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Abstract 

Unlike nano-structured metal catalysts, supported single-atom catalysts (SACs) contain only 

atomically dispersed metal atoms hinting at much more pronounced metal-support effects. 

Herein, we take a series of polyoxometalates supported Pt catalysts as examples to 

quantitatively investigate the stability of Pt atoms on oxide supports and how the Pt-support 

interaction influences the catalytic performance. For this entire series, we show that the Pt 

atoms prefer to stay at a four-fold hollow site of one polyoxometalate molecule, and that the 

least adsorption energy to obtain sintering resistant Pt SACs is 5.50 eV, which exactly matches 

the cohesive energy of bulk Pt metal. Further, we compared their catalytic performance in 

several hydrogenation reactions and simulated the reaction pathways of propene hydrogenation 

by density functional theory calculations. Both experimental and theoretical approaches 
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suggest that despite the Pt1-support interactions being different, the reaction pathways of 

various Pt1-polyoxometalate catalysts are very similar and their effective reaction barriers are 

close to each other and as low as 24 kJ/mol, indicating the possibility of obtaining SACs with 

improved stability without compromising activity. DFT calculations show that all reaction 

elementary steps take place only on the Pt atom without involving neighboring O atoms, and 

that hydrogenation proceeds from the molecularly adsorbed H2 species. Pt-SAC give a weaker 

H2 adsorption energy than Pt clusters or surfaces, resulting in small adsorption equilibrium 

constants and small apparent activation barriers which agree between experiment and theory. 

 

Introduction 

   Supported noble metal catalyst is one of the key classes of current heterogeneous catalysts 

that are widely applied in industry. The electronic and geometric interactions between metals 

and supports play a significant role in determining the catalytic performance. Extensive studies 

have been performed on the interplay between metal nanoparticles (NPs) and oxide supports, 

revealing that such interactions not only help prevent metal NPs against aggregation by acting 

as coordinating ligands, but also alter the catalytic properties through charge transfer.1-5 In 

recent years, supported metal single-atom catalysts (SACs) containing only atomically 

dispersed metal atoms with associated neighboring atoms from the support as the catalytically 

active sites, have received considerable attention because of the unique structural and electronic 

properties.6-15 Compared to NPs, isolated atoms are less stable, tending to sinter or agglomerate 

either by particle coalescence or by Ostwald ripening.16-17 Interaction between metal atoms and 

supports is a critical parameter determining stability and activity. Metal atoms with strong 

binding to supports are resistant to aggregations but may become less reactive,2, 18 while weaker 

binding generally implies the risk of sintering at high reaction temperatures. Thus, appropriate 

selection of metals and supports, as well as rational understanding of the interaction between 
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them, are the keys to prepare SACs with high stability and excellent catalytic performance. 

    During the past years, supported metal SACs have been successfully applied to various 

catalytic processes, such as CO oxidation,19-22 alkene hydroformylation,23-24 water gas shift 

reaction,7, 25-26 methane conversion,27-28 C-C coupling29-31, reduction of various functional 

groups,32-35 and so on. Among these, catalytic hydrogenation reactions are widely investigated, 

showing that SACs in a number of cases excel traditional NP catalysts both in activity and 

selectivity. For instance, the turnover frequency (TOF) of Pd SACs loaded on TiO2 exceeded 

the commercial Pd/C catalyst by a factor of 55 and 9 for benzaldehyde and styrene 

hydrogenation, respectively,36 while iron oxides supported Pt SACs are highly selective in 

converting a series of nitroarenes into the corresponding amino products without 

hydrogenating the substituted groups.8 In addition, C3N4 and graphene supported Pd SACs and 

mesoporous Al2O3 supported Pt SACs are efficient in transforming 1,3-butadiene selectively 

to alkenes on graphene or carbon nitride.37-39 Density functional theory (DFT) calculations are 

employed to explain the superior catalytic performance of some SAC systems. However, most 

SACs use metal oxide as supports, resulting in a heterogeneous distribution of metal atoms 

with varied coordination environment due to the non-uniform nature of the support. This may 

lead to different reaction pathways and/or activities on different sites preventing accurate DFT 

modelling and rational understanding of the structure-activity correlations. 

    To date, several issues that are critical for the rational design of SACs remain elusive. For 

instance, is there a quantitative relation between metal-support interaction and the stability of 

SACs? In another word, would we be able to predict the possibility of obtaining a reasonably 

stable SAC for a given metal and support combination? How is H2 activated on the metal center? 

What is the species involved in the C-H bond formation step during hydrogenation? H2 

adsorption on metal NPs is dissociative leading to separated H atoms interacting with different 

neighboring metal atoms,40-43 but this is obviously not applicable to SACs because metal atoms 
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are spatially separated from each other. Instead, it is proposed in the literature that H2 undergoes 

a heterolytic cleavage with one atom on metal center and the other one on the support,36 but 

the possibility of homolysis of H2 on one metal atom, which is commonly seen in homogeneous 

catalysis,44 has not been thoroughly considered. It is also unclear whether the strength of metal-

support interaction would affect the reaction pathway and the activation energy. A rule of thumb 

in heterogeneous catalysis is that the increased stability would induce decreased catalytic 

activity. Is this necessarily true for SACs?  

It is not easy to generate a clear or a clearer picture using the myriad of SACs reported in 

the literature, for which many factors affecting catalytic properties entangle with each other 

making it challenging to conceive generalizable information. Due to the vastly different 

synthetic conditions and supports used, the activity of SACs even based on the same metal is 

not comparable. While Zheng et al found that Pd1/TiO2 is far more efficient than traditional Pd 

NP catalysts in styrene hydrogenation, another report suggests that Pd1/graphene has poor 

performance in the same type of reactions. As such, a series of SACs based on uniform, 

structurally well-defined supports is desirable to resolve some of the critical issues mentioned 

above. Recently, phosphomolybdic acid (PMA, H3PMoO40) bearing a Keggin structure has 

proven to be effective in stabilizing single Pt metal atoms.45 Considering that quite a few 

polyoxometalates share the same structure, they offer an ideal platform to study the structure-

activity relationship of SACs. 45-47 In the present study, a series of Keggin-structure 

polyoxometalates dispersed on activated carbon are utilized to stabilize Pt SACs, based on 

which the boundary condition to prepare Pt1 SACs instead of forming Pt NPs is identified. The 

coordination details of Pt1 on polyoxometalates were elucidated by X-ray absorption fine 

structure (EXAFS) spectroscopy and DFT calculations. The catalytic performance of different 

Pt catalysts in several hydrogenation reactions was explored to investigate how supports 

influence the reactivity of SACs. DFT calculations show that all the elementary steps of 
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propene hydrogenation take place only on the Pt atom without involving neighboring O atoms, 

and that the species involved in C-H bond formation is coordinated H2 and not H, which is 

different from the previously reported hydrogenation reactions over metal surfaces. DFT 

simulated effective reaction barriers are consistent with experimental measured activation 

energies, which are as low as 24 kJ/mol, demonstrating effective SACs system for 

hydrogenation reactions regardless of the metal-support interaction strength. 

