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Methods
Preparation of nanoglues and support materials. CeOx/SiO2. In general, OH- species in alkaline solution act as a strong coordination agent for Ce3+ ions to form cationic complex, but excessive OH- species result in precipitation of Ce(OH)3 (solubility product constant Ksp = 1.6 × 10-20)31. To avoid the occurrence of Ce(OH)3 precipitates in solution phase, one needs to carefully control the concentration of the OH- species to maintain a relatively stable aqueous solution which contains soluble [Ce(OH)2]+ and [Ce(OH)]2+ complexes31. Another important factor is that dissolved O2 in the aqueous solution slowly oxidizes Ce3+ into Ce4+ which grows with time to reach the precipitation limit of Ce(OH)4 (Ksp = 2 × 10-48)31. Under well-controlled synthesis protocols, the strong electrostatic adsorption (SEA) of [Ce(OH)2]+ and [Ce(OH)]2+ species could be be accomplished within minutes21, much faster than the time period which is needed for precipitating Ce(OH)4 species. Such a time difference in the dynamic adsorption and precipitation processes allows facile production of uniform coating of Ce species onto high-surface-area SiO2 via the SEA process.
In a typical procedure for synthesizing 12 wt% CeOx nanoglue islands on SiO2, 360 mg of fumed SiO2 powder (purchased from Alfa Aesar, Stock no. 42741, total BET surface area of 278 m2/g) was mixed with 100 mL of water and the resultant aqueous solution was sonicated to obtain a uniform mixture. Under rigorous stirring, 0.4 mmol of Ce(NO3)3∙6H2O was dissolved in the above solution. Immediately, 0.8 mL of NH3∙H2O (2 M) was quickly injected into the solution with further stirring for 3 min prior to vacuum filtration. The resultant precipitates were removed for air dry overnight at room temperature. The dry powders were then grounded to smaller sizes and were calcined in a muffle furnace at 600 °C (at a ramping rate of 5 °C/min) for 12 hours. This facile synthesis protocol was easily scaled up to routinely produce 10 times more of the final product.
CeO2 NPs/SiO2 (IMP) The SiO2 supported 12 wt% CeO2 NPs were prepared using the same precursors as described above. The pore volume of the SiO2 was determined to be 2.1 mL∙g-1. Therefore, 150 mg of Ce(NO3)3∙6H2O was dissolved in 2.1 mL of de-ionized (DI) water. Under rigorous stirring, 2.1 mL of precursor solution was slowly added into 1 g of SiO2 powders to ensure complete wetting of the support by the Ce containing solution. The final mixture was air dried overnight prior to oven drying at 60 °C for 12 hours. The dried powders were then grounded to produce small sizes and then were heated at 600 °C (a ramping rate of 5 °C/min) for 12 hours in a muffle furnace.

Pure CeO2 powders. To synthesize pure CeO2, 2 g of Ce(NO3)3∙6H2O was dissolved in 100 mL of DI water. Under rigorous stirring, 1 mL of 15% ammonia solution was slowly injected into the above solution to obtain a suspension. The product solution was continuously stirred overnight in open air. Vacuum filtration method was used to repeatedly wash the precipitates. The final light-yellow powders were grounded to smaller sizes and calcined at 500 °C for 4 hours.
Selective deposition of Pt atoms and preparation of Pt catalysts. Pt/CeOx/SiO2, Pt/CeO2 NPs/SiO2 and Pt/CeO2. In a typical synthesis protocol, 300 mg of supports (CeOx/SiO2, CeO2 NPs/SiO2 or CeO2) were immersed in 70 mL DI water and sonicated for 20 min. The pH value of the solution was then adjusted to about 4 by addition of HCl solution. Simultaneously, 200 uL of H2PtCl6 solution (contains 3.0 mg mL-1 of Pt) was diluted in 50 mL DI water. Under rigorous stirring and within 5 hours the Pt precursor solution was slowly pumped into the aqueous solution containing the corresponding support powders. After being stirred for another 2 hours, the final solution was filtered via vacuum filtration to obtain the precipitates which were washed with DI water for 5 times to remove residue Pt ions and other species. After the final catalyst precursor powders were dried in air, they were calcined at 600 °C for 12 hours to obtain the as-synthesized catalysts.
Pt/CeOx/SiO2 (IMP). The pore volume of the as-synthesized CeOx/SiO2 was determined to be 1.8 mL g-1. Under stirring, 0.54 mL of aqueous solution containing H2PtCl6 precursor salt was slowly added into 300 mg of CeOx/SiO2 powders to ensure complete wetting of the support surfaces by the precursor salt solution. The mixture was then air dried overnight prior to being dried at 60 °C for 12 hours in an oven. The obtained 0.4 wt% Pt/CeOx/SiO2 (IMP) powders were grounded to smaller sizes and were calcined at 400 °C for 3 hours in a muffle furnace. The high loading Pt/CeOx/SiO2 (IMP) powders were directly reduced in H2 at 300 °C for STEM measurement.
Pt/SiO2 (IMP). 50 uL of H2PtCl6 solution was diluted in 580 uL of de-ionized (DI) water. Under rigorous stirring, 630 uL of precursor solution was slowly added into 300 mg of SiO2 powders to ensure complete wetting of the support by the metal containing solution. The final mixture was air dried overnight prior to oven drying at 60 °C for 12 hours. The dried powders were then grounded to produce small sizes and then were heated to 400 °C at a rate of 5 °C/min and kept at 400 °C for 3 hours in a muffle furnace.
Pt/SiO2 (SEA). In a typical synthesis process, 360 mg of commercial SiO2 was dispersed in 100 mL of DI water while the solution pH value was maintained at about 9 by adding ammonia solution. Then 0.5 mL of aqueous solution containing 1.5 mg of Pt(NH3)4(NO3)2 was injected into the SiO2 suspension under rigorous stirring. The as-prepared 0.2 wt% Pt/SiO2 catalyst without any calcination contained both Pt single atoms and Pt clusters (Extended Data Fig. 6a-b).
Catalytic tests of the prepared catalysts. The CO oxidation reaction over the as-synthesized catalysts was conducted in a fixed-bed, plug-flow reactor at atmospheric pressure. Typically, 30 mg of catalyst was used for each test. Prior to catalytic reaction, the H2-activated catalysts were pretreated with 10 sccm (standard cubic centimeter per minute) of 10% H2/He at 300 °C for 1 hour. After naturally cooling down to room temperature, the reaction temperature was ramped up with a heating rate of 1 °C/min. The feed gas, containing 1 vol% CO, 4 vol% O2 balanced in He, passed through the catalytic bed at a flow rate of 10.0 mL/min (corresponding to a weight hourly space velocity (WHSV) of 167,000 mL/g·h relative to the Pt/CeOx component). The outlet gas composition was measured by an online gas chromatograph (Agilent 7890A) equipped with a thermal conductivity detector (TCD).

