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Abstract: Single-atom site catalysts can improve the rates and selectivity of many catalytic 

reactions. We have modified Pt1/CeO2 single sites by combining them with molecular groups and 

with oxygen vacancies of the support. The new sites include hydrided (Pt2+-Ce3+Hδ-) and 

hydroxylated (Pt2+-Ce3+OH) sites that exhibit higher reactivity and selectivity to previous single 35 

sites for several reactions, including a ninefold increase in the reaction rate for carbon monoxide 

(CO) oxidation, and a 2.3-fold improvement of propylene selectivity for oxidative 

dehydrogenation of propane. The atomic structure and reaction steps of these sites were 

determined with in situ and ex situ spectroscopy techniques and theoretical methods. 
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Main Text:  

Supported metal catalysts have widespread applications in the chemical industry and 

environmental cleaning (1–5). Metal–support interactions (MSIs) are usually exploited to 

modulate catalyst activity (6–10). Typical MSI effects can lead to metal-support charge transfer, 

restructuring of metal nanoparticles (NPs), and chemical composition exchange, which provide 5 

synergistic properties to control catalysis (6, 11). Generally, the efficiency of MSI reactivity 

enhancement decays rapidly with increasing metal NPs size, with the highest enhancements found 

in NPs <4 nm in diameter. For single metal atoms, the interaction with the support  is amplified by 

the increased number of metal-support bonds (6, 12–14).  

Single metal atoms can pair with neighboring metal atoms and oxygen vacancies (Vo) sites under 10 

MSI effects (13, 15) to form a colocalized active site with synergies that have been shown to attain 

improved performance for heterogeneous catalysis. For example, co-localized active sites have 

been reported to facilitate desirable elementary steps, where the new activation mechanisms 

provide higher reaction rates and selectivity (16)(17). Further, the synergy between single Pt atoms 

and the CeO2 support and with Vo sites, can efficiently help dehydrogenation of large molecular 15 

cyclohexane to benzene, outperforming traditional Pt NP catalysts (13). Recent studies indicate 

that the single-atom MSIs have a differentiated state and can be fine-tuned by the size of support 

(18).  

These findings motivated our study of co-localization, geometry, oxidation states, and new 

interactions of the constituent atoms and functional groups in adjacent sites. We show that starting 20 

with Pt1/CeO2 single sites, we can create new hydrided sites Pt2+-Ce3+Hδ-, as well as hydroxylated 

Pt2+-Ce3+OH pairs that, compared to the original Pt1/CeO2 single sites, exhibit higher CO oxidation 

activity by a factor of 9. The active Ce-H hydride and Ce-OH hydroxide species formed only at 

Pt2+-Ce3+ pair sites on the CeO2 support with proper reduction.  

To determine the atomic structure and chemical reactions forming these new sites and their 25 

interaction with reactant species, we used an array of in situ and ex-situ spectroscopies and 

theoretical calculations. The critical role of the Hδ- catalytic site in enhanced O2 activation and 

catalytic performance is highlighted. Our work demonstrates an easy but overlooked approach to 

tailoring the catalytic properties of single-atom site catalysts by hydrogenation of active sites. The 

concept of hydrided sites can be extended to supported metal NP catalysts (19–23) for many 30 

reactions, such as methanol synthesis by CO2 hydrogenation, and others, warranting further study 

to understand the effects and promises of hydrided sites (with their broader implications detailed 

in the Supplementary Material).  

 

Active-site formation 35 

We prepared single Pt atoms on CeO2 nanopowder (Pt1/CeO2) with a particle sizes < 20 nm using 

wet-synthesis method. Typically,  the H2PtCl6 precursor was hydroxylated to [PtCl4(OH)2]2- in a 

weakly basic solution (pH =8) (24), and the CeO2 surface became positively charged as its 

isoelectric pH value is ~ 8.7 (see fig. S1) (25, 26). The strong electrostatic adsorption promoted 

repulsive interactions between Pt ions in solution, which distributed isolated Pt ions on CeO2 40 

surface. Further vacuum drying at 200oC helped eliminate solution residues to obtain Pt1/CeO2 

