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HIGHLIGHTS

Ionic liquids sharply enhance the

stability of single-atom catalysts

The nature of the increased

stability is due to electrostatic

interaction

The strategy is readily extendable

to a variety of metal-support

combinations
Electrostatic interaction has been demonstrated as a simple and general strategy

to protect atomically dispersed metal catalysts. Ionic liquid-stabilized single-atom

catalysts (ILSSACs) exhibited considerably enhanced durability and hydrogenation

activity for a series of catalysts.
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The Bigger Picture

SACs with maximized atomic

efficiency of metal species and

unique geometric and electronic

structures show remarkable

performance in a wide range of

chemical reactions. However, the

stabilization of SACs depends

largely on engineering the

support defects or modulating

metal-support interactions, which

are limited to particular metal-

support combinations. Herein, we

develop the concept of ionic

liquid-stabilized single-atom
SUMMARY

In single-atom catalysts (SACs), the isolated metal atoms on solid support are

often charged. Taking advantage of this common feature, we establish ionic

liquid-stabilized single-atom catalysts (ILSSACs) employing electrostatic inter-

action as a general stabilization strategy. While Pt nanoparticles were formed

on hydroxyapatite after reaction when unprotected, Pt remained atomically

dispersed on ionic liquid-stabilized samples. Density functional theory calcula-

tions reveal that the activation energy for the transformation of two isolated

Pt atoms to a Pt dimer increases remarkably from 0.11 to 0.72 eV with the pro-

tection of [Bmim][BF4]. The presence of ILs also tunes the electronic state of Pt1,

inducing an order-of-magnitude hydrogenation activity increase. The simple

stabilization strategy is easily extended to SACs comprising various metal

atom-support combinations. For instance, ILs significantly improved the stabil-

ity and selectivity of a Pd1 catalyst for the hydrogenation of acetylene, thus out-

performing unprotected SACs.
catalysts (ILSSACs), where an

electrical double layer of ILs

surrounding supported single-

atom species provides

electrostatic stabilization against

the aggregation of isolated metal

atoms. Although electrostatic

interaction has been widely

applied in the past century for the

synthesis of stable colloidal

nanoparticles, it has not been

systematically applied in the

stabilization of SACs. This study,

therefore, establishes a general

strategy that, in principle, is

applicable to enhance the stability

of any existing and upcoming

SACs.
INTRODUCTION

Single-atom catalysts (SACs) have recently attracted the attention of intense research

activities.1–34 However, the stability of SACs remains an issue as isolated atoms tend to

aggregate into thermodynamically more stable nanoparticles (NPs). One approach to

enhance the stability of single atoms is to construct defect sites on supports to enhance

the binding strength with single atoms.35 For example, the defects of FeOx,
1,36

Al2O3,
37 Ni(OH)2,

38 and graphene39,40 strongly anchor atomically dispersed metal

atoms. The second strategy is to spatially confine single metal atoms within micropo-

rous supports such as zeolites and metal-organic frameworks.41–44 For instance,

atomically dispersed Ti active sites were confined in the framework of two-dimensional

zeotypes, showing excellent performance in cyclohexene epoxidation.43 Stable

single-atom catalysts have also been prepared by introducing atoms with lone pairs

of electrons, such as N and S, onto the support.35,45,46 For instance, carbon nitrides

(C3N4) containing abundant N coordination sites were applied in SAC synthesis.46,47

These strategies require particular supports and synthetic conditions and therefore,

to some extent, lack broad applicability.

Ionic liquids (ILs) have been proven effective in improving the stability of metal NPs.

The protective layer introduced by the ILs provides electrostatic protection against

aggregation.48,49 Since the pioneering work by Dupont et al. demonstrating that

imidazolium ILs are suitable medium to stabilize Ir NPs,50 several hundred studies

regarding the synthesis and catalytic applications of various NPs in ILs have been re-

ported.51–53 ILs also found applications in ‘‘supported ionic liquid catalysis,’’54 in

which the surface of the support is covered by a layer of ILs serving as the medium
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Scheme 1. Schematic Illustration of the Preparation of SACs and the Stabilization by ILs
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to immobilize homogeneous catalysts.54,55 1,3-dialkylimidazolium ILs, for instance,

enhanced the selectivity of Ir single-site catalyst in 1,3-butadiene hydrogenation.56

As we are aware, there has been no prior report using ILs to enhance the stability of