Results and Discussion 

Catalyst preparation and characterization 

Phosphomolybdic acid (H3PMo12O40, PMA), phosphotungstic acid (H3PW12O40, PTA), 

silicomolybdic acid (H4SiMo12O40, SMA) and tungstosilicic acid (H4SiW12O40, STA) are the 

four most commonly utilized polyoxometalates with Keggin structure. Additionally all of them 

have been loaded onto supports as heterogeneous catalysts in previously studies.34, 48-52 The 

oxygen-enriched Keggin structure endows each polyoxometalate molecule various anchoring 

sites for metal atoms with different coordinating environment.45 However, provided that each 

metal atom interacts with one polyoxometalate by staying on the most stable site, 

polyoxometalate offers a good platform for designing SACs with uniform structure. The 

polyoxometalates are spread onto activated carbon (AC, which is efficient in polyoxometalate 

adsorption, Figure S1) via wet-impregnation, followed by loading the Pt precursor (platinum 

acetylacetone, Pt(acac)2) onto the supported polyoxometalates. 0.5 wt% Pt/AC catalyst without 

polyoxometalates was prepared as a control sample. To preserve the intact structures of 

polyoxometalates, both the catalyst preparation temperature and catalytic reaction temperature 

were kept below 200 °C, as confirmed with TGA and TPR results of different 

polyoxometalates/AC (Figure S2 and Figure S3). The molar ratio of Pt to polyoxometalate is 

kept as 0.95:1 to constitute pairs containing one Pt atom and one polyoxometalate molecule. 

To ensure that the acac- ligand was completed removed while agglomeration of Pt atoms were 
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minimized, the reduction temperature was screened using pre-catalyst (Pt(acac)2-PMA/AC) in 

the diluted H2 flow at different temperatures (130 to 180 °C). The surface dispersion (ratio of 

surface atom number to the total atom number) of Pt was derived using H2-O2 titration approach. 

Polyoxometalate/AC and AC exhibited no hydrogen consumption, and thus the H2 uptake is 

only determined by Pt species. The samples reduced at 160 to 170 °C prove to have the highest 

dispersion of ~90% (Table S1), suggesting that the majority of Pt atoms are exposed on the 

surface, which is as expected for SACs. Since the Pt dispersion decreased dramatically with 

higher temperature, 160 °C was selected as the reduction temperature. As shown in Figure 3, 

the Pt dispersion of Pt-SMA/AC and Pt-STA/AC are similar with that of Pt-PMA/AC, hinting 

that Pt may be atomically dispersed. In contrast, the Pt dispersion for Pt-PTA/AC is only 29.5%, 

a common value for Pt NPs, indicating the formation of NPs. From ICP-OES analysis (Table 

S2), the Pt loadings for all the samples are around 0.9 wt%: Pt-PMA/AC (0.88 wt%), Pt-

SMA/AC (0.89 wt%), Pt-PTA/AC (0.84 wt%) and Pt-STA/AC (0.85 wt%). In ATR-IR spectra 

(Figure 1a, b), the peak located at ~1520 cm-1, which is an indicator of the acac-, disappeared 

from all the catalysts after reduction. Meanwhile, in IR spectra of Pt-polyoxometalate/AC and 

Pt(acac)2-polyoxometalate/AC materials, characteristic bands for the polyoxometalates in the 

range of 800-1100 cm-1 remain unchanged (ATR-IR results of standards are listed in Figure S4, 

S5) suggesting the Keggin structure was well preserved during synthesis.  

TEM images and XRD patterns were examined to demonstrate whether Pt NPs were formed. 

Pt NPs with an average size of 1.9 nm were detected in Pt-PTA/AC(Figure 2),  and 0.5Pt/AC 

(Figure S6, S7) but not in the three other samples. EDX analyses (Figure S8, Table S3) over 

these images showed that the Pt loading in the provided area are all around 0.9 wt%, suggesting 

that the sizes of Pt species in the three samples are below the detecting limit of TEM (1 nm). 

In XRD patterns (Figure S9), no reflections corresponding to the characteristic planes of Pt 

were observed, confirming that the size of the Pt species are below 3 nm. In addition, no 



 7 

polyoxometalate aggregates were found in TEM images and no characteristic reflections 

corresponding were detected in XRD patterns (Figure S9, S10), suggesting good dispersion of 

polyoxometalate molecule. These results match well with H2-O2 titration results, consolidating 

the assumption that Pt keeps single-atom identity in Pt-PMA/AC, Pt-SMA/AC and Pt-STA/AC, 

and stay in the form of NPs in Pt-PTA/AC. 

 

Figure 1. ATR-IR spectra (a, b) of Pt(acac)2-polyoxometalate/AC with different 

polyoxometalates before and after reduction in 5 % H2 balanced in N2 at 170 °C for 1 h. The 

peak located at 1520 cm-1 is assigned to the C=O vibration of acac-1; c) Fourier transform 

EXAFS spectra at Pt L3 for Pt foil, Pt-SMA/AC, 0.05Pt-STA/AC and PtO2. ∆k = 3–13 Å−1; d) 

Pt L3 edge XANES spectra of Pt foil, Pt-SMA/AC, 0.05Pt-STA/AC and PtO2, with the white-

line intensities following a decreasing trend: PtO2 (3.68) > Pt-SMA/AC (1.83) > Pt foil (1.20). 

The values included in the parenthesis correspond to the absorption height after normalization. 
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Figure 2. TEM images for a) Pt-SMA/AC, c) Pt-PTA/AC and e) Pt-STA/AC. EDX analyses 

based on the above images exhibited that the Pt and polyoxometalates are dispersed well on 

AC with the Pt loadings close to 0.9 wt%. H2 pulse titration profiles of b) Pt-SMA/AC, d) Pt-

PTA/AC and f) Pt-STA/AC. The titration ends as the peak intensities reach constant. For a 

titration, after pretreatment in air at 100 °C for 30 min, 100 mL/min of N2 is used as the carrier 

gas at 100 °C and 159 µL/pulse of H2 is employed for titrating 150 mg of catalyst. 