The specific reaction rate and apparent activation energy were measured under the same gas composition as above. During the kinetic measurement experiments, the CO conversion rate was controlled to below 15% by varying either the space velocity or catalyst mass to eliminate potential thermal and/or diffusion effects.
Characterization instruments. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images were collected on a JEOL ARM-200F microscope equipped with a probe-forming aberration corrector operated at 200 kV. The backscattered electron images were obtained on a JEOL JXA-8530F electron microprobe. X-ray photoelectron spectroscopy (XPS) analysis was carried out on an ESCALAB 250 X-ray photoelectron spectrometer with Al Kα as the excitation source. The metal concentrations of Ce and Pt were determined by a ThermoFinnegan iCAP Q quadrupole ICP-MS with CCT (Collision Cell Technology). Samples were run in KED (Kinetic Energy Discrimination) mode, with in-line aspiration of a multi-element internal standard. The BET surface area was measured by nitrogen adsorption-desorption by using a surface area and porosity analyzer (Quantachrome NOVA 4000e apparatus). Before measurement, the samples were degassed at 180 °C for 6 hours in vacuum. The X-ray diffraction (XRD) patterns were recorded on a Rigaku TTRAX-III theta-theta rotating anode X-ray diffractometer using Cu Kα radiation (40 kV, and 200 mA) with a step size of 0.02°. Raman spectra were collected on a JYLABRAM-HR spectrometer equipped with an integral microscope. DRIFTS experiments were carried out in a diffuse reflectance reaction chamber (Harrick Scientific) equipped with KBr windows, mounted inside a Praying Mantis diffuse reflection accessory (Harrick Scientific), and coupled to a Thermo Scientific Nicolet iS50 FTIR spectrometer with a liquid-nitrogen cooled HgCdTe (MCT-A) detector. X-ray absorption spectroscopy (XAS) was carried at beamline 4-1 at Stanford Synchrotron Radiation Light source (SSRL). The storage ring energy and current were 3 GeV and 500 mA, respectively. A double-crystal Si(220) was detuned by 20% at the Pt LIII edge.
Characterization methods. ICP-MS. ICP-MS measurements were performed to quantitatively determine the loadings of metal species on SiO2. For a certain weight of Pt/CeOx/SiO2 catalyst, Pt and Ce atoms were dissolved in freshly prepared aqua-regia solution. Then the insoluble SiO2 was washed and centrifugated for 3 times with all the solution stored in a volumetric flask. The final concentrations of Pt and Ce were diluted to meet the calibration standards. The loading of CeOx was calculated in terms of CeO2 unit. To verify that Pt atoms were selectively adsorbed by CeOx nanoglues, the CeOx/SiO2 support was replaced by pure SiO2 in a typical synthesis procedure. Since the loading of Pt on the pure SiO2 was expected to be much lower than that on the CeOx/SiO2, much more Pt/SiO2 catalysts were used for the ICP-MS measurement to assure that the concentration of Pt was in the range of the reference standards. The final results were summarized in Extended Data Fig. 3d.
HAADF imaging of CeOx/SiO2 and Pt/CeOx/SiO2. HAADF-STEM images were collected on a JEOL ARM-200F microscope with a guaranteed resolution of 0.08 nm at 200 kV. The mesoporous SiO2 support possesses interconnected 3D pores and charges considerably under electron beam illumination, making imaging of such materials extremely difficult. For example, in the HAADF images in Extended Data Fig. 1d-e, the adjacent regions could not be imaged under the same electron lens focus value. One has to obtain images with a defocus value differences of ~ 30 nm in order to observe clear features of the adjacent regions. Since the high-resolution HAADF image is sensitive to height modulations of the mesoporous SiO2 support, one cannot image all the CeOx clusters clearly in the same HAADF image. By varying the focus value, however, the CeOx nanoglue islands were all be imaged in different HAADF images. Prior to calcination treatment, the conforming coating of Ce species onto the mesoporous SiO2 support made the SiO2 powders less susceptible to electron beam charging effects. After the calcination treatment, however, the mesoporous SiO2 charged significantly under the electron beam since the crystalline CeOx nanoclusters were isolated from each other and therefore did not form electrical conducting channels. Because of the sample charging effects and electron-beam-induced effects, crystalline CeOx nanoclusters would usually change to amorphous quickly. For this reason, low-dose STEM method was used to acquire the STEM images. In some cases, a thin layer (< 2 nm) of continuous carbon coating of the TEM grids that support the CeOx/SiO2 or Pt/CeOx/SiO2 powders was used to reduce the sample charging and other electron-beam-induced effects.
The HAADF imaging is sensitive to atomic number and sample thickness. For Pt atoms supported on well-faceted CeO2, it is possible to distinguish a Pt atom from the columns of Ce atoms since the image contrast can be considered proportional to 
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where NCe represents the number of Ce atoms along the electron beam direction. Therefore, even if a single Pt atom located on top of a 30-Ce-atom-thick CeO2 the image contrast would still be > 5%, reliably detectable in digital HAADF images. However, in our case, even when a thin layer of carbon coating was used to reduce electron-beam-induced damage effects and sample charging we still had to use low-dose STEM imaging condition and fast image acquisition time to preserve the crystallinity of the electron-beam-sensitive CeOx nanoclusters. Such low-dose approach significantly reduced the visibility of single Pt atoms. Furthermore, since the CeOx clusters were extremely small and there existed many steps or other types of defects on their surfaces it became extremely difficult to reliably distinguish the contrast between a supported Pt atom from that of a supported Ce atom. Depending on the specific location of the Pt atom, one may need to distinguish the image contrast of a Pt atom from that of two or more Ce atoms(an impossible task. All these complications made it not possible to unambiguously identify the presence of Pt single atoms on the CeOx clusters by HAADF imaging technique. EDXS (energy-dispersive X-ray spectroscopy) and EELS (electron energy loss spectroscopy) techniques did not provide any useful results in this particular case. These two STEM spectroscopy techniques require high electron beam current and stable metal atoms in order to provide meaningful chemical information on metals clusters and, in some special cases, metal atoms.
CO DRIFTS. In a typical experiment, the cell was partly filled with inert KBr powder, followed by 20 mg of catalyst packed on the KBr support. The experiment started by loading the catalyst in the cell. All the gases went through the top to the bottom of the catalysts bed. For fresh catalysts, the temperature of the cell was first increased to 300 °C under He. Then a pretreatment at 300 °C with 10% O2/He was conducted for 30 min. The flowing gas was then switched to He and backgrounds of the Pt-based, Pd-based, and Rh-based catalysts were taken at 100 °C, 25 °C, and 180 °C, respectively. CO adsorption was conducted by first flowing 10 ml/min of 10% CO/He and then 30 ml/min of He for 20 min. The CO desorption spectra were recorded following a three-minute He purge at a flow rate of 30 ml/min to remove gas-phase CO from the cell.