SACs without compromising activity. Considering the remarkable success of ILs in

NP and homogeneous catalysis, we propose that the IL-induced electrostatic stabi-

lization may be a viable strategy to enhance the stability of single-atom catalysts. We

also envisage that the electronic modification of isolated metal atoms by charged

cation or anion may bring about improved catalytic activity and selectivity. In this

proof of concept study, the effect of adding common ILs to single-atom Pt1 and

Pd1 on several supports was investigated. In the beginning, the ILSSAC 0.2Pt1/

HAP (hydroxyapatite) was selected as an example to systematically characterize

the dispersion state of Pt before and after hydrogenation reaction and quantify

the electrostatic stabilization effect of ILs on single-atom Pt using density functional

theory (DFT) calculation. Afterward, we extend the strategy to Pt1 catalysts

dispersed on various supports and single-atom Pd1 catalyst loaded on HAP to prove

the general applicability of the strategy.

RESULTS AND DISCUSSION

The Formation of Single-Atom Pt1/HAP Catalysts

A simple impregnation method was adopted to prepare single-atom Pt1 catalysts

using PtCODMe2 as the precursor and HAP as the support (Scheme 1). PtCODMe2
contains pure organic ligands that are removable under relatively mild conditions,

while HAP has a high density of surface OH groups to replace the organic ligands

of the precursor.57 The FTIR spectrum of the prepared sample (Figure S1) did not

show C–H vibrations of the COD and Me groups, indicating complete removal of

ligands. The obtained catalyst with 0.2 wt % loading was denoted as 0.2Pt1/HAP.

We employ three ILs bearing 1-n-butyl-3-methylimidazolium [Bmim+] cation, com-

bined with either tetrafluoroborate [BF4
�], bis(trifluoromethanesulfonyl)imide

[Tf2N
�], or trifluoromethanesulfonate [CF3SO3

�], all of which belong to non-coordi-

nating anions. The coating of ILs on Pt was facile: first mix 0.2Pt1/HAP and ILs (Pt:IL =

1:6) in methanol, followed by solvent evaporation. The IL-modified Pt1 catalysts were

labeled as IL-0.2Pt1/HAP, e.g., BmimTf2N-0.2Pt1/HAP refers to [Bmim][Tf2N] coated

0.2Pt1/HAP catalyst. High angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) confirmed atomic dispersion of Pt on HAP, as separated

Pt atoms (circled) were clearly observed as white dots in both 0.2Pt1/HAP (Figures 1A

and S2) and BmimTf2N-0.2Pt1/HAP (Figures 1B and S3). No NPs were detected. Be-

sides, a shell around the HAP particle was identified in BmimTf2N-0.2Pt1/HAP
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Figure 1. Structural Characterization of Fresh 0.2Pt1/HAP and ILs-0.2Pt/HAP

(A and B) HAADF-STEM images of (A) 0.2 Pt1/HAP and (B) BmimTf2N-0.2Pt1/HAP.

(C) The k3-weighted Fourier transform spectra from EXAFS for 0.2Pt1/HAP, IL-0.2Pt1/HAP, and standard samples.

(D) The normalized XANES spectra at the Pt L3-edge for 0.2Pt1/HAP, ILs-0.2Pt1/HAP, and standard samples.

(E) Wavelet transfer of the k3-weighted EXAFS for Pt foil, PtO2, and 0.2 Pt1/HAP.
(Figure S3C), likely to be the IL layer on the support. As expected, the X-ray diffrac-

tion (XRD) pattern of 0.2Pt1/HAP (Figure S4) was identical to that of HAP, where no

peak was assignable to Pt NPs.

The coordination environment and the oxidation state of Pt atoms on HAP were

examined by X-ray absorption spectroscopy (XAS). As shown in Figure 1C, the Pt–

Pt contribution appeared at around 2.6 Å in the k3-weighted Fourier transform

spectra from extended X-ray absorption fine structure (EXAFS) for Pt foil. However,

only one prominent peak centered at 1.6 Å from the Pt-O contribution was identified

for 0.2Pt1/HAP and ILs-0.2Pt1/HAP (Figure 1C). Wavelet transform spectra from EX-

AFS provide not only radial distance resolution but also resolution in k-space.58 As

shown in the contour plot of Pt foil and PtO2 (Figure 1E), the intensity maxima at

around 10 and 6 Å�1 are assigned to Pt–Pt and Pt–O contributions, respectively.

