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Abstract: The metal–support interface is central to governing catalytic transformations. While strong metal–support 

interaction (SMSI) is an established strategy to tailor the morphology and electronic properties of  supported metal 

catalysts, the role of  interfacial charge redistribution in SMSI formation remains poorly understood and rarely 

leveraged. Here, we report a dual-stimuli approach that combines pH modulation with ultrasonication to mediate 

SMSI construction in aqueous solution through dynamic Fermi level tuning. By leveraging in situ pH-driven charge 

redistribution at the metal–support interface, we achieve controllable SMSI encapsulation of  metal nanoparticles, 

as verif ied by electrochemical analysis, work function measurements, and X-ray-based techniques. The resulting 

catalysts exhibit tunable SMSI features and deliver enhanced activity and selectivity in hydrogenation reactions. 

This work establishes a facile strategy to modulate catalyst structure and electronic properties by exploiting Fermi 

level variation as a driving force, thereby advancing rational SMSI design and catalytic performance across diverse 

environments. 
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Introduction 

The metal–support interface is central to governing catalytic transformations. [1-4] Particularly, strong metal–

support interaction (SMSI) construction has emerged as a powerful strategy to tune the performance of  

heterogeneous catalysts, providing enhanced stability and tunable activity/selectivity through encapsulation of  

metal nanoparticles (NPs) by their oxide supports. [2, 5-7] Such encapsulation, typically triggered by external stimuli 

including heat, mechanochemical force, or ultrasonication, suppresses sintering and agglomeration while imparting 

steric and electronic modulation to metal sites. [8-14] Despite these advances, conventional SMSI construction 

usually relies on high-temperature reduction (>300 °C under H₂) of  reducible oxide supported-metal catalysts.[2, 15] 

Although the SMSI landscape has expanded with alternative supports (e.g., oxidative metal oxides, boron nitride, 

carbon, and silica) and lower-temperature techniques such as atomic layer deposition, photoinduction, 

mechanochemical, and wet-chemical approaches,[9, 16-20] strategies that operate under ambient conditions and 

enable controllable SMSI formation remain scarce. Addressing this challenge requires a deeper understanding of  

the fundamental physicochemical factors governing SMSI construction.  

Recent theoretical study has shown that metal–metal cohesive interactions can outweigh metal–support 

bonding in late-transition metal catalysts, highlighting bonding competition as a thermodynamic driver of  SMSI 

construction.[6] In addition, in single-atom catalysts, f rontier molecular orbital (FMO) theory has been applied to link 

the energy levels of  metal and oxide support with enhanced activity and stability, particularly the lowest unoccupied 

molecular orbital (LUMO) of  the support.[21] These studies underscore the central role of  electronic properties of  

metal and support in controlling SMSI formation and tuning catalytic behavior. However, the role of  in situ charge 

and electron density redistribution at the metal–support interface during SMSI formation remains poorly understood 

and rarely leveraged. 

To address this gap, we present a dual-stimuli strategy to modulate SMSI construction over supported metal 

catalysts by harnessing dynamic Fermi level (EF) tuning in aqueous media of  varying pH, leading to enhanced  

catalysis during subsequent reactions in gas-phase or non-polar media. This approach leverages SMSI 

construction induced by ultrasonication under ambient conditions, and by adjusting the pH of  the aqueous solution, 

the Fermi level of  metal catalysts can be precisely tuned in situ, with lower pH leading to lower in situ Fermi levels 

and stronger SMSI encapsulation, while higher pH results in the opposite trend. These variations were thoroughly 

characterized using electrochemical analysis, chemisorption, microscopy, and X -ray-based techniques. Crucially,  

the pH-mediated SMSI encapsulation greatly af fects their catalytic performance. Catalysts treated at lower pH (e.g., 

pH4) exhibited enhanced activity and selectivity in gas-phase and non-polar liquid-phase hydrogenation of  alkynes 

compared with the pristine catalyst and that f rom higher pH treatment (e.g., pH10). This work establishes an 

ef f icient method to mediate the SMSI construction via in situ Fermi level tuning, enabling sustained catalytic 

enhancement beyond traditional catalyst modif ication.   