(fig. S2), which after H2 reduction at 200oC enabled integration of the Pt atoms to generate the 

hydrided-site catalyst.  
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The interaction between the Pt atoms and CeO2 matrix during reduction was monitored by the 

evolution of the Pt 4f and Ce 4d ambient-pressure x-ray photoelectron spectroscopy (AP‐XPS) 

peaks in 100 mTorr H2 at increasing temperatures (Fig. 1A). Before H2 reduction, the Pt 4f 7/2 

binding energy was 76 eV, which compares well with that of octahedrally coordinated Pt4+ in PtO2 

and K2PtCl6 (27). Cerium in the Ce4+ state contributed peaks at 123 and 126 eV, whereas mixed 5 

Ce3+ and Ce4+ contributed peaks between 108 and 120 eV (28). Using principal component 

analysis, we deconvoluted the Ce 4d features to quantify the change in oxidation state in a series 

of Ce 4d spectra at temperatures steps from ~60o to ~390oC. As temperature increased from ~60o 

to 250oC, Pt4+ and Ce4+ were gradually reduced, as evidenced by a growing Pt 4f doublet with a 

7/2 line at lower binding energy of 75 eV, and a larger relative contribution of Ce3+ between 108 10 

and 120 eV, as well as 107 eV, where Ce4+ does not contribute (28).  

The reduction rate of Pt (Fig. 1A, center panel) was faster > 250oC and reached a plateau at 310oC 

with ~10% of Pt4+ remaining. Although the reduction to metallic Pt could be excluded as shown 

by the binding energy and symmetric line shape of the Pt 4f XPS peak, the final oxidation state 

remains could not be determined from XPS data alone. A more direct measure of the electron and 15 

hole density was obtained from x-ray absorption near-edge structure (XANES) analyses (fig. S3), 

which indicated that the  a Pt oxidation state between +4 and +2 for atomic Pt on CeO2 nanopowder 

after H2 reduction (we denoted the sample after reduction as Pt1-Ce/CeO2-x) (29).  

The Pt 4f doublet at 75 eV therefore related to Pt2+. The CeO2 support reduction was not as rapid, 

and had an onset at ~150oC. The contribution of Ce3+ to the XPS peak continued to grow, reaching 20 

~40% at ~390oC, which was ~10% higher than that for the reference CeO2 sample without Pt. The 

generation of Ce3+ species on Pt1-Ce/CeO2-x by reduction in H2 was also confirmed by in-situ 

electron energy loss spectroscopy (EELS) results (figs. S4 and table S1) (30). These findings 

suggested that atomic Pt facilitated the reduction of CeO2 through H atom spillover effect (see 

Supplementary Material for a discussion on the ability of ionic Pt sites to dissociate H₂).  25 

 

Local structure of hydrided sites 

Fourier-transform of extended x-ray absorption fine structure (FT-EXAFS) spectra revealed the 

atomic dispersion of Pt sites for Pt1/CeO2 single sites and Pt1-Ce/CeO2-x (Fig. 1B), as indicated by 

the absence of Pt-Pt scattering peak. The strong stabilization of single Pt atoms on CeO2 was also 30 

corroborated by the identification of Pt-O and Pt-O-Ce coordination shells in two samples (Fig. 

1B). Additionally, high-resolution high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) images, and intensity line profiles (fig. S5), confirmed the single-

atom state of Pt sites on CeO2 (see the Supplementary Material for a detailed feasibility analysis 

of statistical analysis in HAADF-STEM imaging). EXAFS curve-fitting results (fig. S6 and table 35 

S2) showed that Pt-O coordination numbers (CN) for Pt1/CeO2 and Pt1-Ce/CeO2-x were 5.9 and 

4.2, respectively.  

Because of the high sensitivity of the C-O bond stretch mode to the local electronic structure of 

the adsorption site, we used CO as a probe molecule to characterize the outermost atomic structure 

of the catalysts. Fourier-transform infrared (FTIR) spectra taken after CO adsorption at 77 K 40 

revealed the presence of different Ce and Pt sites (Fig. 1C) corresponding to Pt1/CeO2, Pt1-

Ce/CeO2-x, and CeO2-x control samples. Six distinct peaks at 2170, 2156, 2129, and 

2106/2104/2087 cm-1 were assigned to CO adsorption on Ce3+, Ce4+, CO physisorption on ionic 

Ptδ+, and chemisorption (*CO) on ionic Ptδ+, respectively, with different local structures (14). The 

CO adsorption peak on Ce3+, centered at 2170 cm-1 in Pt1-Ce/CeO2-x, was blue-shifted to 2178 cm-45 
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1 on pure CeO2-x samples, whereas the peak position of CO absorbed on Ce4+ remained unchanged. 