For 0.2Pt1/HAP catalyst, only one intensity maximum near 6 Å�1 was detected.

The wavelet transform spectra of IL-0.2Pt1/HAP were exhibited in Figure S5. Both

Fourier and wavelet transform indicated the dominant existence of single-atom Pt

species on HAP. The fitting results of EXAFS are summarized in Figure S6 and Table

S1. The coordination number of Pt–O for 0.2Pt1/HAP was 4.1, meaning that each Pt

atom coordinates to approximately four oxygen atoms. The modification of 0.2Pt1/

HAP with ILs [Bmim][BF4], [Bmim][Tf2N], and [Bmim][CF3SO3] did not change the co-

ordination number of Pt. The Pt–O bond distance (2.00 Å) of 0.2Pt1/HAP was similar
Chem 5, 3207–3219, December 12, 2019 3209



to that of PtO2 (2.02 Å), implying that the Pt is bound to O in a similar environment to

that of PtO2.

Figure 1D shows the normalized X-ray absorption near edge structure (XANES) re-

sults of single-atom Pt catalysts as well as the reference samples Pt foil and PtO2.

The white-line intensity of 0.2Pt1/HAP was higher than that of Pt foil, suggesting

positively charged state of Pt atoms induced by electron transfer from Pt to the sup-

port, as commonly seen in SACs. Compared with 0.2Pt1/HAP, ILs-0.2Pt1/HAP

showed decreased white-line intensity, indicating that the electronic properties of

single-atom Pt were slightly tuned. As the oxidation state of active species plays

an essential role in catalysis, the reduced charge state hints at a varied catalytic ac-

tivity. The position of CO adsorption peak in the in situ diffuse reflectance infrared

Fourier transform spectra (in situ DRIFTS) varies according to the oxidation state

of Pt and the bonding configuration of CO to Pt.59 0.2Pt1/HAP and ILs-0.2Pt1/HAP

samples only exhibited a narrow and symmetric CO adsorption band peaked at

2,086–2,089 cm�1 with full width at half maximum (FWHM) of 21–24 cm�1 (Figure S7),

assignable to linearly adsorbed CO on positively charged single-atom Pt.37

Compared with CO adsorption on 0.2Pt1/HAP (2,089.1 cm�1), a slight red shift

was observed for BmimBF4-0.2Pt1/HAP (2,088.5 cm�1), BmimTf2N-0.2Pt1/HAP

(2,087.1 cm�1), and BmimCF3SO3-0.2Pt1/HAP (2,086.6 cm�1), suggesting increased

‘‘d’’ electron back donating to Pt after adding ILs, likely induced by the charge trans-

fer from electron-enriched anions to positively charged Pt1 species. A negative

correlation between turnover frequency (TOF) and oxidation state of Pt was

observed (Figure S8), in agreement with an earlier report in which the IL effect on im-

mobilized Ir complex in selective hydrogenation was studied.56 BmimCF3SO3-

0.2Pt1/HAP with the lowest oxidation state of Pt showed the highest TOF (Figure 3A).

ILs Enhanced the Stability and Activity of Single-Atom Pt1/HAP Catalyst in

Propylene Hydrogenation

Reducing agents such as H2 are known to induce the aggregation of noble metals

on supports.60,61 To verify the promotional effect of ILs on the stability of Pt SACs,

0.2Pt1/HAP and ILs-0.2Pt1/HAP were tested in propylene hydrogenation at 90�C
for 1 h. In the HAADF-STEM image of spent samples, Pt NPs clearly formed on

0.2Pt1/HAP (Figure 2A). In contrast, atomically dispersed Pt remained to be the

only identifiable species on BmimTf2N-0.2Pt1/HAP (Figures 2B and S9). Fourier

transform spectra (Figure 2C) from EXAFS showed that BmimTf2N-0.2Pt1/HAP dis-

played a dominant peak of Pt–O at 1.6 Å, however, that of 0.2Pt1/HAP exhibited a

strong Pt–Pt shell at 2.6 Å. Wavelet transform for EXAFS provided the same

conclusion (Figure 2E): an intensity maximum near 10 Å�1 was resolved for

0.2Pt1/HAP, indicating the formation of Pt nanoparticle; in contrast, no intensity

maximum that can be ascribed to Pt–Pt contribution was observed for

BmimTf2N-0.2Pt1/HAP. For CO adsorption (Figure 2D), IL-coated samples showed

a single CO stretching band at around 2,087 cm�1 while 0.2Pt1/HAP exhibited two

more peaks at around 2,040 and 1,850 cm�1, which are characteristic for Pt NPs.