 

To further prove whether atomically dispersed Pt species were obtained, extended X-ray 

absorption fine structure spectroscopy (EXAFS) was employed to identify the coordination 

environment of Pt species on different polyoxometalates. Pt–Pt shell located at ~2.7 Å was not 
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detected in the EXAFS at Pt L3 edge of Pt-SMA/AC and Pt-STA/AC (Figure 1c), convincingly 

manifesting that the majority of Pt species existed as isolated atoms without metal bonding in 

these two samples. The curve fitting parameters are provided in Table S4. As expected, the 

coordination numbers of Pt-Pt for both catalysts are negligible, which is a typical characteristic 

of Pt SACs. Besides, the Pt-O coordination numbers for both are close to 4, revealing that each 

Pt atom plausibly siting at the four-fold hollow site of polyoxometalates. As Pt L3-edge (11.5 

keV) is interfered with W L2-edge (11.5 keV),53 it is impossible to measure Pt L3-edge XAS 

spectrum in the presence of W at such high loadings because of the presence of W L2-edge. 

Instead, we used high-energy resolution fluorescence detection (HERFD) EXAFS technique to 

perform the analysis on diluted Pt-STA/AC. Therefore, the XAS spectra of 0.05Pt-STA/AC, 

which contains only 0.05 wt% of Pt were collected to prove that Pt SACs were achieved on 

STA, with similar Pt-O coordinating mode. The details will be reported separately but the 

analysis further hints at the single-atom identity of Pt in Pt-STA/AC. Based on all the structural 

characterizations above, we conclude that Pt exists dominantly as single atoms in Pt-SMA/AC, 

Pt-PMA/AC and Pt-STA/AC, but as small NPs in Pt-PTA/AC. 

 
XANES were employed to study the charge interaction between single Pt atoms and 

polyoxometalates supports (Figure 1d). As depicted in Figure 4b, the white line intensities of 

Pt at 11568 eV54 for Pt-PMA/AC and Pt-SMA/AC are similar, in between the intensity values 

of Pt foil and PtO2, confirming that Pt atoms in Pt-SMA/AC were positively charged after 

reduction with H2. The valence of Pt is estimated as 1.3 based on liner combination analysis 

suggesting charge transfer from Pt to polyoxometalate, consistent with the above-proposed Pt-

O coordination mode. For Pt-PTA/AC and Pt-STA/AC, XPS technique was utilized to analyse 

the charge state of Pt.  In the deconvoluted XPS curve of Pt 4f electron in Pt-PTA/AC (Figure 

S11), around 3/4 of the total Pt atoms are reduced to Pt0 with a binding energy of 71.0 eV55 and 

only 1/4 of Pt atoms are positively charged which may exist at the interface between Pt clusters 
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and oxides. On the other hand, all the Pt species are positively charged in Pt-STA/AC, 

suggesting a much stronger electronic interaction between Pt atoms and O species. XPS 

analysis is also in full agreements with the proposed structure of the catalysts where Pt stays in 

the form of NPs in Pt-PTA/AC and in single-atom state in Pt-STA/AC. XPS spectra of Mo and 

W were also recorded (Figure S12 and S13), which showed no reduction of polyoxometalates. 

Another evidence demonstrating the interaction between Pt and polyoxometalate is change of 

acidity after Pt incorporation. It has been reported that the acidity usually follows the order: 

PMA>STA>SMA.56 However, the acidity determined by NH3-TPD after Pt deposition (Figure 

S14) follows, based on desorption temperature, a different order: Pt-STA/AC (328 °C) ≈ Pt-

SMA/AC (326 °C)> Pt-PMA/AC (270 °C). TEM and ATR-IR were employed to examine the 

thermal stability of Pt SACs, as shown in Figure S15 and Figure S16. As the the Keggin 

structure of polyoxometalates broke down at 300 °C, Pt single atoms formed aggregates 

without strong stabilization effect. 

To gain a deeper understanding of Pt coordination on polyoxometalate deposited AC, density 

function theoretical (DFT) calculations were performed to study the most stable adsorption 

sites of Pt atoms in three systems (Pt-SMA/AC, Pt-PTA/AC and Pt-STA/AC) where AC has 

been modelled by a 2D graphene layer. For comparison, the result of Pt-PMA/AC which has 

been reported in our previous study is also listed.45 Four different surface sites (four-fold hollow 

site (4-H, Figure 3a), three-fold hollow site surrounded by three Obr atoms (3-H_Obr), the three-

fold hollow site formed by one Oc atom and two Obr atoms (3-H_Oc), together with the Oc-Obr 

bridge sites (Figure 3b,c) were investigated for the adsorption behaviors of Pt atoms on the 

polyoxometalates. The average bond lengths for the most important bonds in graphene 

supported polyoxometalates, the adsorption energies of Pt atoms and the Pt-O bond lengths are 

summarized in Table 1 and Table S5.  
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Figure 3. Optimized structures of Pt-polyoxometalate/Graphene systems: a-c shows that Pt 

adsorbed on PTA/Graphene and specifically a) 4-H site, b) Oc-Obr bridge site, c) Obr-Obr bridge 

site; d-f shows Pt adsorption on SMA/graphene system and specifically d) 4-H site, e) Oc-Obr 

bridge site, f) Obr-Obr bridge site; g-i shows Pt adsorption on STA/graphene system and 

specifically g) 4-H site, h) Oc-Obr bridge site, i) Obr-Obr bridge site;  Pt adsorption on PMA 

system were reported in our previous paper.45 
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Table 1. Adsorption energies and important geometry parameters for Pt-
[polyoxometalate]/Graphene adsorption systems. 

aEad = EPt+[polyoxometalate]-G –E[polyoxometalate]-G – EPt. E Pt+[KA]-G refers to the total energy of the Pt 
adsorbed [polyoxometalate] on carbon system, E[polyoxometalate]-G is the energy of supported 
[polyoxometalate] cluster and EPt means the energy for a Pt atom. In this article, negative values 
correspond to exothermic adsorption. 