This difference strongly indicated that the Ce3+ created in Pt1-Ce/CeO2-x was chemically different 

from that in reduced CeO2-x. The lower wavenumber of the CO peak on Ce3+ in Pt1-Ce/CeO2-x 

revealed the spatial proximity and electronic interaction between Ce3+ and Pt2+.  

We also performed in-situ inelastic neutron scattering (INS) studies to determine the speciation of 5 

H atoms during spillover (Fig. 1D). The strong shoulder peaks at 399 and 465 cm -1 and a broad 

peak at 859 cm-1 are observed with the reduction by H2 we attributed to Ce-H hydrides on the 

surface and in the bulk, respectively (31). The spectral features remained unchanged after further 

120oC-vacuum treatment, indicating that surface Ce-H and bulk Ce-H hydrides were stable, and 

excluded the possibility of surface species such as adsorbed water. 10 

Density functional theory (DFT) calculations were performed to further understand the electronic 

and geometric structure change of surface sites during H2 reduction. APXPS, x-ray diffraction 

(XRD), and EXAFS results (Fig. 1A, fig. S7, and table S2) indicated octahedrally O-coordinated 

Pt4+ in Pt1/CeO2 on the CeO2 (111) surface, which was used as the starting point in DFT 

calculations (left panel in Fig. 1E, fig. S8). We associated the H2 reduction process with the 15 

creation of oxygen vacancies (Vo). Combined with the above spectroscopic results, our theoretical 

results (figs. S8 to S11 and table S3) showed that the generation of Vo sites created Pt2+-Ce3+ pair 

sites, with an increased population of adjacent Ce3+ created by H from spillover effects (See 

detailed analysis in fig. S7).  

Moreover, we found that the active Ce-H hydrided sites could be formed only at Pt2+-Ce3+ pair 20 

sites with more than three nearby Vo sites that created an electron-rich surface site. Fig. 1E (right 

panel) shows the formation of 2 Ce-H hydrides (Ce-Hδ-) on Pt1-Ce/CeO2-x_3Vo model after H2 

activation. Bader charge analysis indicated that each H atom gained 0.6 e - from adjacent Ce3+ to 

form the hydride. On the Pt1-Ce/CeO2-x_6Vo model surface that had a higher surface electron 

density than Pt1-Ce/CeO2-x_3Vo (fig. S12 and table S3), two Ce-Hδ- are also formed with favorable 25 

thermodynamics (fig. S12). However, only two lattice OH groups were formed on Pt1/CeO2 and 

Pt1-Ce/CeO2-x_1Vo models by bonding with lattice oxygen after H2 dissociation (fig. S13). Even 

on Pt1-Ce/CeO2-x_2Vo model, only one proton (donating 0.5 e-) and one Hδ- (gaining 0.2e-) at Pt2+ 

could be formed (fig. S14 and table S3). These findings supported the formation of hydrided sites 

Pt2+-Ce3+(Hδ-) on Pt1-Ce/CeO2-x nanopowder after H2 reduction and suggested the importance of 30 

retaining electron-enriched surface states to create hydrided sites. 

 

Hydrided-site enhanced surface reactivity 

We used CO oxidation to probe the activity of hydrided sites Pt2+-Ce3+(Hδ-) (Fig. 2, A to C, and 

figures S15 to S18). The introduction of Pt atoms on CeO2 increased the CO oxidation activity 35 

(fig. S15). In particular, the temperature at 10% CO conversion (T10) on Pt2+-Ce3+(Hδ-) hydrided 

sites in the first run was 40oC lower than in the second and third runs (80 oC versus 120 oC, Fig. 