Results and Discussion 

Controlling SMSI construction by dynamic Fermi level tuning  

As SMSI formation and encapsulation extent are governed by the electronic properties of  the metal sites and 

support, strategies enabling charge and electron density redistribution at metal -support interface can modulate 

SMSI construction. [22, 23] Motivated by this, we propose a dual-stimuli strategy combining pH variation and 

ultrasonication with the assumption that 1) proton interactions at the solid –liquid interface, governed by solution 

pH, modulate catalyst electronic properties by driving spontaneous proton transfer between bulk solution and metal 

NPs.[24] This alters the formation and deprotonation of  surface adsorbed protons (H*), depleting or retaining 

electrons on the NPs and thereby shif ting the EF;[25, 26] and 2) ultrasonication induces sub-oxide defect formation 

and Ti3+ migration, promoting overlayer encapsulation with the extent governed by E F and charge redistribution at 

the metal–support interface.[11, 27] Together, these stimuli enable simultaneous EF ref inement and SMSI 

construction, providing a viable route to convert transient electronic states into permanent catalytic architectures.  
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Figure 1 (a) Schematic illustration of  SMSI encapsulation assisted by dual external stimuli using pH adjusted 

aqueous solutions and ultrasonication. (b) LEIS spectra and Ti/Pd LEIS peak area ratio for each catalyst. (c) EELS 

mapping of  Pd/TiO2-pH4 and (d) Pd/TiO2-pH10 featuring Pd, Ti, and O signals with EELS spectra f rom the orange 

box region. (e) CO chemisorption and (f ) CO DRIFTS results for each catalyst.



4 

 

The feasibility of  controlling SMSI constructions via pH modulation was evaluated using a TiO2-supported Pd 

catalyst (Pd/TiO2), which was then subjected to ultrasonication in Britton–Robinson buf fer solutions at pH 4, 7, and 

10, yielding catalysts denoted as Pd/TiO2-pH4, Pd/TiO2-pH7, and Pd/TiO2-pH10, respectively (Figure 1a). These 

conditions were chosen to systematically explore how pH af fects EF modulation and whether the ultrasonication-

induced SMSI encapsulation degree can be tuned via pH. The degree of  SMSI encapsulation was f irst assessed 

by low-energy ion scattering (LEIS) (Figure 1b), which sensitively probes surface composition and an increased 

Ti/Pd ratio ref lects oxide overlayer formation. The LEIS spectra show distinct Pd, Ti, and O signals at 1286, 1071, 

and 595 eV, respectively. Notably, the Pd signal intensity decreased progressively f rom Pd/TiO2-pH10 to Pd/TiO2-

pH4, ref lecting diminished surface Pd exposure and enhanced encapsulation at lower pH. This observation was 

supported by the Ti/Pd peak area ratio, which increased as the pH decreased, conf irming greater Ti overlayer 

coverage of  Pd in Pd/TiO2-pH4. The inf luence of  possible Pd and Ti oxidation or dissolution during ultrasonication 

was ruled out by the O peak intensity (Figure S1 and Supplementary Note 1) and inductively coupled plasma optical 

emission spectroscopy (ICP-OES) analysis (Table S1).  

Electron energy loss spectroscopy (EELS) mapping of  Pd/TiO2-pH4 (Figure 1c) further conf irmed SMSI 

encapsulation, showing Ti L-edge (456.8 eV) and O signals at the top of  Pd NP, which was absent in the  

pristine Pd/TiO2 precursor.[11, 28] High-resolution transmission electron microscopy (HR-TEM) images of  Pd/TiO2-

pH4 revealed Pd NPs partially covered by TiOx overlayers, with lattice f ringes of  0.23 nm (Pd (111)) and 0.36 nm 

(TiOx), and blurred Pd f ringes beneath the TiOx overlayers (Figure S2). Corresponding High-Angle Annular Dark-

Field Scanning Transmission Electron Microscopy (HAADF-STEM) images and high resolution energy dispersive 

X-ray spectroscopy (HR-EDS) mapping of  Pd/TiO2-pH4 also showed Ti and O signals localized on the Pd NPs, 

whereas the pristine Pd/TiO2 precursor exhibited no detectable Ti or O signals on or within the Pd NPs, further 

conf irming the existence of  SMSI encapsulation on Pd/TiO2-pH4 and its absence on the Pd/TiO2 precursor (Figure 

S3). In contrast, Pd/TiO2-pH10 displayed weaker and edge-localized Ti L-edge signals, which shif ted to higher 

energy (458.9 eV) (Figure1d), indicating less suboxide overlayer formation. HR-TEM images of  Pd/TiO2-pH10 

corroborated these f indings, showing only partial encapsulation without discernible TiO x f ringes on top of  Pd NP 

centers (Figure S4 and Supplementary Note 2). 