 

As shown in Table 1, among different possible adsorption sites, one Pt atom clearly prefers 

to be coordinated with four oxygen atoms (4-H site) which matches well with the knowledge 

[polyoxometalate] Adsorption 
site 

Coordination 
number of Pt 

Ead 

(eV)a 

Pt-O bond 
length 

           (Å) 

Bader charge 

(Magnetization) 

PMA45 

4-H 4 -5.72 2.00, 2.01, 
2.01, 2.02 

1.02 (1.0) 

Obr-Obr 
bridge site 2 -3.94 1.95, 

1.95 
 

Oc-Obr 
bridge site 2 -3.56 1.94, 

1.95 
 

PTA 

4-H 4 -4.96 2.02, 2.02, 
2.03, 2.03 

 

Obr-Obr 
bridge site 2 -3.12 2.00, 

2.00 
1.04(1.0) 

Oc-Obr 
bridge site 2 -3.24 2.00, 

1.97 
 

STA 

4-H 4 -6.17 1.98, 1.98, 
2.04, 2.04 

 

Obr-Obr 
bridge site 2 -4.47    1.96, 1.96 1.28(0.0) 

Oc-Obr 
bridge site 2 -4.32 1.95, 

1.92 
 

SMA 

4-H 4 -6.91 1.95, 1.96, 
2.03, 2.03 

 

Obr-Obr 
bridge site 2 -4.96 1.95, 

1.95 
1.27(0.0) 

Oc-Obr 
bridge site 2 -4.62 1.90, 

1.93 
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in classic coordination chemistry that Pt prefers to coordinate with four ligands.57-58  When Pt 

is initially placed at the 3-H site, the atom will move upon energy optimization to an Obr-Obr or 

Oc-Obr bridge site. On the preferred 4-H site, one Pt atom and 4 surrounding O atoms adopt a 

“quasi-square-planar” geometry with only small variations in Pt-O bond lengths. The 

calculated results illustrated that the average Pt-O bond lengths of Pt-polyoxometalate/AC 

followed the sequence: Pt-SMA/AC (1.99 Å) < Pt-STA (2.01 Å) = Pt-PMA/AC (2.01 Å) < Pt-

PTA/AC (2.025 Å). The different bond lengths also suggest different interactions between Pt 

and O in Pt-polyoxometalate, Pt-PTA/AC having the longest average Pt-O bond length. The 

Bader charges and the total magnetization density (mostly located at Pt site) are also shown in 

Table 1.  The results indicate that Pt cations show 3+ valence state on PMA and PTA, while 

slightly higher oxidation state (4+) on SMA and STA (see Figure S21). The absolute values of 

adsorption energies of Pt on 4-H site, which suggests the strengths of Pt binding to 

polyoxometalates, follow the order of Pt-SMA (6.91 eV) > Pt-STA (6.17 eV) > Pt-PMA/AC 

(5.72 eV) > Pt-PTA/AC (4.96 eV) and the results are consistent with the bader charge analysis 

(Table 1), which shows that on SMA and STA, there is a rather large charge transfer from Pt 

atoms to the supports. The DFT calculated cohesive energy of bulk Pt is 5.50 eV with the PBE 

functional (compared with experimental result of 5.85 eV),59 which lays between the absolute 

values of Pt-PMA/AC and Pt-PTA/AC. Comparison between the cohesive energy of Pt bulk 

and adsorption energy of polyoxometalate supported Pt clearly provides a predictive view for 

the formation of Pt NPs in Pt-PTA/AC and Pt SACs in the other three systems: Pt atoms can 

stay atomically dispersed if the interaction between Pt and supports is stronger than the 

cohesive energy of bulk Pt atoms (PBE predicted cohesive energy is used here for consistency), 

while they will agglomerate if the binding energy falls below that. We summarized DFT 

adsorption energies of Pt single-atoms on various supports reported in the literature in Table 

S6. In almost all cases, the binding energy between Pt and the support is larger than 5.50 eV.  
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Clearly and simply, the absolute value of the Pt atom adsorption energy on the oxide support 

should be able to overcome the cohesive energy of bulk Pt to obtain stable Pt SACs. This very 

simple parameter (Pt cohesive energy) provides an important tool for predicting whether Pt 

SACs could be successfully obtained in catalyst design and such an approach might be 

extended to predict the preparation of SACs based on other metals.  

 

Catalytic performance of Pt-polyoxometalates/AC 

 How does metal-support interaction influence catalysis is a central question. Support-metal 

interaction is indeed a key factor that differentiates the catalytic performance of different 

polyoxometalates.18, 30, 60 Comparative study on the catalytic performance of the catalysts is 

key to unveil the relationship between stability and reactivity over Pt SACs. 

As mentioned above, propene hydrogenation over SACs is sensitive to the support. 

Meanwhile, many industrial reactions (e.g. hydroformylation reaction) require the co-feed of 

catalyst with alkene and/or H2. Thus, hydrogenation of propene was first used to probe the 

catalytic performance of different Pt SACs. The turnover frequency (TOF) values were 

determined at varying temperatures while the conversion was controlled below 10%. All three 

Pt SACs are active for the reaction with TOF values ranging from 100-180 h-1 at 30 °C and 

increased to 150-350 h-1 at 50 °C. In general, the influence of stabilizing effect from supports 

for metal species on the catalytic performance is complex. The metal-support interaction must 

be strong enough to suppress the aggregation. However, very strong interaction may also end 

up with inert catalytic centers	for reactions following Langmuir–Hinshelwood mechanism.61  

As described in Figure 4a,b, the reaction rates over Pt-SMA/AC and Pt-STA/AC are similar, 

while the rate of Pt-PMA/AC is ca. 1.5 times faster. The activation energies for each catalyst 

determined in the range of 30 to 50 °C are 24.9 kJ/mol for Pt-PMA/AC, 26.3 kJ/mol for Pt-

SMA/AC, and 25.8 kJ/mol for Pt-STA/AC. These activation energies are almost identical, 
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regardless of the Pt adsorption energy, suggesting that the stabilizing effect of 

polyoxometalates does not affect the reactivity. We also performed hydrogenation reactions of 

1,3-butadiene (mixed with propene) and phenylacetylene to reflect catalytic properties in 

hydrogenation of diene and alkyne, as shown in Figure 5, Figure S17, S18 and Table S7, S8. 

The Pt SACs have tendency to promote the selective transformation of 1,3-butadine to butene 

when the temperature is below 100 °C, which is consistent to previous reports on metal SACs.37, 

39 The activity of the three Pt1 catalysts in 1,3-butadine hydrogenation is similar throughout the 

tested temperature range (25-100 °C). Conversion of propene was also observed, in particular 

under higher temperatures, but again the TOF are almost the same with the three catalysts 

(reflected in Figure 5b). Such phenomenon was further observed in phenylacetylene 

hydrogenation (Table S7). These catalytic results manifest that different polyoxometalates 

supported Pt SACs may follow a similar reaction pathway and activation barrier in 

hydrogenation reactions. The theoretical insights of this are provided in a later part. 
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Figure 4. a) TOF values and Arrhenius plots (b) of propene hydrogenation rates over different 

isolated Pt-polyoxometalate/AC catalysts. Reaction rates were measured in 3.3% propene, 3.3% 

H2 balanced in Helium, the total flow rate was 80 mL min−1. TOF values were calculated with 

the Pt dispersion results from H2-O2 titration experiment. Propene hydrogenation rates over 

different Pt-polyoxometalate/AC catalysts as a function of H2 partial pressure (c) and a function 

of propene partial pressure (d). The rates were measured at 50 °C over 5 mg of each catalyst, 

GHSV = 48000 h-1. 
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Figure 5. Catalytic hydrogenation performance of 1,3-butadiene. Reaction conditions: mixed 

gas (2% of 1,3-butadiene, 20% of propene, 16% of H2, 62% of He); flow rate: 40 ml/min; 

ambient pressure; 6.3 mg of a certain catalyst mixed with 13.7 mg  AC before using. 