2A). This result showed that hydrided sites improved substantially surface reactivity, whereas the 

active species were likely consumed rather than replenished. However, after 3% H2 addition, T10 

could be sustained and CO conversion at 160oC was increased from 33.8% to 100% on Pt2+-40 

Ce3+(Hδ-) hydrided sites within three runs (Fig. 2A). Fig. 2B shows that the turnover frequency 

(TOF) of CO, O2, and H2 at 100oC on Pt2+-Ce3+(Hδ-) hydrided sites was ~9, ~29, and ~135-fold 

higher, respectively, than on Pt1 single sites, indicating a higher and more effective activation of 

CO, O2, and H2. This result was consistent with the favorable kinetics of CO activation by Pt2+-

Ce3+(Hδ-) hydrided sites (fig. S16). 45 
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To study the properties of Pt2+-Ce3+(Hδ-) hydrided sites, we compared CO oxidation performance 

of the catalyst in the presence of H2 in different conditions. We found that Pt2+-Ce3+(Hδ-) hydrided 

sites could be passivated in oxidative environment (fig. S17). Time-on-stream CO oxidation tests 

indicated that CO conversion on Pt2+-Ce3+(Hδ-) hydrided sites decreased from 13.6% to 3.3% 

within 1.5 h in the absence of H2 co-feeding (fig. S17), and then remained unchanged. A constant 5 

feed of 3% H2 sustained the CO conversion at ~13.0% for > 4h. This process was also reversible 

(Fig. 2C). By contrast, Pt single sites displayed approximately constant CO conversion of <2% 

with and without H2 co-feeding (fig. S18). These results highlighted the high sensitivity of Pt2+-

Ce3+(Hδ-) hydrided sites to H2 and demonstrate their sustained high surface reactivity in a H2-

containing environment.  10 

We then used the hydrided-site catalyst for CO preferential oxidation (PROX), a promising H2 

purification process providing high-purity H2 for proton-exchange membrane fuel cells (32, 33). 

As shown in Fig. 3A, O2-to-CO2 selectivity for Pt2+-Ce3+(Hδ-) hydrided-site catalyst could reach 

85.5% at 80oC at a CO conversion of 16.9%. The limited CO conversion is the result of insufficient 

Pt sites [Pt weight loading of 0.044% as determined by inductively coupled plasma-optical 15 

emission spectroscopy (ICP-OES), shown in table S4]. When the Pt weight loading of hydrided-

site catalyst was increased to 0.15% (table S5), CO conversion reached >99.9% at 80oC after 24h 

with a weight hourly space velocity (WHSV) of 12000 mL g-1 h-1 (Fig. 3B). The high stability of 

the hydrided sites for CO PROX was further demonstrated by maintaining ~61% CO conversion 

over 24 hours at an increased WHSV (Fig. S19). The advantages of hydrided-site catalysts in CO 20 

PROX reaction compared to other state-of-the-art catalysts (table S6) are detailed in the 

Supplementary Material. In addition, the hydrided sites exhibited enhanced propane conversion 

and markedly higher selectivity for oxidative dehydrogenation of propane (ODP), with the 

propylene (C3H6) selectivity increased by 2.3 times compared to that of Pt single sites (Fig. 3, C 

and D). Moreover, the Pt sites in hydrided-site catalyst with 0.15% Pt loading maintained atomic 25 

dispersion after undergoing CO PROX reaction, or ODP reaction (see HAADF-STEM analysis 

results in fig. S20 and S21). A comprehensive discussion on the good thermal stability (fig. S22) 

of the hydrided-site catalyst is provided in the Supplementary Material. These results indicated 

that the formation of hydrided sites offers new capabilities for catalyzing other important reactions. 

We used INS spectra to study hydride speciation under low-temperature CO oxidation conditions, 30 

(Fig. 2D). When Pt2+-Ce3+(Hδ-) hydrided sites were exposed to an O2 atmosphere the features of 

Ce-H hydrides (399, 465, and 859 cm-1, Fig. 1D) diminished, and a new band appeared, centered 

at 589 cm-1 (Fig. 2D), that we assigned to hydroxyl groups (OH) through the reaction between Ce-

H hydrides and molecular O2. CO purge generated a broad and intensive band at 578 cm-1, which 

was caused by water formation generated from CO + 2OH → CO2 + H2O.   35 

In-situ FTIR studies were used to determine O2 speciation (Fig. 2E). Pt1 single sites (in vacuum) 

exhibited two different types of OH adsorption that we identified as isolated OH at Ce4+ (3703 cm-

1) and bridging OH (3646 cm-1) (31, 34, 35). Subsequent H2 reductive treatment was applied to in-

situ generate Pt2+-Ce3+(Hδ-) hydrided sites, where the peak intensity of the OH decreased through 

reaction with dissociated H species to form water (31). O2 feeding generated a new band at 3684 40 

cm-1 associated with OH bonded at Ce3+ (31, 36), whereas isolated and bridging OH peaks 

remained unchanged. When purging with CO, only the peak of OH on Ce3+ at 3684 cm-1 

disappeared (inset in Fig. 2E), indicating its consumption by CO oxidation and its high reactivity. 