CO chemisorption was employed to probe encapsulation extent on Pd NPs. A systematic decrease in CO 

uptake with decreasing pH conf irmed progressively enhanced SMSI encapsulation (Figure 1e). The untreated  

Pd/TiO2 precursor showed a chemisorption value of  2.56 μmol g⁻¹, which decreased to 1.53 μmol g⁻¹ (Pd/TiO2-

pH10), 0.58 μmol g⁻¹ (Pd/TiO2-pH7), and 0.13 μmol g⁻¹ (Pd/TiO2-pH4), demonstrating stronger encapsulation at 

lower pH. CO dif fuse ref lectance inf rared Fourier transform spectroscopy (CO-DRIFTS) analysis further conf irmed 

pH-dependent encapsulation (Figure 1f  and Table S2). The untreated Pd/TiO2 precursor displayed bands at 2120 

cm⁻¹ (A-top CO on Pd(111) defects)[29], 1997 cm⁻¹ (bridge-bonded CO at Pd NP edges)[30], and 1885 cm⁻¹ 
(threefold-hollow CO on Pd(111))[31]. Af ter ultrasonication treatment, Pd/TiO2-pH10 retained bands at 2120 and 

1950 cm⁻¹, Pd/TiO2-pH7 showed bands at 2170 and 2000 cm⁻¹, while Pd/TiO2-pH4 exhibited only one band at 

2030 cm⁻¹, which can be assigned to linearly adsorbed CO on isolated Pd sites formed af ter extensive TiOₓ 

coverage. For Pd/TiO2-pH4, the downward shif t f rom the typical top-site f requency (∼2120 cm⁻¹) ref lects reduced 

dipole–dipole coupling among CO adsorbates as Pd ensembles become increasingly isolated under TiOₓ overlayer 

formation,  conf irming extensive encapsulation. [32] The progressive loss of  coordinated CO bands, coupled with 

reduced band intensity at lower pH (Figure S5), indicates substantial modif ication of  Pd surface sites  

(Supplementary Note 3). X-ray dif f raction (XRD) analysis further supports the controlled SMSI encapsulation 

following ultrasonication under varying pH conditions (Figure S6), as evidenced by the broadened peak prof ile and 

reduced intensity of  the Pd (111) ref lection, indicative of  surface induced amorphization due to TiOₓ overlayer 

formation (Supplementary Note 4).[33] In addition, quantitative analysis of  Pd domain sizes derived f rom  extended 

X-ray absorption f ine structure (EXAFS) Pd–Pd coordination numbers (Table S3) shows no systematic dependence 

on pH and does not correlate with the observed suppression of  CO uptake. The modest variation in domain size 

likely ref lects partial amorphization of  the Pd surface due to TiOₓ overlayer formation, rather than signif icant 

nanoparticle f ragmentation or growth. Notably, Pd/TiO2–pH4 exhibits the smallest EXAFS-derived Pd domain size 

yet displays substantially reduced CO chemisorption, further indicating that  Pd nanoparticle size is not the primary 

factor. Taken together, these results indicate that the pH-dependent reduction in CO uptake arises f rom SMSI 

overlayer formation rather than f rom dif ferences in Pd particle size (Figure S7).  

To demonstrate the broader applicability of  this pH-modulated SMSI strategy, the same approach was applied 

to Pt/TiO2, Pd/ZnO, and Pd/CeO₂, which resulted in analogous trends in metal NP encapsulation as evidenced by 

diminished XRD peak intensity and reduced CO chemisorption (Figures S8-10 and Supplementary Notes 5-7). For 

further comparison, classical SMSI was induced by H2 reduction of  Pd/TiO2 for 2 hr in 5% H2/He at 300, 400 and 

500 °C respectively. XRD shows progressive decrease of  the Pd (111) ref lection plane with increasing reduction 

temperature, while CO-DRIFTS reveals rapid suppression and eventual disappearance of  Pd –CO bands at 500 °C, 
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indicating extensive and poorly tunable encapsulation (Figure S11). This is in stark contrast to the pH-modulated 

strategy where the thermal H2 SMSI treatment proceeds without f ine control over encapsulation extent or interfacial 

electronic structure. 