For propene hydrogenation, the dependency of reaction rates on the partial pressures of H2 and 

propene were investigated (Figure 4c, d). Figure 4d shows that the conversion decreases as the 

partial pressure of propene increases but in which, the reaction order is almost zero. This 

suggests propene strongly adsorbs on the catalyst, which is consistent with the calculated 

stronger propene adsorption in Table 2. Therefore, we can expect that reaction starts from 

propene adsorption first and then it reacts with subsequent adsorbed H2. On the other hand, 

reaction kinetics is more sensitive to the H2 partial pressure. As shown in Figure 4(c), 

increasing partial pressure of H2 would monotonously increase the conversion (in the studied 

range) on Pt-PMA/AC, but decreases the conversion on Pt-SMA/AC and Pt-STA/AC at higher 

H2 partial pressure.  As we will demonstrate in the reaction mechanism studies (following 

section), the reactions take place starting from propene adsorption and react with subsequent 

H2. Therefore, if propene adsorption slows down, the overall reaction rate will also be 

compromised. 

We can explain the different reaction orders of H2 in Figure 4(c) with kinetic effects. Because 

Pt-SMA and Pt-STA show larger H2 absorption energy than Pt-PMA (Table 2), they could be 

partially covered by H2 with increasing H2 pressure. As shown in Table S15, increasing the H2 
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partial pressure or increasing the adsorption energy of H2 (even by a small amount) will end 

up with that adsorption equilibrium preferring the absorption side. Table 2 also shows that Pt-

SMA and Pt-STA prefer co-adsorption of two H2 molecules, the differential adsorption energy 

of the second H2 being stronger. We can expect that a significant amount of the Pt-SMA and 

Pt-STA catalyst would be occupied by two H2 at higher pressure. Then the propene adsorption 

would require the removal of one H2, which is still possible in thermodynamically but less 

favorable than in the low H2 pressure case (Table 2).  This explains the decrease of the reaction 

rate for Pt-SMA and Pt-STA at high P(H2)/P(C3H6) in Figure 4(c). Pt-PMA follows a quite 

different scenario. It hardly adsorbs H2 without the help of propene, therefore we can expect 

that in a reasonable range of H2 partial pressure, the Pt site on Pt-PMA is always empty for 

propene adsorption. Therefore, increasing H2 partial pressure would not impact conversion as 

in indicated in Figure 4(c). 

Table 2. Adsorption energy of propene, H2 on Pt SACs. The adsorption energy is defined as 
Eads = Emolecule+PtSAC – Emolecule – EPtSAC. 

Eads Pt-PMA/AC Pt-SMA/AC Pt-STA/AC 

Eads (H2)/ eV -0.22 -0.50 -0.64 

Eads (propene)/eV -1.17 -1.59 -1.79 

Eads (H2+propene)/eV -1.78 -2.14 -2.54 

∆Eads, synergetic effect /eVa -0.39 -0.05 -0.11 

Eads (H2+H2)/eVb -0.37(-0.16) -1.10(-0.60) -1.36(-0.71) 

Δ𝐸$ -1.40 -1.04 -1.12 

a. The synergetic effect is defined as 𝐸ads H2+propene − 𝐸ads H2 − 𝐸ads(propene) 

b. Number in parenthesis is the differential adsorption energy of second H2 

c. Δ𝐸 = 𝐸ads propene+H2 + 𝐸gas H2 − 𝐸ads H2+H2 + 𝐸gas propene  

 

Simulated reaction pathways 



 19 

We further investigated the reaction pathways for H2 adsorption, dissociation and its diffusion 

on the bare Pt-PMA/AC. Results are shown in Figure 6a. Firstly, H2 adsorbs on the Pt atom as 

an activated non-dissociated H2 molecule with a low adsorption energy (-0.12 eV in Figure 6a) 

then adsorbed H2 dissociates through a very small barrier (about 0.13 eV). The best 

configuration has an adsorption energy (-0.22 eV) is much smaller compared with that on 

Pt(111) (-1.04 eV per H2 )62 which means that H2 adsorption is rather difficult on those single 

Pt catalysts. After dissociation, the possible pathways for one H atom to spill over to a nearby 

oxygen atom from the support are also located. Results show that the migration requires a large 

barrier (almost 1 eV) and the energy of the transition state is even 0.78 eV higher than the 

energy of gas phase H2. Therefore, H is not expected to be able to efficiently migrate to oxygen 

atoms on the support at low reaction temperatures, although the second spill over is an 

exothermic process. 

 

Figure 6. a) H2 dissociation and spillover on PMA support Pt catalyst. Gas phase H2 is used as 

energy reference. b-d) calculated reaction profiles for propene hydrogenation on three different 

polyoxometalate supported Pt SACs: b) Pt-PMA/AC; c) Pt-SMA/AC; d) Pt-STA/AC. Each 
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reaction profile starts from H2 (gas) plus adsorbed propene as zero reference. The blue color 

illustrates the iso-propyl channel and the red color illustrates the n-propyl channel. Superscript 

g stands for gas phase species and superscript a stands for adsorbed species. 𝑖 − 𝐶7𝐻9: stands 

for adsorbed isopropyl group. 𝑖 − 𝐶7𝐻9: ; (on Pt-PMA) stands for a metastable structure of an 

intermediate, which undergoes a small barrier to the more stable 𝑖 − 𝐶7𝐻9:.  All the energies 

are in eV. The key structures of intermediates and transition state structures are shown in Table 

S7-S10. 