The in-situ H2 reduction treatments were conducted in the cell after loading fresh catalysts. During the reduction process at 300 °C-600 °C, 20 ml/min of 10% H2/He was flowed through the cell for various periods of time. The cell was then cooled down to desired temperatures under H2 environment. The flowing gas was then switched to He and the backgrounds of the catalysts were taken. The CO adsorption and desorption spectra were collected via the same procedure as described above.
X-ray Absorption Spectroscopy (XAS) Measurements. Ex-situ EXAFS spectroscopy was used to characterize the Pt-containing sample supported on CeOx/SiO2. Since the Pt loading is only 0.05 wt% with respect to the total support weight (CeOx plus SiO2) we used a highly sensitive fluorescence detection technique32, carried out with a 30-element solid-state Ge detector. Approximately 100 mg of the sample was pressed into a dense pellet to give high fluorescence intensity. The signal-to-noise ratio of the spectrum was found to provide good quality after the merging of four scans, which showed good internal consistency.
Analysis of the EXAFS data was carried out with the software Athena and XDAP. Athena was used to merge and deglitch the data, and XDAP was used for background subtraction, normalization, and conversion of the data into an EXAFS function file. Reference backscattering phase shifts were calculated from crystallographic data determined with FEFF7. The Pt​–O and Pt–Olong contributions were calculated on the basis of the structural parameters of PtO2; the Pt–Ce contribution was calculated on the basis of the structural parameters of the PtCe alloy33. The number of parameters used in the fitting was less than the statistically justified number, computed with the Nyquist theorem, n = 2ΔkΔr/π + 2 (where Δk and Δr, respectively, are the wave vector range and distance interval in the real space range used in the fitting).