 

Valence and structure variation upon pH-driven SMSI encapsulation 

To probe defect and suboxide species formation accompanying SMSI construction, the oxidation states of Pd 

and Ti were analyzed by X-ray photoelectron spectroscopy (XPS). The Pd 3d XPS spectra exhibited a pH-

dependent shif t to lower binding energies, ref lecting increased electron density on Pd af ter ultrasonication in lower 

pH (Figures S12-13) indicative of  enhanced metal–support electron interaction and partial reduction of  Pd species 

under SMSI conditions.[34] Correspondingly, the Ti 2p XPS peak shif ted f rom 459.0 eV (Ti4+ in TiO2 precursor) to 

458.5 eV in Pd/TiO2-pH4, consistent with TiOx suboxide overlayer formation and electron-enriched Ti species 

(Figure 2a). Notably, the Ti 2p binding energy shif t correlated linearly with pH of  the buf fer solution (Figure 2b), 

underscoring progressively enhanced electron density of  the TiOx overlayer af ter ultrasonication in lower pH. To 

distinguish surface-localized electronic ef fects f rom changes in the bulk Pd oxidation state, Pd K -edge X-ray 

absorption near-edge structure (XANES) spectroscopy was performed. Linear combination f itting using Pd foil and 

PdO references revealed no signif icant change in the bulk Pd⁰/Pd 2+ ratio across all pH conditions (Figure S14 and 

Table S4), indicating that ultrasonication-induced SMSI does not result in bulk Pd reduction or oxidation. Moreover, 

comparison of  the normalized Pd K-edge XANES spectra (Figure S15) shows that the pH-treated catalysts exhibit 

a systematic shif t of  the pre-edge feature to lower energy, together with an increase in white-line intensity with 

decreasing pH, which is consistent with enhanced Pd–support orbital hybridization, increased electronic screening 

at Pd, and reduced Pd–Pd coordination arising f rom strengthened metal–support interactions rather than bulk PdO 

formation.[35] 

Pd K-edge EXAFS f itting analysis was conducted to examine the local structural environment of  Pd (Table S 5 

and Figure S16). All Pd/TiO₂ samples show lower EXAFS amplitudes (S0²) compared with Pd foil, indicating Pd–

support interactions, with Pd/TiO2-pH4 exhibiting the lowest amplitude, consistent with the strongest SMSI 

encapsulation.[36] Coordination numbers (CN) decreased for Pd/TiO2-pH4 (10.29) relative to the untreated Pd/TiO2 

precursor (10.77) and slightly increased at higher pH Pd/TiO2 precursor (Pd/TiO2-pH7: 10.92 and Pd/TiO2-pH10:  

10.79), conf irming that SMSI strength increases under more acidic conditions . Pd–Pd bond distances (ΔR) in the 

Pd/TiO2-pH SMSI samples are slightly expanded (~2.49 Å) relative to Pd foil (2.43 Å), suggesting subtle lattice 

expansion or strain induced by the Pd–support interactions, while Debye–Waller factors (σ²) remain comparable 

across all samples, indicating preserved structural integrity. [8] Notably, no Pd–O contributions (~1.38 Å) are 

observed, conf irming that Pd NPs remain predominantly metallic across all pH treatments (Figure S17). These 

EXAFS results demonstrate that ultrasonication in pH buf fers promotes pH-dependent SMSI formation without 

altering the structural integrity of  the Pd NPs, consistent with trends observed in XRD, CO chemisorption and CO-

DRIFTS measurements. 
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Figure 2 (a) Ti 2p3/2 XPS spectra of  each catalyst. (b) Relationship between Ti 2p3/2 binding energy shif t and solution 

pH used during ultrasonication. (c) XANES spectra at the Ti K-edge of  Pd/TiO2 and Pd/TiO2-pH4. (d) FT-EXAFS 

k3-weighted χ(k) data. (e) Short range atomic PDF spectra. 
 

