 before and after calcination, (a) Pt/anatase-fresh; (b 

and c) Pt/anatase-400, (d) Pt/rutile-fresh; and (e and f) Pt/rutile-400. The inserted schematic 

showed the typical edge-on Pt NPs of planar shape with two stacking layers of Pt(111). The 

green arrows show the evolution of two Pt/TiO2 samples after 400 °C calcination in air for 4 

hours. 

a b

d e

c

f

Redispersion

Reshaping

10 nm 10 nm
2 nm

2 nm10 nm10 nm



17 

 

Fig. 2 | Spectroscopic characterization and mechanism studies for the restructuring of 

Pt/TiO2 catalysts. (a) FTIR spectra of CO adsorption upon Pt/anatase-400 (green line) and 

Pt/rutile-400 (red line), (b) EPR spectra record at 100K of pure TiO2 and Pt/TiO2 samples 

after calcination (denoted as anatase-400, rutile-400 and Pt/anatase-400, Pt/rutile-400), (c) 

reaction pathway for the decomposition of Pt55 to Pt54 and one Pt adatom (*Pt55 → *Pt54 + 

*Pt) on the anatase TiO2(101) and rutile TiO2(110) surface, and (d) DFT calculations for the 

diffusion of the Pt atom on anatase (green line) and rutile (red line).  
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Fig. 3 | In situ STEM observation of dynamic restructuring of Pt NPs on anatase/rutile 

TiO2. (a-d) structural evolution of Pt on anatase TiO2, (a) 100 °C; (b) 200 °C; (c) 300 °C; (d) 

400 °C; (e-h) structural evolution of Pt on rutile TiO2, (e) 100 °C; (f) 200 °C; (g) 300 °C; (h) 

400 °C. In situ experiments were conducted in a 6 mbar O2 environment. All scale bar is 5 nm. 
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Fig. 4 | Reactivity and scheme of crystal phase mediated by Pt restructuring on TiO2. 

Catalytic performance of Pt/anatase-400 (red lince) and Pt/rutile-400 (green line) catalysts, (a) 

PA semi-hydrogenation reaction and (b) methane combustion reaction, and (c) scheme of the 

crystal phase–mediated restructuring and reactivity of Pt/TiO2.  
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