Similar results were obtained when samples were reduced in H2 at 90�C for 1 h,

i.e., [Bmim][BF4] and [Bmim][Tf2N] offered more stabilization effect against the ag-

gregation of single-atom Pt species in comparison to [Bmim][CF3SO3] (Figure S10).

It should be noted that catalysts treated under propylene hydrogenation condi-

tions were more stable than that reduced in H2, which could be explained by

the stronger adsorption ability of propylene on the catalysts than that of H2,

thus partially blocking the access of H2 to the catalyst. The HAADF-STEM, EXAFS,

and CO DRIFTS results provided compelling evidence that ILs considerably

increased the stability of 0.2Pt1/HAP during hydrogenation reaction. Based on
3210 Chem 5, 3207–3219, December 12, 2019



Figure 2. Structural Characterization of 0.2Pt1/HAP and ILs-0.2Pt/HAP after Propylene Hydrogenation at 90�C for 1 h

(A and B) HAADF-STEM images of (A) 0.2 Pt1/HAP and (B) BmimTf2N-0.2Pt1/HAP.

(C) The k3-weighted Fourier transform spectra from EXAFS for 0.2Pt1/HAP and BmimTf2N-0.2Pt1/HAP.

(D) In situ FTIR spectra of CO adsorption for 0.2Pt1/HAP and ILs-0.2Pt1/HAP catalysts. Pt foil and PtO2 were used as standard samples.

(E) Wavelet transform of the k3-weighted EXAFS for 0.2 Pt1/HAP and BmimTf2N-0.2Pt1/HAP.
TEM analysis shown earlier, the ILs form a protective layer around single-atom Pt

to provide electrostatic stabilization against aggregation.

Further study suggested ILs not only influence the stability of SACs, but also affect

the catalytic performance. To ensure all catalysts are stable, we evaluated their ac-

tivity in propylene hydrogenation at room temperature (Figure 3A). 0.2Pt1/HAP

showed a TOF of 8 h�1, in agreement with earlier reports that SACs are normally

not highly active in alkene hydrogenation.62 In contrast, the TOF increased substan-

tially to 35 h�1 for BmimBF4-0.2Pt1/HAP, 67 h�1 for BmimTf2N-0.2Pt1/HAP, and

81 h�1 for BmimCF3SO3-0.2Pt1/HAP under the same condition. In the presence of

ILs, the single-atom Pt1 catalyst substantially improved the hydrogenation activity

by up to 10 times in the case of BmimCF3SO3. Both XAS and CODRIFTS (Figure S11)

confirmed that the Pt1 species were preserved in the spent catalysts. The reaction

orders in terms of H2 and propylene were measured by keeping the reaction in a

kinetically limited region with the conversions below 5% (Figure S12).63,64 For

both 0.2Pt1/HAP and BmimTf2N-0.2Pt1/HAP, the reaction order was around �0.5

with respect to propylene (Figures 3C and S13A), and 1.1 with respect to H2 (Figures

3D and S13B). While the reaction orders were identical for the two catalysts, the

apparent activation energy was 66 kJ/mol for 0.2Pt1/HAP and 41 kJ/mol for

BmimTf2N-0.2Pt1/HAP, respectively (Figure 3B), providing insights on why IL-coated

catalyst is superior.65 Using ILs to tune the catalytic properties of metal NPs66 and an

immobilized metal complex56 through electron-donating effects has been reported,

but it has not been previously seen in SACs.
Chem 5, 3207–3219, December 12, 2019 3211



Figure 3. The Effect of ILs on the Catalytic Performance and Kinetic Behavior of 0.2Pt1/HAP

during Propylene Hydrogenation

(A) The activity of 0.2Pt1/HAP and ILs-0.2Pt1/HAP. Reaction condition: 3 vol % H2 and 3 vol %

propylene. Flow rate: 30 mL/min, room temperature.