X-ray absorption f ine structure (XAFS) spectroscopy was used to  further probe the local coordination and 

electronic environment of  Ti in Pd/TiO2 and Pd/TiO2–pH4. In the XANES spectra (Figure 2c), the pre-edge region 

was deconvoluted into three main features (P1–P3), assigned to excitonic transitions and the quadrupole-allowed 

1s → 3d transition.[37] Compared to Pd/TiO2, Pd/TiO2–pH4 showed a notable increase in pre-edge intensities 

without energy shif ts, indicating enhanced 3d–4p hybridization and increased local TiO6 symmetry, approaching 

rutile-like character while retaining the major anatase phase. [38] The more symmetric local environment may 

facilitate orbital overlap and charge transfer at the metal–support interface, promoting SMSI overlayer formation. [39] 

Fourier-transformed extended X-ray absorption f ine structure (FT-EXAFS) analysis at the Ti K-edge (Figure 2d) 

revealed two main coordination shells. The Ti–O path shortened f rom ~1.47 Å in Pd/TiO₂ to ~1.40 Å in Pd/TiO2–

pH4, while the Ti–Ti path elongated f rom ~2.42 Å to ~2.48 Å, consistent with defect generation, partial reduction, 

and structural evolution toward a more uniform TiO₆ environment.[38] FT-EXAFS f itting with an anatase-based  

model (Figures S18–S19 and Table S6) showed a reduced Debye–Waller factor (σ²) and positive path length 

variation (δr) for Ti–O in Pd/TiO2–pH4, indicating decreased static disorder and convergence of  Ti–O bond lengths. 

The inclusion of  third cumulants revealed non-Gaussian local distortions, conf irming that while Pd/TiO2–pH4 

possesses a more symmetric local structure, it remains subtly distorted. [40] Collectively, these results demonstrate 
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that pH-modulated ultrasonication enhances TiO6 symmetry and local orbital interactions, enabling stronger SMSI 

overlayer formation. 

Synchrotron X-ray pair distribution function (PDF) analysis further probed the local atomic structure of  Pd/TiO2 

and Pd/TiO2-pH4 in real space (Figure 2e). The f irst coordination shell at 1.93 Å (Ti–O), the correlation at 3.81 Å 

(Ti-Ti/O-O), and the second-shell Ti-O peak at 4.27 Å showed reduced intensity in Pd/TiO2-pH4, which may indicate 

smaller coordination number, oxygen vacancy formation, and electronically enriched Ti species, though the 

observed dif ference is small. [41] However, the Pd–Pd correlation peak increased, corroborating XPS evidence of  

increased electron density around Pd  (Figures S12–S13). Longer Pd-related bond distances in Pd/TiO₂-pH4 imply 

Pd–Ti interactions during SMSI construction. [42] Despite increased disorder, XANES and FT-EXAFS indicate a 

more symmetric and electronically hybridized local Ti–O environment, lowering surface energy and enhancing  

orbital overlap at the metal–support interface. These local structural reorganizations provide a foundation for SMSI 

overlayer formation and interfacial charge redistribution. [38, 43] 

Mechanistic insights into dynamic Fermi level tuning during SMSI construction  

Previous studies revealed that SMSI encapsulation arises f rom oxygen vacancies (Ovac) and reduced metal 

cations (e.g., Ti3+) in oxide supports under reductive conditions.[2, 42, 44-46] Accordingly, external stimuli that enrich 

Ovac and reduced metal species (Mδ+) are preferred to promote stronger encapsulation. To experimentally probe 

how pH modif ies these surface properties, we performed  Mott–Schottky (MS) analysis at 1000 Hz. [47] Specif ically,

the f lat-band potential (Vfb), corresponding to EF alignment with the Ag/AgCl reference electrode, was extracted 

f rom MS plots (Figure 3a) and converted to EF on the vacuum scale (Supplementary Note 8). The resulting EF 

values were –3.56, –3.41, and –3.27 eV for pH 4, 7, and 10, respectively, showing a linear correlation across 1500 –

500 Hz (Figures S20–S21). These pH-dependent values ref lect the equilibrated electronic state of  the Pd/TiO2 

interface, indicating whether the Pd/TiO2 surface is electron-def icient or electron-rich, and thus provides a 

mechanistic basis for how pH inf luences charge redistribution at the Pd/TiO2 interface.[48] For instance, a more 

negative shif ted Vfb (e.g. –1.38 eV (pH 10)) is indicative of  Ti-O- species, while a more positive shif ted V fb (e.g –