    Then we studied the reaction pathways of propene hydrogenation on three different model 

SACs. For every SAC catalyst, propene hydrogenation has two main reaction channels 

according to the intermediate after the first hydrogenation step. They are labelled as iso-propyl 

channel (adsorbed iso-propyl is the intermediate after the first hydrogenation step) and n-propyl 

channel. Starting from the adsorbed propene on Pt-polyoxometalate catalyst, gas phase H2 

adsorption as well as subsequent pathways of propene hydrogenation reaction are optimized 

and the calculated energy profiles for both channels are shown in Figure 6b-d.  It shows that 

the reactions take place with a similar mechanism: two successive hydrogenation steps produce 

the intermediate and the final product. The iso-propyl channel on Pt-PMA is slightly different, 

the first hydrogenation product is a metastable structure (but possess the identity of iso-propyl) 

and further reconstructs to a more stable structure with a small barrier. 

    Figure 6(b-d) shows that iso-propyl channels are generally more competitive than the n-

propyl channel (blue profiles), where both the transition state structures and the reaction 

intermediates along the iso-propyl channel exhibit lower energies than those along n-propyl 

channels. Considering that methyl is an electron donating group, secondary carbons in the iso-

propyl group are more favorable to bond with cationic Pt atoms and therefore iso-propyl 

channels are more energetically competitive. Figure 7 shows the structures of TS1s and TS2s 

along the iso-propyl channels as well as some important bond lengths. Other calculated local 
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minima and transition state structures are listed in Supporting Materials Table S9 (for Pt-

PMA/AC), Table S10 (for Pt-SMA/AC) and Table S11 (for Pt-STA/AC).  The barrier to form 

the iso-propyl is markedly smaller, on Pt-PMA/AC (0.40 eV) compared to the other two 

catalysts (~0.8 eV). This is associated with a more stable iso-propyl intermediate on Pt-

PMA/AC. The second hydrogen step forming propane follow a standard “reductive elimination” 

mechanism with this time a higher barrier for Pt-PMA/AC (0.73 eV) compared to the other two 

catalysts (~0.5 eV). 

   In general, the reaction takes place in a very similar way among the three Pt-SACs: all the 

steps only involve the Pt1 species while polyoxometalate acts as anchoring site during the 

reaction. This is distinct from the alkene hydrogenation pathways on extended surfaces.63 The 

adsorbed propene appears as one π-bonded species (see Table S9–S11) because there is only 

one Pt atom present. This should not be detrimental to the reactivity because of the di-σ-

bonding species has proven to be irrelevant for the hydrogenation of ethylene.64 The second 

common feature is that the TS of second hydrogenation step is always higher in energy for all 

the iso-propyl channels, and therefore, it is the rate-determining steps for the overall kinetics 

and thus determines the observed reaction barriers. The final product (propane) is weakly 

adsorbed on Pt-PMA, but rather strongly adsorbed on Pt-STA and Pt-SMA, which results from 

the more cationic nature of Pt on Pt-SMA and Pt-STA. The cationic Pt can polarize the C-H 

bond and induce a stronger adsorption.  

    One interesting point is that H2 preferentially adsorb as a molecular entity on the propene 

pre-covered Pt (with a bond length of about 0.8~0.9 Å). H2 does not dissociate, but the 

hydrogenation takes place directly from the adsorbed H2 precursor, one H atom being shifted 

to one C atom. We carefully proved this by calculating the IRC from the transition state 

structures. The C-H bond distance was slightly elongated along the imaginary mode (by 0.03, 

0.05 and 0.08 Å respectively) from the transition state structures (TS1), then structures are 
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optimized by a steepest descent algorithm with a very small step (POTIM=0.02 in VASP) and 

the velocities are projected out at every ionic steps. Essentially, the trajectory mimics the 

intrinsic reaction coordinate (IRC) of the first hydrogenation step. The results show that the 

first hydrogenation reaction step indeed takes place directly from the molecular adsorbed H2 

rather than the dissociated H atoms. Hydrogenation experiments using 1:1 D2/H2 mixture were 

next performed over the Pt SACs. All three Pt SACs provided scrambling products (Figure S19 

and Table S13, S14). In the case of propene hydrogenation over the Pt-STA/AC catalyst, for 

instance, ca. 50% product contains 2 newly added H atoms, 25% product contains 2 newly 

added D atoms, and 25% product contains 1D and 1H atoms. Such phenomena suggest that the 

SACs promoted H2-D2 exchange in situ. In a subsequently designed controlled experiment, 1:1 

H2/D2 mixture was passed through the catalyst at room temperature with the same space 

velocity as used for propene hydrogenation. HD gas accounts as much as 43% in the product 

stream (Figure S20). 

 

Figure 7. The transition state structures in iso-propyl channel and different catalyst (a) TS1 on 
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Pt-PMA, (b)TS1 on Pt-SMA, (c) TS1 on Pt-STA, (d) TS2 on Pt-PMA, (e) TS2 on Pt-SMA, (f) 

TS2 on Pt-SMA. The important bond lengths are shown. The C1 is the terminal carbon atom 

in the olefin bond and C2 is the middle carbon atom in the olefin bond. H1 and H2 are hydrogen 

atoms forming C1-H1 bond and C2-H2 bond respectively.   

The reason to use propene adsorbed structure as starting point is that Pt atoms are expected to 

be pre-occupied by strongly adsorbed propene (shown in Table 2) and then the reactivity will 

be determined by the accessibility of the subsequent H2 to the “empty site”, i.e. one propene 

pre-adsorbed Pt sites. Experimental results also show that the reaction order of propene is 

nearly zero (small negative value in Figure 4(d)), which also supports this assumption. It should 

be noted that H2 adsorption energy on those Pt-SACs are much smaller than that on Pt(111) 

surface or defective Pt clusters  (-1.04 eV per H2 on Pt(111) by PBE functional  and even 

stronger on Pt(100) and clusters.62, 67 The Gibbs free energy change of H2 adsorption on those 

Pt catalysts and the equilibrium temperature (Tc) between adsorbed H2 and gas phase H2 have 

been calculated using experimental conditions (Table S15). It is found that the experimental 

temperature is high enough to prevent significant adsorption of H2 on the propene pre-occupied 

the Pt sites. In this case, the experimental measured apparent activation barriers corresponds to 

the sum of total barrier and reactant adsorption enthalpy (Supporting Information equations 

S1-S8). Effectively the apparent reaction barriers are reduced because the reaction adsorption 

enthalpy is negative. 65-66 Combining this method and data from Figure 6, the simulated 

apparent reaction barriers for Pt-PMA/AC, Pt-SMA/AC and Pt-STA/AC are 0.25 eV (24.1 

kJ/mol), 0.30 eV (28.0 kJ/mol) and 0.33 eV (31.8 kJ/mol) respectively, where the iso-propyl 

channel is responsible for the observed activities. The results agree very well with the 

experimental measured values.  