(B) Arrhenius plots of reactions over 0.2Pt1/HAP and BmimTf2N-0.2Pt1/HAP. The reaction

temperature ranges from 2�C to 25�C.
(C and D) Propylene (C) and H2 reaction orders measured at 25�C over 0.2Pt1/HAP and BmimTf2N-

0.2Pt1/HAP (D).
DFT Simulation to Quantify the Electrostatic Stabilization Effect of ILs

DFT calculations were performed to clarify and quantify the role of ILs in preventing

Pt atoms from aggregation. The computational details are shown in the Supple-

mental Information. [Bmim][BF4] was selected instead of the other two ILs bearing

larger anions to reduce the computational cost. We first consider the formation pro-

cess of a Pt dimer (Pt2@HAP) from two isolated Pt1 species on HAP without ILs. As

shown in Figure 4, the Pt1 species prefer to adsorb on the oxygen atom of a HAP sur-

face with a Pt–O bond length of 1.99 Å. In Pt2@HAP, the Pt–Pt bond is 2.44 Å, slightly

longer than that of the isolated Pt dimer in a vacuum (2.36 Å), indicating that Pt–Pt

interaction is weakened by HAP. The energy profile shows that the process from two

Pt atoms to the Pt dimer is highly exothermic. The Pt dimer is more stable than two Pt

atoms on HAP by ca. 2 eV. Moreover, the energy barrier for the transformation of

2 Pt1 species into a Pt2 dimer is remarkably low (0.11 eV), explaining why Pt single

atoms are not stable on HAP. In the transition state, one Pt–O bond is elongated

to 2.21 Å, whereas two Pt atoms come closer to form a Pt–Pt bond.

When a [Bmim]/[BF4] couple is introduced, the [BF4
�] adopts a bridge mode to

interact with both Pt1 species. To form a Pt dimer, one must weaken both Pt–BF4
�

3212 Chem 5, 3207–3219, December 12, 2019



Figure 4. The Energy Profiles of the Dimerization Process for Two Pt Atoms on HAP Surface Without (Black) and With (Orange) [Bmim][BF4]

The corresponding structures are shown below the energy profiles. The indication of colors for each atom is shown at the top of the structures. TS stands

for the transition state.

Chem 5, 3207–3219, December 12, 2019 3213



interactions and Pt–O bonds with an activation barrier of 0.72 eV, 6 times higher

than the one without [Bmim][BF4]. The [BF4
�] keeps strong interaction with both Pt

atoms in the transition state, and still bonds to one Pt atom after the dimer forma-

tion. Influenced by [BF4
�] in the close proximity, the bond length of Pt–Pt in Pt2@HAP

increases to 2.68 Å, which narrows down the energy difference between 2Pt1-

BF4@HAP and Pt2-BF4@HAP to 0.25 eV. These results provide molecular-level in-

sights on how ILs protect the isolated Pt atoms: the anion plays a dominant role in

stabilization and electronic modulation by directly interacting with Pt1 species on

the support, while the cation stays in the outer shell balancing the charge and

possibly provides additional steric stabilization.61

The Generalization of ILSSAC for Different Supports and Transition Metals

To confirm that ILs stabilization is a general method to stabilize SACs, [Bmim][Tf2N]

was coated on single-atom Pt1 species that were dispersed on various supports

including CeO2, rutile TiO2, and monoclinic ZrO2. As shown in Figure 5A, after

reduction at 200�C for 1 h in H2, all the ionic liquid-stabilized single-atom Pt1 cata-

lysts displayed a dominant CO adsorption peak at above 2,080 cm�1, indicating

the atomic dispersion of Pt after reduction under harsh conditions; however, sin-

gle-atom Pt1 catalysts without adding ILs exhibited a strong peak between 2,053

and 2,037 cm�1, and a broad peak near 1,800 cm�1, which were assigned to CO

adsorption on Pt nanoparticles. As such, ILs stabilization of single-atom Pt1 against

aggregation is easily extendable to a range of common metal oxide supports. The

reduction temperature was further increased from 200�C to 240�C and 280�C. The
single-atom identity of Pt was fully preserved at 240�C, while a peak ascribed to

CO adsorption on Pt nanoparticles was identified on BmimTf2N-0.2Pt1/ZrO2

reduced at 280�C (Figure S14), indicating BmimTf2N is able to stabilize Pt single

atoms up to around 240�C. In case even higher temperature tolerance under a

strong reduction condition is needed, the use of more stable inorganic salts to pro-

vide electrostatic interaction may be required.