1.08 V (pH 4)) is indicative of  Ti-OH2+ species.[49] In particular, it is the protonation/deprotonation of  surface –OH 

groups and interfacial dipoles, that shif ts the EF relative to the intrinsic vacuum-level EF of  TiO2 (–5.15 to –4.7 eV, 

depending on phase, Pd size, and defect density), thereby modulating the electron density of  Pd NPs at the 

interface.[24]  

Previous work has established that SMSI formation is governed by the dif ference in EF between the support 

and the metal (EFTiO₂ > EFmetal), which drives migration of  reduced species and overlayer formation.[45] 

Accordingly, modifying the EF of  Pd/TiO2 via pH shif ts the equilibrated EF at the interface of  Pd and TiO2 (Figure 

3a). Thus, the pH-driven EF modulation governs SMSI formation through distinct interfacial processes (Figure 3b). 

At pH 4, surface hydroxyls on TiO2 are protonated (–OH2+), while Pd NPs undergo protonation (H*ads), depleting 

their electron density (e⁻Pd) and generating electron-def icient Pd surfaces. [50] The combined ef fect produces a 

positively polarized Pd/TiO2 interface with a lower EF, which facilitates oxygen vacancy generation and Ti⁴⁺ 
reduction to Ti3+. These Ti3+ species are then electrostatically attracted to the electron-def icient Pd (satisfying the 

SMSI formation requirement of  EFTiO₂ > EFmetal), thereby driving their migration and subsequent SMSI overlayer 

formation. By contrast, at pH 10, deprotonation by hydroxide anions yields Oδ--enriched TiO2 and electron-rich Pd 

NPs, resulting in a higher EF that suppresses Ti3+ migration (Figure 3b). Meanwhile, ultrasonication generates 

abundant H· radicals, which under acidic conditions accelerate TiO2 reduction, but under alkaline conditions are 

consumed by OH⁻ to form non-reductive species (H2O2, ·O⁻), thereby limiting radical-driven reduction.[51, 52] 

Together, these coupled ef fects demonstrate how pH simultaneously modulates the EF and radical chemistry, 

thereby dictating the extent of  SMSI encapsulation. Ultimately ,these results indicate that the observed EF shifts 

are not merely descriptors of  interfacial electronic states but actively govern SMSI formation by controlling Ti3+ 

migration, oxygen vacancy formation, and Pd–support interactions under dif ferent pH conditions. 

Secondary electron cutof f spectra further reveal that SMSI formation alters both catalyst geometry and 

electronic properties (Figure 3c–3d). Upon SMSI construction, the work function (Φ), which is inversely related to 

the EF (Φ = EVac – EF), of  catalysts decreases systematically with decreasing pH, with 4.88 eV (Pd/TiO2), 4.67 eV 

(Pd/TiO2-pH10), 4.12 eV (Pd/TiO2-pH7), and 4.05 eV (Pd/TiO2-pH4) demonstrating that SMSI formed under more 

acidic conditions leads to the most pronounced electronic modulation. Notably, Pd/TiO2-pH4 exhibits the lowest Φ, 

consistent with enhanced electron transfer (via migration of  reduced Tiδ+) to Pd during encapsulation. These results 

establish solution pH as a powerful lever to control SMSI extent and interfacial charge transfer.  
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Figure 3 (a) Mott-Schottky plots of  Pd/TiO2 in dif ferent pH solution and the corresponding protonation and 

deprotonation states of  the TiO2 surface. (b) Schematic illustration of  pH-modif ied SMSI construction through in 

situ Fermi level tuning. (c) XPS secondary electron cutof f  and (d) as-calculated work function of  Pd/TiO2 precursor, 

Pd/TiO2-pH10, Pd/TiO2-pH7, and Pd/TiO2-pH4.