Although hydrogen spillover is not easy on Pt-SACs because of the high barrier shown in 

Figure 6(a), there is also a small that chance heterolytically activated H2 exist in this system. 
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Therefore, we also considered a partial reduced model in which the catalytic model starts from 

the final product of Figure 6(a), but the partial reduce model does not efficiently complete the 

hydrogenation reactions. The details are explained in the Figure S22 and Table S16. 

 

Conclusion 

The stabilization effect of oxide supports for noble metal atoms are essential for designing 

SACs, as too weak interaction results in atom aggregation into NPs. In this work, a combination 

of experimental results and DFT analyses over a series of polyoxometalate stabilized Pt SACs 

shows that the nature of the core main group element (P, Si) and of the transition metal (Mo, 

W) can modulate the Pt binding energy by ~2 eV (40 %). Stable Pt SACs are simply obtained 

when the adsorption energy of Pt on the support is higher than the cohesive energy of Pt. 

Following similar geometric structures and coordination environment of the Pt SACs, their 

reactivity in propene hydrogenation were systematically investigated using both experimental 

and theoretical approaches to establish the structure-activity relationships. Both hydrogen and 

propene are activated on the Pt single-atom, while the neighboring oxygen atoms on the support 

do not directly participate in catalysis. In general, H2 adsorbs much weaker on the Pt SACs 

than on a metallic Pt (111) surface because of the large charge transfer between the support and 

Pt atom.62 Propene and H2 and coadsorbed on the cationic Pt in a molecular form and one H 

from the H2 unit is transferred to propene, preferentially forming isopropyl, while the migration 

of the remaining H atom forms propane. The cationic Pt atoms show rather large intrinsic 

energy barriers but small apparent activation energies (~25 kJ.mol-1) since H2 adsorption is 

endergonic in reaction conditions and the adsorption equilibrium constant is small. On the other 

hand, despite the large difference in Pt-support binding energy, the measured activation 

energies over three Pt SACs are essentially the same. This matches well with the DFT reaction 

pathway calculations and shows that high stability and high activity are not contradictory for 
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single atom catalysts.  

This paper provides some clues for SAC design in the future. First, the minimum adsorption 

energy of a metal atom on the support to make stable SACs seems to be equivalent to the 

cohesive energy of that bulk metal, offering a predictive view how to identify the right 

combination of metal and support to synthesize SACs.  Second, enhancing the stability of SACs 

does not necessarily decrease the activity of the catalysts, since the total effective barriers are 

results of several competing factors. Although strong metal-support interaction is detrimental 

to the adsorption of reactant on metal center in general, but it induces more available sites and 

essentially decreased the effective barrier in the overall kinetics. Generally, it is contradictory 

to obtain stable SACs and to pursue low energy barriers for interested reactions because the 

strong metal-support interaction would induce an inert catalytic center. While, our studies show 

it is feasible to obtain an optimal support, which provides strong metal-support interaction to 

resist catalyst aggregation together with fast reaction kinetics. 

 

Materials, Experiment and Computational Procedures 

Materials 

Phosphomolybdic acid hydrates (PMA, ACS reagent), phosphotungstic acid hydrate (PTA, 

reagent grade), silicomolybdic acid solution (H4SiMo12O40, SMA) and tungstosilicic acid 

(H4SiW12O40, STA), platinum (II) acetylacetonate (Pt(acac)2, 97%) were from Sigma Aldrich. 

Acetone (AR) was purchased from Fisher Scientific. Hydrochloric acid (37%) and nitric acid 

(65%), ethyl acetate (AR) were provided from Merk Pte. Ltd. Activated carbon (AC) was 

supplied by Sinopharm Chemical Reagent (SCR). All the chemicals above were simply used 

as received. 

Catalyst Preparation 
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Preparation of Pt-polyoxometalate/AC. Taking Pt-SMA/AC as an example, in a 15 mL 

centrifuge tube containing 0.9 g AC, a SMA solution (54 µmol, 100 mg in 10 mL acetone) was 

introduced dropwise and mixed with AC by vigorous stirring (800 rpm for 5 h) and sonication 

(5 min). Afterwards, the sample was centrifuged at 8000 rpm for 3 min, and dried in an oven 

at 70 °C for 0.5 h. The same steps were applied for the loading of equimolar amount of Pt(acac)2 

(54 µmol, 0.017 g in 1 mL acetone) onto SMA modified AC. Finally, the dried sample was 

reduced in 5 % H2/N2 (gas flow rate: 100 mL/min) at 160 °C for 1 h. 

For other Pt-polyoxometalate/AC, the molar amount of HPAs were kept the same. Only the 

amount of AC was adjusted to maintain the same total weight of catalysts. For comparison, 

catalyst without HPAs was also prepared using similar method at 0.5 wt% and 0.9 wt% loading. 

The solvent was vaporized after impregnation to ensure all Pt precursors are loaded on AC. 

The prepared catalysts were denoted as 0.5Pt/AC or 0.9Pt/AC. 

Catalyst Characterization 

For the structure characterization of Pt SACs, a series of techniques were employed: 

inductively coupled plasma optical emission spectrometry (ICP-OES), thermogravimetric 

analysis (TGA), N2 adsorption with BET analysis, H2-based temperature programmed 

reduction (TPR), temperature programmed desorption (TPD), H2-O2 adsorption and titration, 

transmission electron microscopy (TEM), X-ray diffraction (XRD) analysis, X-ray 

photoelectron spectra (XPS) attenuated total reflectance infrared (ATR-IR) spectroscopy 

analysis and X-ray absorption spectra (XAS) at Pt L3-edge. The procedures are similar to 

previously literatures45, 46 and are detailed in the supporting information. 

Catalytic Performance Test 

Hydrogenation of Propene 

Reactivity studies for the hydrogenation of propene were performed in a 1 cm ID fixed bed 
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stainless flow reactor in a down flow configuration. 5 mg of the as-synthesized catalyst was 

added in the reactor. Before running the reactions, each catalyst was pre-treated with pure N2 

at for 0.5 h at 100 °C just to remove the absorbed water and air. Afterwards, a gas mixture of 

3.3% (v/v) propene, 3.3% (v/v) H2 and 93.4% (v/v) He (total flow of 80 ml min−1) was 

introduced to the catalyst within an ascending temperature range (30–80 °C) and 1 atmosphere 

total pressure. GC-FID analysis was done every 5 °C after stabilization at that point for 0.5 h. 

After measuring the results at 80 °C, the system was cooled down for repetition at the above-

mentioned temperature range for two more times. The activation energy was determined using 

the average rate values based on the 3 repeating measurements. 