We also explored ILSSAC beyond Pt. A highly stable, active, and selective Pd1/HAP

SAC for semi-hydrogenation of acetylene using IL stabilization strategy was devel-

oped. Semi-hydrogenation of trace acetylene in a gas feed containing excess of

ethylene is an industrially important reaction in the purification of ethylene feed

gas for polyethylene production.67–70 Supported Pd catalysts are commonly used

in industrial scale due to their superior activity.71 However, significant quantities

of ethylene in the feedstock are also hydrogenated, significantly lowering the selec-

tivity and atom economy.72 The long-term stability is another issue. It was recently

found that supported Pd SACs9,73 or single-atom alloy (SAS) catalysts74–76 are highly

selective to this reaction, but suffer from the relatively lower activity (e.g., acetylene

total conversion at temperature >180�C)9 and lower atomic efficiency.74–76

HAP-supported Pd SACwas prepared by a strong electrostatic adsorptionmethod77

and was denoted as Pd1/HAP. [Bmim][BF4]-modified Pd1/HAP was denoted as

BmimBF4-Pd1/HAP. As shown in Figure S15, the catalytic performance test in

semi-hydrogenation of acetylene in excess ethylene reveals that Pd1/HAP (IL free)

has a relatively higher activity compared with previously reported Pd SACs on which

a total acetylene conversion was achieved at 140�C with a relatively higher ethylene

selectivity. After reduction at 100�C in H2, the 0.02Pd1/HAP without ILs showed a

much-increased activity but dramatically decreased selectivity, suggesting that Pd

single atoms have sintered into Pd NPs upon post-reduction treatment. This was evi-

denced by STEM images where small Pd NPs were observed (Figure 5D). On the

contrary, after reduction, the BmimBF4-Pd1/HAP sample exhibits increased activity
3214 Chem 5, 3207–3219, December 12, 2019



Figure 5. ILs Increased the Stability of a Range of Single-Atom Pt1 and Pd1 Catalysts

(A) In situ DRIFTS of CO adsorption on SACs and ILSSAC Pt catalysts after reduction at 200�C in 5% H2/N2 for 1 h.

(B and C) The acetylene conversion (B) and (C) ethylene selectivity over 0.02Pd1/HAP and BmimBF4-0.021Pd/HAP catalysts at 90 and 100�C, respectively.
The reaction temperature for each catalyst was set at the point when the catalyst just starts to provide full conversion of acetylene in the initial stage.

(D) The TEM images of 0.02Pd1/HAP reduced by 10% H2/He at 100�C for 0.5 h.

(E) HAADF-STEM images of BmimBF4-0.02Pd1/HAP after 90 h acetylene hydrogenation.

Chem 5, 3207–3219, December 12, 2019 3215



and selectivity, demonstrating that the nature of atomic dispersion was retained.

The durability of this catalyst was also examined by a long-term reaction test at

100
�
C (Figures 5B and 5C). It shows that over 90 h on-stream test the acetylene con-

version only dropped to 92%, with high ethylene selectivity of >75%. Aberration-

corrected HAADF-STEM images of the post-reaction catalyst reveal that no sintering

of the single Pd atoms was observed (Figure 5E). Comparatively, 0.02Pd1/HAP

without [Bmim][BF4] showed much lower selectivity and durability and the conver-

sion dropped to 92% rapidly within 17 h. It turns out that BmimBF4-Pd1/HAP ex-

hibited not only superior durability but also much higher selectivity at similar

condition than Pd1/HAP. Thermogravimetry and differential thermal analysis (TG-

DTA) was performed on the spent Pd/HAP catalyst (without ionic liquid coating). A

clear weight loss was observed before 600�C, suggesting the formation of oligomers

as by-products, which might be the reason for the slow deactivation (Figure S16).

In summary, we have established a simple and general method to stabilize SACs by

IL-coating. ILs provide sufficient protection to isolatedmetal atoms such as Pt and Pd

on HAP or other supports, thus significantly increasing the kinetic barrier for the for-

mation of metal-metal bonds on the surface. The presence of ILs also makes the

atom aggregation thermodynamically less favorable. Meanwhile, ILs tune the elec-

tronic state of Pt/Pd atoms to improve their catalytic stability and activity in hydro-

genation reactions, including industrially important semi-hydrogenation of trace

acetylene in a gas feed containing excess of ethylene. Considering that the physico-

chemical properties of ILs can be easily and finely tuned by the rational control of

cations and anions, it is likely that the electrostatic stabilization becomes a simple

and general strategy to enhance the stability of a broad range of SACs already re-

ported in the literature or under developments in various labs.
EXPERIMENTAL PROCEDURES

The Experimental Procedures are provided in the Supplemental Information.
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