Catalytic enhancement via pH-driven SMSI encapsulation 

As demonstrated above, the dual stimuli approach using pH modulation and ultrasonication was used to 

systematically restructure Pd/TiO2, enabling tunable SMSI encapsulation and associated electronic modulation, 

ultimately modifying adsorption geometries and binding strength of  substrates and intermediates to alter activity 

and selectivity.[2, 53] The catalysts were evaluated in the gas-phase semi-hydrogenation of  acetylene, a probe 

reaction to assess how electronic and structural modif ications stabilized under aqueous conditions inf luence 

catalytic behavior. This transformation is industrially cri tical for purifying ethylene-rich streams used as polymer 

feedstocks.[54, 55] The key challenge lies in achieving high ethylene selectivity while suppressing over-hydrogenation 

to ethane, as both species are reactive under hydrogenation conditions. [56, 57] Effective catalysts must deliver near 

complete acetylene conversion with minimal ethylene loss, while avoiding side reactions such as oligomerization 

and carbon deposition that compromise stability. [56, 57]  Thus, precise control of  surface electronic structure and 

adsorption energetics is essential to enhance both catalytic performance and durability in this process. Af ter 

screening reaction parameters (Figure S22), 50 °C was selected to evaluate the catalysts upon SMSI construction 

(Supplementary Note 9). While comparable acetylene conversions were observed: 76% (Pd/TiO2-pH4), 83% 

(Pd/TiO2-pH7), and 81% (Pd/TiO2-pH10) (Figure 4a), ethylene selectivity varied sharply with encapsulation degree, 

reaching 88% for Pd/TiO2-pH4 versus 16% for Pd/TiO2-pH10 (Figure 4b). Notably, the low-selectivity regime 

towards ethylene is consistent with the behavior of  the bare Pd/TiO2 catalyst (Figure S23), which are well known 

to favor over-hydrogenation to ethane due to contiguous Pd ensembles. [58-60] Pd/TiO2-pH4 delivered the highest 

turnover f requency (TOF) (90.5 s⁻¹), outperforming Pd/TiO2-pH7 (31.3 s⁻¹), and Pd/TiO₂-pH10 (19.4 s⁻¹) (Figure 
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S24). H2 pulse titration revealed an inverse correlation between exposed Pd sites (Pd/TiO₂-pH10 > Pd/TiO₂-pH7 > 

Pd/TiO2-pH4) and encapsulation degree despite comparable Pd loadings  and particle sizes (Figure S25). Apparent 

activation energies (Ea) extracted f rom Arrhenius plots (Figure S26–S29) conf irmed this trend, with Pd/TiO2-pH4 

showing the lowest Ea (29.1 ± 4 kJ mol-1) compared to Pd/TiO2-pH7 (35.9 ± 3 kJ mol⁻¹) and Pd/TiO2-pH10 (38.5 ± 

3 kJ mol⁻¹). These results establish a linear correlation between catalytic activity and encapsulation extent (Figure 

4b), where higher encapsulation (Pd/TiO2-pH4) corresponds to greater ef f iciency and lower Ea. Furthermore, the 

stability of  Pd/TiO2-pH4 was evaluated under acetylene hydrogenation at 50 °C with the same catalyst loading and 

gas composition as the results shown in Figure 4a. The catalyst maintained conversions between 80–90% with 

ethylene selectivity of  97-99% over 65 hours. CO DRIFTS along with CO chemisorption showed no signif icant 

change in the availability of  surface Pd sites, and  post-reaction XRD analysis conf irmed that the Pd (111) plane 

peak intensity remained unchanged, indicating negligible sintering and preservation of  the SMSI overlayer (Figure 

S30). These results demonstrate that the encapsulation structure and enhanced act ivity are maintained under 

prolonged reaction conditions. Moreover, to rule out contributions from buffer-derived species (e.g. phosphoric and 

boric acids), XPS and EDS spectra of  Pd/TiO2-pH4 showed no detectable phosphorus or boron species on the 

catalyst surface (P 2p, ~133–134 eV; B 1s, ~187-193 eV), conf irming that the observed catalytic behavior is driven 

by pH-modulated SMSI formation rather than adsorption and active site coverage f rom the phosphoric or boric acid 

species present in the Britton–Robinson buf fer (Figure S31). 