Data fitting was based on an iterative process with a difference-file technique to determine a model comparing the overall fits and fits of individual shells as well. The model was chosen as the best-fitting model when the k1- and k3-weighted EXAFS data, Fourier-transformed data, and Fourier-transformed data characterizing each shell contribution were overall in best agreement with the calculated fits. Quality of fits was evaluated by the value of “goodness of fit”, defined below:
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where χexp and χmodel are the experimental and calculated EXAFS functions, respectively; σexp is the error in the experimental results; ν is the number of independent data points in the fit range; Nfree is the number of free parameters, and NPTS is the number of data points in the fit range.

In fitting the data, candidate models were chosen to include absorber–backscatterer contributions that were considered plausible on the basis of the other data presented in this work as well as what has been reported for comparable samples consisting of highly dispersed noble metals on metal oxide supports; the contribution were Pt–O (with oxygen being on the support), Pt–Olong (with support oxygen not being chemically bonded to Pt), Pt–Pt, and Pt–Ce. Specifically, two models, one with Pt–O, Pt–Olong, and Pt–Ce shells, and the other with the Pt–O, Pt–Olong, and Pt–Pt shells were tested. Each was compared with the data according to the following criteria: fits were evaluated both by the overall fit of the data (the value of goodness of fit) and the fits of the individual shells. For a model to be considered satisfactory, the parameters determined in the fitting had to make good chemical sense.
We emphasize that we examined the data to check for Pt-Pt contributions, but found none; thus the reported fit includes no contributions of Pt-Pt shells, either those that might have been present characterizing metallic platinum (platinum nanoparticles) (with a Pt-Pt the absorber-backscatterer distance of 2.81 Å) or PtO2 (which would give a Pt-Pt contribution at a distance of about 3.19 Å), consistent with the presence of atomically dispersed platinum. The coordination number (CN) of the Pt-O shell in the model without a Pt-Pt contribution was found to be 4.5 ± 0.5 with a length of 1.97 ± 0.02 Å (which is a bonding length), consistent with the EXAFS analysis reported elsewhere for site-isolated platinum anchored on ceria and on iron oxide1,34-35. A metal–Olong shell has been observed for numerous samples comparable to ours, for example, for atomically dispersed platinum supported on zeolite KLTL36 and atomically dispersed rhodium supported on zeolite HY37. Such a shell is not easily identified with any particular metal-oxygen contribution; rather, because of the complexity of the surface structures it is an average representing the metal atom near support surface oxygen atoms to which it is not chemically bonded. Our observation of a Pt-backscatterer contribution associated with the Ce atoms of the support is as expected for an atomically dispersed platinum species on the ceria support. The result is consistent, for example, with results characterizing atomically dispersed platinum species anchored on FeOx, as reported by Qiao et al1. We emphasize, however, that the fit of the Pt-Ce shell characterizing our data does not provide precise information, instead representing an average of various absorber-backscatterer contributions characteristic of isolated Pt atoms on a heterogeneous surface with various Pt-Ce distances; it is beyond the capabilities of EXAFS spectroscopy to resolve these interactions at distances from 0.5 to 2.3 Å. We thus infer that there are some backscatterer contributions from the complexity of CeOx surface that we could not resolve in our fitting technique.

The model includes three shells, Pt-O, Pt-Olong, and Pt-Ce, and a comparison of the data and the fits is shown in Extended Data Fig. 5. This was found to be the best of the candidate models in terms of quality of fit evaluated by the values of “goodness of fit” and also the physical parameters that make good chemical sense.
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Extended Data Fig. 1 | Synthesis of CeOx nanoglue islands. a, b, SEM backscattered electron images of the CeOx/SiO2 after solution reaction for 3 min (a) and 1 h (b), respectively. Bright features in (b) represent large agglomerations of CeO2 particles produced by Ce(OH)4 precipitation during the prolonged 1 h adsorption process. There were no CeO2 particles detectable in (a), either at very low or very high image magnifications. The inset in (a) shows the photograph of the as-synthesized CeOx/SiO2 powders. c, d, e, High-resolution HAADF images of the Ce-SiO2 precursor (prior to calcination) at different magnifications and focus values. The Ce-containing species conformally and uniformly coated onto the mesoporous SiO2 surfaces and there was no presence of large Ce-containing particles after the SEA process. Because of the 3D mesoporous structure of the SiO2 support it needs several images at different electron beam defocus values to reveal the full pictures of the conformal Ce coating as demonstrated in the images (d) and (e) of the same region but were obtained with defocus value differences of ~30 nm. Prior to high-temperature calcination, the Ce atoms were atomically dispersed on the SiO2. f, g, HAADF images show dispersion and crystallite structure of the CeOx nanoglue islands after 600 (C calcination for 12 h. h, i, Size distribution of the as-synthesized CeOx nanoclusters along two perpendicular directions. The CeOx nanoclusters were uniformly and conformally “glued” onto the mesoporous SiO2 surfaces. The majority of the CeOx nanoclusters were isolated from each other. The average dimensions of the as-synthesized CeOx nanoclusters was measured to be 1.8 nm × 2.1 nm.
[image: image4.jpg]Intensity (a.u.)