The products CO2 and H2O were detected by mass spectrometry (fig. S23), confirming our 

conjecture in the INS analysis that H2O was generated by reaction of CO with reactive OH.  45 



Submitted Manuscript: Confidential 
Template revised July 2024 

6 
 

DFT calculations provided further insight into hydrided-site controlled O2 activation. When O2 

was introduced, two OH groups formed on Ce3+ (Ce3+-OH) (Fig. 2F). The calculated stretching 

vibration frequencies of these OH groups was 3684 and 3643 cm-1, in line with our FTIR 

observations (Fig. 2E). When generating more Vo sites (e.g. 6Vo) around Pt2+-Ce3+(Hδ-) hydrided 

sites, Ce3+-OH species were also readily formed after arrival and dissociation of O2 (fig. S24). 5 

However, molecular O2 adsorption and activation preferentially occur at unoccupied Vo sites if 

hydrided sites were not well formed on electron-deficient surface sites (fig. S25 and table S3). Our 

findings indicated that the formation of hydrided sites Pt2+-Ce3+(Hδ-) was critical to regulating the 

O2 activation pathway. 

 10 

Hydride-Transfer Catalysis Mechanism  

We developed a hydrided-site synergistic mechanism for CO oxidation using DFT calculations 

(Fig. 4, figs. S26 to S32, and data S1 to S11), with computational methods detailed in 

Supplementary Material. Fig. 4A and fig. S26 show four pathways for the formation of hydrided 

sites Pt2+-Ce3+(Hδ-) from H2 dissociation at Pt sites and subsequent spillover to Ce3+ and forming 15 

the active Ce-H hydrided site. Depending on the H spillover path, the final structure of the hydride 

will determine the energy barrier (Ea) for H2 activation, varying from 0.13 to 0.16 eV (Fig. 4B). 

The final Pt2+-Ce3+ (Hδ-) sites serve as highly reactive catalytic sites for CO oxidation (Fig. 4C). 

The key role of Pt (fig. S27) in forming hydrided sites is detailed in Supplementary Material. Our 

DFT calculation results show that the hydrides (Hδ-) could be recycled or consumed in each CO 20 

oxidation cycle.  

In the Hδ- recycling path (upper diagram in Fig. 4C), both two Ce3+Hδ- sites are adjacent to Pt atoms 

within its first and second coordination sphere (generated from H spillover path I and II) , which 

activate adsorbed molecular O2 ([1]) to form two reactive OH ([2]) at the same Ce3+ (Ce3+-OH) 

after overcoming an Ea of 0.29 eV ([TS1]). Once CO is adsorbed at Pt site ([3]), CO oxidation 25 

readily proceeds through the coupling of CO and Ce3+-OH to yield carboxyl (*COOH, [TS2]), 

which is then decomposed to generate the first CO2 and return the Hδ- ([4]). This is the rate-

determining step (RDS) with an activation energy Ea of 0.43 eV ([TS2]). The other Ce3+-OH reacts 

with another adsorbed CO at the Pt site and undergoes a similar oxidation process ([5]), with an 

Ea of 0.42 eV ([TS3]). After releasing the second CO2 and restoring the second Hδ- ([FS]), 30 

hydrided-sites Pt2+-Ce3+ (Hδ-) are recovered for the next catalytic cycle.  

The pathway and energy of O2 activation in the Hδ- consumption path (lower diagram in Fig. 4C) 

is similar to that in the Hδ- recycling path, with the difference that (i) one of the Ce3+Hδ- sites, and 

the subsequently created Ce3+-OH site, is located beyond the second coordination sphere of Pt site 

(represented by H spillover path III and IV) and (ii) the generated *COOH (by overcoming Ea of 35 

0.35 eV) tends to react with the other Ce3+-OH to release CO2 and H2O because of their spatial 

proximity, which is the RDS with an Ea of 0.42 eV.  