For the reaction order measurement, the reaction was performed at 50 °C and 1 atmosphere 

with a flow rate of 80 ml min-1. When measuring the reaction rate with hydrogen pressure, the 

partial pressure of propene was maintained constant at 1.89 kPa and the partial pressure of 

hydrogen gas was adjusted from 0.855 kPa to 3.42 kPa. When determining the reaction order 

with respect to propene partial pressure, the partial pressure of hydrogen gas was set as a 

constant value of 2.52 kPa and the partial pressure of propene gas was adjusted from 1.26 kPa 

to 3.78 kPa. 

Hydrogenation of Phenylacetylene.  

Taking one molar (Pt : substrate = 1:1000) as an example. The substrate (27.4 µL, 0.25 mmol), 

catalyst (5 mg, Pt : substrate = 1:1000), and ethyl acetate (2 mL) were placed in a batch reactor. 

The reaction underwent at room temperature under H2 (1.0 MPa) for 1 h. Reaction products 

were separated through filtering using a PTFE syringe filter whose pore diameter is 2 µm). 

Then, the products were analyzed by GC-FID and GC-MS. For the ratio of 1:2000, 1:4000 and 

1:8000, the amount of substrate was changed accordingly while maintaining the same amount 

of catalysts. 

Hydrogenation of 1,3-butadiene 
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This reaction was performed in a 1 cm ID fixed bed stainless flow reactor in a down flow 

configuration. The as-prepared catalyst (6.3 mg) was mixed with AC (13.7 mg) and was then 

placed in the reactor. Before running the reactions, each catalyst was pre-treated with pure N2 

0.5 h at 100 °C just to remove the absorbed water and air. Afterwards, Afterwards, a gas 

mixture (2% of propene, 20% of H2 and 78% of He, v/v)  with a total flow of  40 ml min−1 at 1 

bar pressure was introduced at ascending temperature (25–100 °C) and 1 atmosphere total 

pressure. GC-FID analysis was done every 25 °C after stabilization at that point for 0.5 h. After 

measuring the results at 100 °C, the system was cooled down for repetition at the above-

mentioned temperature range for two more times.  

H2-D2 exchange experiment 

H−D exchange experiment was performed in the above-mentioned flow reactor with an online 

mass spectrometry (MS, Hiden Analytical QCA) to evaluate gas mixtures at room temperature. 

As a reference, 20 ml/min of H2 and 20 ml/min of D2 were firstly introduced to the blank reactor 

without catalysts. After the signal was stable, intensities for the m/z values equaling to 1, 2, 3, 

4, 28 and 32 were recorded for H, D, H2, HD, D2, N2 and O2, respectively. After this, 100 mg 

of Pt-SMA/AC was loaded into the reactor and identical procedures were employed for 

collecting the mass spectrum. 

H2-D2 co-hydrogenation experiment 

1. Hydrogenation of Propene with H2 and D2 

With 100 mg of catalyst placed in the flow reactor, a feed gas consisting of 17% H2 and 17% 

D2, 6% C3H6 and 60% Ar was introduced at room temperature. After the signal was stable, 

intensities for the m/z values equaling to 43, 44, 45 and 46 were recorded for C3H7, C3H8, 

C3H6D, C3H7D, and C3H6D2, respectively.  

2. Hydrogenation of Phenylacetylene with H2 and D2 

The substrate (27.4 µL, 0.25 mmol), catalyst (12.6 mg, Pt : substrate = 1:500), and ethyl acetate 
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(2 mL) were placed in a batch reactor, which was charged with 5 bar H2 + 5 bar D2. After 

rigorously stirring for 20 min, the reaction products were separated through filtering using a 

PTFE syringe filter whose pore diameter is 0.2 µm). Then, the products were analyzed by GC-

MS. For comparison, reactions in pure H2 or D2 were also performed on Pt-STA/AC under the 

same reaction conditions. 

Computational Details 

DFT calculations in this work were conducted following a reported protocol45 to investigate 

the stable structure models and energy profiles of Pt on graphene supported polyoxometalates 

using the Vienna Ab initio Simulation package (VASP). The projector augmented wave (PAW) 

approach was utilized for modelling the interaction between electrons and ions.68-69 PBE form 

of the general gradient approximation (GGA) was employed for checking the profiles of the 

exchange energies as well as correlation energies.70 During the computation process, the cut 

off energy for the employed plane-wave was adjusted as 400 eV. 

As to the lattice constant of the graphene layer, the experimental value of 2.46 Å 71 was applied 

in the calculation, and the C-C bonding length is set as 1.42 Å. To simulate polyoxometalate–

Graphene system, an 8x8 graphene supercell with 128 carbon atoms was chosen. Periodic 

boundary conditions were employed along all directions with a vacuum region of 22 Å between 

graphene layers. Due to the large supercell, the interaction between the system and its image 

can be avoided. We fully optimized the isolated polyoxometalates-graphene system and the 

results show that the graphene layer is almost flat and far from polyoxometalates supported Pt 

SAC group (C-O distance is larger than 3.0 Angstrom), which indicates the interaction between 

graphene and polyoxometalates is weak. The bond lengths of some main bonds match well 

with literature values 72.  The adsorption mode of Keggin anion [PW12O40]3- on graphene layer 

was previously studied showing that the interaction through S4 symmetrical axis is more 

favourable than that via C3 axis 73. Thus, the adsorption mode with S4 axis of polyoxometalate 
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vertical to graphene layer was considered here. In this work, the adsorption energy of Pt atom 

adsorbed on polyoxometalate-Graphene is defined as Ead = EPt+polyoxometalate-G – Epolyoxometalate-G 

– EPt, where the EPt+[PMO]-G standard for the energy of the Pt adsorbed on graphene supported 

polyoxometalates, E[PMoO]-G means the energy of the graphene supported polyoxometalates and 

EPt is the energy of bare Pt atoms. A negative value corresponds to exothermic adsorption. 

Propene and H2 adsorption energies and subsequent hydrogenation reaction barriers are also 

investigated to understand the reaction kinetics. Adsorption energies are calculated regarding 

to the references of isolated Pt-polyoxometalate catalyst and H2 in gas phase. During the 

reaction pathway explorations, 2D graphene layer is not considered for the convenience of 

calculations. This is valid because of the weak interaction between Pt-polyoxometalate and the 

graphene layer. Transition state structures are located by NEB method74-75 and then refined by 

DIMER method76. At the end of the optimizations, the maximum force residues are smaller 

than 0.03 eV/ Å and only one imaginary frequency presents. 

 

Supporting information 
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