20

Intensity (a.u.)

Intensity (a.u.)

40 50 60

20 (degree)

900
Binding Energy (eV)

CeO,/SiO,

200 400 500
Raman shift (cm™)

1 2
{111} Spacing (nm)

TCD signal (a.u.)

CeO,/SiO,

400

Temperature (°C)

600

800




Extended Data Fig. 2 | Characterizations of CeO2 NPs/SiO2 and CeO2 supports. a, XRD pattern of 12 wt% CeO2 NPs/SiO2 synthesized by impregnation method. The average size of the CeO2 NPs was estimated to be ~12 nm from the Scherrer equation. b, c, HAADF images of 12 wt% CeO2 NPs/SiO2. For the conventional impregnation method, SiO2 might not interact strongly with the Ce species. After being dried, Ce-contain species formed large agglomerates. The inset in (b) was the photograph of the as-synthesized CeO2 NPs/SiO2 powders. d, Ce 3d XPS spectra obtained from the 12 wt% CeO2 NPs/SiO2. e, f, HAADF images of pure CeO2 powders which were fabricated by precipitation and calcination. Well-crystalized CeO2 NPs (~17 nm from XRD) connected together to form large agglomerates. g, Raman spectra of the as-synthesized CeOx/SiO2 and pure CeO2. For the CeOx/SiO2 sample, the peak at 600 cm-1 reflects the presence of high amount of oxygen vacancies in the CeOx clusters. Compared to the peak at 462 cm-1 of CeO2 NPs, the corresponding peak of the CeOx/SiO2 was shifted to 448 cm-1 and significantly broadened, suggesting lattice expansion and small size of CeOx clusters. h, High-resolution HAADF images of a crystalline CeOx nanocluster and a CeO2 nanoparticle. The CeO2 {111} lattice spacing was used as an internal calibration standard for measuring the CeOx {111} spacings. To increase the measurement precision and to obtain statistically meaningful data many sets of {111} lattice fringes were evaluated. Intensity line-scan profiles were used to calculate the corresponding lattice spacings. The average interplanar spacing of the {111} planes in the CeOx nanoclusters was measured to be 3.3 Å, much larger than that of the large CeO2 nanoparticles (3.1 Å), indicating a significant lattice expansion of the {111} planes in the CeOx nanoclusters. i, H2-TPR profiles obtained from the CeOx/SiO2 and pure CeO2. The ultra-small (~2 nm) CeOx nanoclusters were much easier to be reduced than the pure CeO2 NPs because of their small sizes, high lattice distortion, and high concentrations of oxygen vacancies. The CeOx nanoclusters could be considered as the surface species of large CeO2 NPs and possess high concentrations of labile oxygen species.
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Extended Data Fig. 3 | Characterizations of Pt/CeOx/SiO2. a, b, c, XPS spectra of the as-synthesized 0.4 wt% Pt/CeOx/SiO2 catalyst. The survey spectra show all the elements present in the as-synthesized catalyst (a). The Pt was not detectable since the Pt loading level was about 0.05 wt% (with respect to the total weight of the catalyst support). The Cl2p peak (around 199 eV) was not detectable either in the survey (a) or in the high-resolution local scan spectrum (b), suggesting that the rigorous washing and high-temperature calcination eliminated all or the majority of the Cl residues. The selective Pt adsorption and the subsequent processes did not change the nature and amount of the defects in the CeOx clusters (c). d, ICP-MS measurements of Pt concentration in the final catalysts. We used the same SEA procedure and synthesis conditions for adsorbing Pt atoms onto CeOx/SiO2 and pure SiO2 supports with the expectation that there should be no or very few Pt species on the pure SiO2 surfaces. The ICP-MS measurement of the Pt content in the final catalysts showed that the Pt content in the Pt/SiO2 catalyst is negligible (0.0006 wt%) while ~99% of all the Pt atoms adsorbed onto the CeOx nanoclusters. The ICP-MS data unambiguously demonstrated that there were negligible Pt atoms on the bare SiO2 surfaces. e, BET surface area of various supports and the 0.4 wt% Pt/CeOx/SiO2 catalyst. The total BET surface area of the SiO2 support did not change significantly. The final Pt/CeOx/SiO2 catalyst has almost the same total BET surface area as that of the original SiO2 support, suggesting that the pore structures of the high-surface-area SiO2 did not change appreciably after all the wet chemical synthesis and high-temperature calcination processes. The pure CeO2 support also possesses a reasonably high-surface-area. f, Approximate calculation of the loading levels of Pt (relative to the CeOx nanoclusters) on the CeOx/SiO2. The average volume of one CeOx cluster is approximately 1.8 nm * 1.8 nm * 2.0 nm = 6.8 nm3. The lattice parameter of CeO2 is 0.54 nm and one single unit cell contains 4 cerium atoms. Therefore, one CeOx cluster contains approximately 