We found that two Hδ- transfer pathways for CO oxidation displayed comparable energy barriers 

for the RDS (0.43 vs 0.42 eV). Considering the molar balance of elements in a catalytic reaction, 

the Hδ- recycling and consumption path for CO oxidation has O2-to-CO2 selectivity of 100% and 40 

50%, respectively. Our CO PROX results (Fig. 3A) showed that Pt2+-Ce3+(Hδ-) hydrided-site 

catalyst displayed a O2-to-CO2 selectivity of >50% below 120 oC, which indicated that both Hδ- 

recycling and consumption paths were involved in the CO oxidation process. Further DFT 

calculations revealed that two CO oxidation pathways showed decreasing Ea for the RDS with the 

increase of surface Vo coverage (fig. S28). In particular, creating a highly electron-rich surface 45 
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(i.e., more reduced sites) enabled the Hδ- recycling with more favorable kinetics than in the Hδ- 

consumption path (for example, with 9 Vo, Ea was 0.40 versus 0.43 eV with 9 Vo). These findings 

demonstrate the strong impact of the (atomic and electronic) structure of hydrided sites Pt 2+-

Ce3+(Hδ-) on the CO oxidation mechanism. 

In contrast to the high reactivity of Ce3+-OH formed on Pt2+-Ce3+(Hδ-), the lattice OH groups on 5 

the Pt1 single-site model, formed by the reaction of dissociated H with lattice O, were inactive for 

CO oxidation (fig. S29). This reaction proceeds through the Mars-van-Krevelen (Mvk) mechanism 

on Pt1/CeO2 (fig. S30), where CO was oxidized by surface lattice oxygen (as RDS) with an Ea of 

0.70 eV. Theoretical calculations showed that the CO oxidation pathway shifted from MvK 

mechanism (0.77 eV) on Pt single sites to a kinetically favorable Langmuir–Hinshelwood (L-H) 10 

mechanism (0.52 eV) on Pt2+-Ce3+ sites in the absence of H2 (figs. S31 and S32). However, their 

RDS are restricted by the low reactivity of lattice and adsorbed oxygen and sluggish O abstraction 

by *CO.  

Comparatively, with the formation of Pt2+-Ce3+(Hδ-) hydrided sites, the O2 activation pathway was 

fundamentally changed, and CO could be readily oxidized to CO2 by Ce3+Hδ- site-activated Ce3+-15 

OH with a low RDS barrier of ~0.40 eV. This marked decrease of RDS energy barrier explained 

the excellent CO oxidation activity of Pt2+-Ce3+(Hδ-) hydrided-site catalyst at low temperatures 

(Fig. 2, A and B). Moreover, CO oxidation proceeded through the Hδ- recycling path when two 

Ce3+Hδ- sites were within the first and second coordination sphere of Pt2+, which shifted to a Hδ- 

consumption path if Hδ- spills over to a more distant Ce3+ site. Our DFT results demonstrate the 20 

advantage of Pt2+-Ce3+ (Hδ-) hydrided sites in CO oxidation and underscore the critical role of 

proximal atom synergy in multi sites to accelerate catalytic reactions. Further, the Hδ- transfer 

mechanism provides new insights into the role of the Hδ- site in oxidation reactions. 

 

Summary 25 

We demonstrated the formation of Pt2+-Ce3+(Hδ-) hydrided sites by modification of Pt single-atom 

sites on CeO2 with a reaction rate nine times higher for CO oxidation than that of Pt single sites. 