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Extended Data Fig. 4 | Pt species in Pt/CeOx/SiO2 and Pt/CeO2 catalysts. a, b, c, HAADF images of as-synthesized 0.4 wt% Pt/CeOx/SiO2 catalyst. There were no Pt clusters found in the HAADF images. Considering the relatively high atomic number of Ce and the rapidly thickness changes across the small CeOx nanoclusters, it is almost impossible to unambiguously distinguish Pt single atoms from the Ce atoms in low-dose HAADF images. Increase in electron probe current or image acquisition time would destroy the CeOx crystallite structure due to electron-beam-induced effects. d, HAADF images of high loading Pt/CeOx/SiO2 catalyst which was fabricated by impregnation method and reduced in H2 at 300 oC for 1 h to produce small Pt clusters. This catalyst was specifically fabricated to test the capability of the HAADF imagining method for reliably identifying small Pt clusters dispersed onto CeOx/SiO2 support. The loading level of Pt was controlled to be ~1.0 wt% with respect to the total support weight (CeOx plus SiO2). This particular catalyst contained different forms of Pt species: Pt nanoparticles (red square), Pt nanoclusters (white square) linked to the CeOx nanoclusters, and subnano Pt clusters (white circle) attached onto the CeOx nanoclusters. Although the Pt single atoms could not be reliably identified, the subnano Pt clusters were easily distinguished from the CeOx nanoclusters due to the enhanced atomic number contrast and the special 3D contours of the subnano Pt clusters. The inset showed a 0.4 nm Pt cluster attached on a CeOx cluster. By analyzing numerous such atomic-resolution HAADF images, we concluded that Pt clusters with sizes ~0.4 nm or larger could be unambiguously identified regardless of their location with respect to the CeOx nanoclusters. Single Pt atoms or tiny, loosely connected Pt clusters (sizes < 0.3 nm) would not be reliably identified in low-dose atomic-resolution HAADF images of Pt/CeOx/SiO2 catalysts. e, f, Atomic-resolution HAADF images of a 0.3 wt% Pt/CeO2 catalyst prepared by the SEA method. The as-synthesized Pt single atoms (yellow circles) on the flat facets of the CeO2 nanoparticles are clearly distinguishable.
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Extended Data Fig. 5 | EXAFS results characterizing Pt/CeOx/SiO2. a, Experimental EXAFS function (black solid line) and the sum of the calculated Pt–O, Pt–Olong, and Pt–Ce contributions (red dashed line). b, Imaginary part and the magnitude of Fourier transform (k1-weighted) of the experimental EXAFS results (black solid line) and sum of the calculated Pt–O, Pt–Olong, and Pt–Ce contributions (red dashed line). c, Imaginary part and magnitude of Fourier transform (k1-weighted; phase- and amplitude-corrected) of the experimental results (black solid line) and the calculated contributions (red dashed line) of the Pt–O shell. d, Imaginary part and the magnitude of Fourier transform (k1-weighted; phase- and amplitude-corrected) of the experimental results (black solid line) and the calculated contributions (red dashed line) of the Pt–Olong shell. e, Imaginary part and magnitude of Fourier transform (k3-weighted; phase- and amplitude-corrected) of the experimental results (black solid line) and the calculated contributions (red dashed line) of the Pt–Ce shell. f, Summary of the best fit results.
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Extended Data Fig. 6 | Changes of Pt atoms on SiO2 support under different treatment conditions. a, b, Single Pt atoms (yellow circles) and small Pt clusters (yellow squares) were both present in the as-synthesized Pt/SiO2 by the SEA method in alkaline solution. c, d, After H2 reduction of the as-prepared Pt/SiO2 at 300 °C for 1 h, most of the Pt sintered to large particles (c) although some small Pt clusters were observable (d). e, f, After calcination of the as-prepared Pt/SiO2 at 500 °C for 1 h, large Pt agglomerates (e) and many Pt particles (e and f) were formed. The as-prepared Pt/SiO2 catalyst also contained atomically dispersed Pt atoms and subnano Pt clusters. Both the calcination and reduction treatment drastically sintered the Pt species to large Pt particles or agglomerates.