With the help of APXPS, XANES, EELS, FTIR, INS characterization, and DFT simulations, we 

determined the structure and formation mechanism of the new Pt2+-Ce3+(Hδ-) hydride sites, and 

CO oxidation mechanism. Our study offers new opportunities for catalyst innovations and new 30 

breakthroughs in industrial reactions such as the selective oxidation of short-chain alkanes.  
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Fig. 1. Formation and structure of hydrided sites Pt2+-Ce3+(Hδ-). (A) APXPS results showing the changes in Pt 4f and Ce 4d 

core levels binding energy during formation of the hydrided sites by reaction with H2 as a function of temperature (middle panel). 
(B) FT-EXAFS spectra of the Pt L3-edge for Pt1/CeO2 and Pt1-Ce/CeO2-x with reference spectra from Pt foil and PtO2. (C) Dual-
beam FTIR spectra at liquid N2 temperature (77 K) from CO adsorption on Pt1/CeO2, Pt1-Ce/CeO2-x and CeO2-x control samples. 5 
(D) In-situ INS spectra of Pt1-Ce/CeO2-x collected at 5K with a purge of 5% H2/Ar at 120 oC, followed by evacuation at 120 oC. 
(E) DFT models of Pt single sites and hydrided sites Pt2+-Ce3+(Hδ-), where electron accumulation and depletion are represented by 
yellow (Δρ = +1 × 10−3 e bohr−3) and cyan (Δρ = −1 × 10−3 e bohr−3) color, respectively. 
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Fig. 2. Catalytic performance of Pt2+-Ce3+(Hδ-) hydrided-site catalyst and enhanced O2 activation. (A) CO conversion as a 
function of temperature for Pt2+-Ce3+(Hδ-) hydrided-site catalyst in the absence and in the presence of H2 gas. Reaction conditions 

in the absence of H2 (H2 absent): 1% CO + 20% O2 balanced with argon at weight hourly space velocity (WHSV) of 36,000 mL g-

1 h-1; Reaction conditions in the presence of 3% H2 (H2 present): 1% CO + 20% O2 + 3% H2 balanced with argon at WHSV of 5 
36,000 mL g-1 h-1; (B) Pt site-specific TOF of CO, O2 and H2 at 100 oC for Pt2+-Ce3+(Hδ-) hydrided sites and Pt1 single sites when 
3% H2 was co-fed; (C) Effect of H2 addition on CO conversion for Pt2+-Ce3+(Hδ-) hydrided-site catalyst; (D) In-situ INS spectra of 

Pt2+-Ce3+(Hδ-) hydrided sites collected at 5K with a purge of 20% O2/Ar at 140 oC, followed by 1% CO/Ar at 140 oC; (E) In-situ 
dual-beam FTIR spectra of surface OH adsorption on Pt single sites followed by evacuation at 200 oC, 5% H2/Ar at 200 oC, 20% 
O2/Ar at 140 oC, and 1% CO/Ar at 140 oC in sequence; (F) DFT simulations of O2 speciation on Pt2+-Ce3+(Hδ-) hydrided sites. 10 
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Fig. 3. Expanding the application of Pt2+-Ce3+(Hδ-) hydrided-site catalysts to other reactions. (A) Activity and selectivity for 
CO to CO2 conversion during CO preferential oxidation (PROX) by Pt2+-Ce3+(Hδ-) hydrided-site catalyst. Reaction conditions: 1% 
CO + 1% O2 + 40% H2 balanced with argon at WHSV of 36,000 mL g-1 h-1. (B) Comparison of CO conversion rate under CO 
PROX conditions of 1% CO + 1% O2 + 40% H2 balanced with argon, for two Pt loadings of 0.044% and 0.15%, tested at WHSV 5 
of 36,000 and 12,000 mL g-1 h-1, respectively. (C) Propane (C3H8) conversion rate, and (D) product selectivity for oxidative 
dehydrogenation of propane over Pt2+-Ce3+(Hδ-) hydrided-site catalysts with/without the participation of H2. Reaction conditions 
with H2 co-feeding: 20% C3H8 + 10% O2 + 20% H2 + 10% N2 balanced with helium at WHSV of 24,000 mL g-1 h-1; Reaction 
conditions without H2: 20% C3H8 + 10% O2 + 10% N2 balanced with helium at WHSV of 24,000 mL g-1 h-1. 
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Fig 4. Hydride transfer-controlled CO oxidation mechanism. (A) The hydrogen (H) spillover paths on Pt1-Ce/CeO2-x_6Vo 
model after H2 activation; (B) Comparison of calculated energy barrier for four H2 activation paths; (C) Catalytic cycles and 

potential energy diagram of Hδ--transfer enhanced CO oxidation on Pt2+-Ce3+(Hδ-) hydrided sites. IS, TS and FS represent initial 
state, transition state, and final state, respectively. 5 

 

 

 

 