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Extended Data Fig. 7 | Pt clusters on CeO2 NPs/SiO2 and CeO2. a, b, HAADF images of a 0.3 wt% Pt/CeO2 after reduction treatment (20 sccm of 10% H2/He at 300 °C for 1 h). Under H2 reducing environment, Pt atoms became mobile on CeO2 surfaces and sintered to form Pt clusters/particles (yellow squares). c, CO adsorption DRIFTS for the reduced 0.3 wt% Pt/CeO2. The peaks at 2064 cm-1 and 1845 cm-1 were ascribed to linear and bridge CO adsorption on metallic Pt nanoparticles, respectively. d, e, f, HAADF images of a 0.4 wt% Pt/CeO2 NPs/SiO2 treated in H2 at 300 °C for 1h. This catalyst had similar Pt loading level as the 0.4 wt% Pt/CeOx/SiO2 SAC except that the sizes of the CeO2 were much larger (~12 nm). Images (d) and (e) show the same sample region but were obtained with different electron beam defocus value to demonstrate that each CeO2 NP is associated with at least one Pt cluster. Furthermore, after numerous analyses of similar HAADF images no Pt clusters were ever found on the bare SiO2 support surfaces, indicating that all the Pt atoms were initially adsorbed onto the CeO2 NPs and stayed on them during the synthesis and treatment processes. g, Comparison of CO DRIFTS obtained on the as-synthesized 0.4 wt% Pt/CeO2 NPs/SiO2 and CeO2 NPs/SiO2 support. The CeO2 nanoparticles and SiO2 substrate did not adsorb CO molecules and only the two CO gas phase peaks were observed. The peak located at 2101 cm-1 was assigned to CO adsorption on ionic Pt atoms. h, CO adsorption DRIFTS obtained on the reduced (reduction in H2 at 300 °C for 1 h) 0.4 wt% Pt/CeO2 NPs/SiO2. The peak at 2086 cm-1 was assigned to CO adsorption on Pt nanoclusters/particles. i, Schematic models illustrate sintering of Pt atoms on CeO2 nanoparticle surfaces under H2 activation process; Ce, O, Pt atoms, and SiO2 support are shown in yellow, blue, red, and gray color, respectively. This set of experiments clearly demonstrate that Pt single atoms on each individual CeO2 NP sinter to form clusters/particles during the H2 activation process. Since large Pt particles were not detected after the H2 activation process (d, e, f), we concluded that during the reduction process Pt atoms moved on their own individually isolated CeO2 nanoparticles to form small clusters but did not move off their own CeO2 nanoparticles to form large Pt particles. 
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Extended Data Fig. 8 | Reduction of Pt/CeOx/SiO2 catalysts with different levels of Pt loading. a, b, HAADF images of a 0.4 wt% Pt/CeOx/SiO2 after 300 °C reduction in H2 for 10 h. After careful analyses of numerous atomic-resolution HAADF images, there were no detectable Pt clusters in this catalyst. c, d, e, CO adsorption DRIFTS (operated at 100 °C) for 0.4 wt% Pt/CeOx/SiO2 after reduction in H2 at 400 °C for 3 h, 500 °C for 1 h and 600 °C for 1 h, respectively. The H2 reduction was conducted in situ using 10% H2/He at a flow rate of 20 sccm. f, CO adsorption DRIFTS on high-loading 4 wt% Pt/CeOx/SiO2 after reduction in H2 at 300 °C for 3 h. g, h, HAADF images of high-loading 4 wt% Pt/CeOx/SiO2 after reduction in H2 at 400 °C for 5 h and 500 °C for 12 h, respectively. i, Schematic models illustrate movement of Pt atoms on each individual CeOx nanoclusters during the H2 treatment process; Ce, O, Pt, and SiO2 support are shown in yellow, blue, red, and gray color, respectively. For the 0.4 wt% Pt/CeOx/SiO2 catalyst, The DRIFTS data confirmed that even after various degrees of harsh reduction treatment only cationic single Pt atoms were present in the 0.4 wt% Pt/CeOx/SiO2 catalyst(this catalyst resist sintering under both oxidation and reduction environment, even at temperatures as high as 600( C. When the Pt loading level was increased to 4 wt% the majority of the CeOx nanoglue islands contained several Pt atoms and these Pt atoms sinter to form small Pt clusters. The fact that the sizes of the Pt clusters in (g) and (h) are similar (average size ~0.9 nm) suggests that 1) all the Pt atoms on each CeOx nanoclusters completely sintered after treatment in 10% H2 at 400 °C for 5 h and 2) even after H2 reduction at 500 °C for 12 h the Pt atoms did not move off their own CeOx nanoclusters. This set of experiments unambiguously demonstrated that the CeOx nanoglue islands strongly localized the Pt atoms even under harsh reduction conditions. During a catalyst activation or operation process, the Pt atoms are allowed to move and sinter to form clusters on their own CeOx nanoglue islands but they are confined to move only on their own nanoglue islands. Our design strategy of localizing Pt atoms or clusters by confining their movement during a catalyst activation process or a desired catalytic reaction proved successful. Such a strategy enhances both the catalyst’s stability and activity/selectivity. The selection of appropriate functional nanoglues is critical to enhancing the catalyst’s performance. 
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Extended Data Fig. 9 | CO oxidation performance of the as-synthesized and activated catalysts. a, b, CO oxidation light-off evaluation and CO adsorption DRIFTS of the 0.4 wt% Pt/CeOx/SiO2 (IMP). c, d, CO oxidation light-off evaluation and CO adsorption DRIFTS for Pt/SiO2 (IMP) with same Pt loading as the 0.4 wt% Pt/CeOx/SiO2 (IMP). In the as-synthesized catalysts, the Pt atoms dispersed on the CeOx nanoclusters were passivated by the surrounding oxygen atoms and thus maintained in an ionic state. After the reduction treatment (10% H2 at 300 (C for 1h), some Pt atoms, which located on the same CeOx cluster, sintered to form small Pt clusters as evidenced by the peak at 2075 cm-1 in (b). The H2 activation process only slightly increased the activity of the Pt/SiO2 catalyst. The H2 activation treatment significantly sintered the Pt atoms/clusters/particles which compromised the H2 activation effects. e, TOFs and specific rates for different catalysts evaluated at 150 (C, 160 (C and 170 (C. f, Apparent activation energy (Ea) of the reduced 0.4 wt% Pt/CeOx/SiO2 SAC, 0.4 wt% Pt/CeOx/SiO2 (IMP) and Pt/SiO2 (IMP). g, Long-term stability test of the activated 0.4 wt% Pt/CeO1.86/SiO2 SAC at a reaction temperature of 140 °C. h, HAADF image of the 0.4 wt% Pt/CeO1.86/SiO2 SAC after the long-term stability test. The temperature dependent reaction rate constant of chemical reactions can be interpreted in terms of the Arrhenius equation: k = Ae-Ea/RT, where k is the rate constant, A is the frequency (or pre-exponential) factor, Ea is the apparent activation energy, R is the gas constant, and T is the absolute temperature in Kevin. For CO oxidation within a small temperature range, the reaction rate (r) can be expressed as r =k[CO][O2], then ln(r) = -Ea/(RT) + Co, where Co is a constant given by Co = ln[CO] + ln[O2] + lnA. By plotting ln(r) versus 1000/T (K-1), the activation energy Ea can be calculated as -slope*8.314 (KJ∙mol-1). For such kinetic measurements, the CO conversion rate was kept below 15% and data averaged over several runs were used to extract the Ea values.
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Extended Data Fig. 10 | CO adsorption DRIFTS study of palladium (Pd) and rhodium (Rh) atoms supported on CeOx/SiO2 or CeO2. a, b, As-synthesized 0.6 wt% Pd/CeOx/SiO2 (a) and 0.4 wt% Pd/CeO2 (b). c, d, Reduced 0.6 wt% Pd/CeOx/SiO2 (c) and 0.4 wt% Pd/CeO2 (d). Reduction conditions, 10% H2/He, 400 (C for 1h. Even though the CO adsorption was conducted at 25 (C, Pd atoms were rapidly reduced by CO and aggregated into Pd clusters/nanoparticles on CeO2 (b). The very small amount of bridge-CO38,39 at ~1975 cm-1 in the as-synthesized 0.6 wt% Pd/CeOx/SiO2 might be caused by sintering of Pd atoms on their own CeOx nanoglue islands (a). Compared to the significant sintering of Pd atoms on the Pd/CeO2 (d), the Pd atoms supported on CeOx/SiO2 were extremely stable after reduction in H2 (c). e, f, CO adsorption DRIFTS on reduced 0.5 wt% Rh/CeOx/SiO2 (e) and 0.3 wt% Rh/CeO2 (f). The loadings of both Pd and Rh were calculated with respect to the CeOx species. Reduction conditions: 20 sccm of 10% H2/He at 400 (C for 1 h. The DRIFTS experiments were conducted at 180 (C to avoid “Solymosi effect” in which exposure of Rh nanoparticles/clusters to CO at temperatures lower than 150 (C leads to redispersion of Rh nanoparticles/clusters into Rh single atoms40. After the reduction treatment, the Rh atoms remained atomically dispersed on the CeOx/SiO2 support (e). On the other hand, after the reduction treatment, the presence of the peak at 2040 cm-1 in the reduced Rh/CeO2 catalyst could be assigned to atop CO adsorption on Rh nanoparticles41 (f). Although more investigations of the intrinsic structure and catalytic properties of the Pd/CeOx/SiO2 or Rh/CeOx/SiO2 catalysts are needed this set of experimental data clearly demonstrated that the use of functional nanoglues to localize metal atoms and/or clusters works equally well for atomically dispersed Pd and Rh species. Our metal atom localization strategy via grafting ultra-small functional nanoglue islands to high-surface-area, robust supports is general and can be extended to a plethora of catalyst systems for catalytic transformations of important molecules. 
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