Beyond gas-phase reactions, the enhanced performance of  the treated catalysts was further demonstrated in 

non-aqueous liquid-phase reactions, using phenylacetylene hydrogenation as a probe reaction (Figure 4c). Under 

identical reaction conditions at 125 °C, the SMSI modif ied catalysts achieved comparable phenylacetylene 

conversions of  72% (Pd/TiO2-pH4), 80% (Pd/TiO2-pH7), and 76% (Pd/TiO2-pH10) (Figure 4c). Similar to the gas-

phase results, Pd/TiO2-pH4 exhibited the highest selectivity toward styrene at 92%. This selectivity trend correlated 

with the encapsulation degree, with Pd/TiO2-pH10 showing the lowest styrene selectivity (14.6%) (Figure 4c). For 

comparison, bare Pd/TiO2 exhibited similarly low styrene selectivity (Figure S32), consistent with its well-

documented tendency to promote over-hydrogenation to ethylbenzene due to extended Pd ensembles. [61] 

Consistent with gas-phase hydrogenation, Pd/TiO2-pH4, possessing the lowest Φ af ter SMSI construction, also 

demonstrated the highest TOF of  6.2 s⁻¹ (Figure S33). Additionally, the number of  exposed Pd sites correlated 

inversely with the encapsulation degree and the catalytic activity (TOF), decreasing in the order: Pd/TiO 2-pH10 > 

Pd/TiO2-pH7 > Pd/TiO2-pH4 (Figure S34). Notably, the Ea for Pd/TiO2-pH4 was slightly lower at 26.5 ± 3 kJ mol⁻¹, 
compared to Pd/TiO2-pH7 (27.4 ± 2 kJ mo l-1) and Pd/TiO2-pH10 (31.8 ± 3 kJ mol kJ mo l-1) (Figures S35-S38), 

conf irming the catalytic enhancement achieved through pH-induced Fermi level modulation (Figure 4d). The 

consistent trends observed in both gas-phase and non-aqueous liquid-phase hydrogenation reactions suggest that 

the EF tuning induced by pH adjustment during ultrasonication is not merely a transient ef fect but a driving force for 

controllable SMSI encapsulation.  
For comparison, classical SMSI was induced by H2 reduction of  Pd/TiO2 for 2 hr in 5% H2/He at 300, 400, and 

500 °C respectively and evaluated in phenylacetylene hydrogenation. Even though high-temperature reduction 

similarly attenuated Pd (111) dif fraction intensity and suppressed CO adsorption, excessive encapsulation at 

500 °C resulted in a pronounced loss of  catalytic activity, underscoring the limited tunability of  thermally induced 

SMSI (Figure S39). In contrast, pH-driven SMSI enables controlled SMSI overlayer formation that preserves activity 

while enhancing selectivity thus demonstrating the viability of  pH-driven electronic tuning as a means to modulate 

SMSI encapsulation. 

To f irst assess whether hydrogen activation contributes to this  enhanced catalytic behavior, H2-D2 exchange 

experiments were conducted as a probe of  H2 dissociation and metallic Pd ensemble availability. Notably, Pd/TiO2-

pH4 exhibited a lower HD formation rate relative to the other catalysts (Figure S40), indicating that the enhanced  

activity does not originate f rom accelerated H2 dissociation or increased exposure of  metallic Pd sites. This 

observation instead points to altered surface chemistry and reaction pathways as the dominant contributors to 

catalytic enhancement, motivating a detailed examination of  surface-bound species and interfacial structure. 

Inelastic neutron scattering (INS) spectra revealed that ultrasonication subtly modif ied surface-bound water and 

hydroxyl groups in Pd/TiO2 catalysts, with fewer conf ined water molecules and slightly more hydroxyl species in 

Pd/TiO2-pH4 (Figure S41). These changes are consistent with the formation of  Ti3+/TiOₓ species under low-pH 

conditions, which increase surface hydrophobicity, displace water f rom the Pd surface, and facilitate the 

development of  a partial SMSI overlayer (Supplementary Note 10).[62] O 1s XPS analysis support the INS results 

showing more hydroxyl species in Pd/TiO2-pH4 (Figure S42). Additionally, in situ DRIFTS under acetylene 

hydrogen conditions (Figure S43) revealed that the enhanced ethylene selectivity of  Pd/TiO2-pH4 arises f rom π-

stabilization of  the C=C bond in ethylene without indication of  further C-H stretching modes that arise f rom sigma-

bonded ethylene, which is a precursor for hydrogenation to ethane (Table S7).[63] Thus, these changes in surface 

hydroxyl speciation provide an important link between pH-mediated SMSI construction and catalytic selectivity. 
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Together, O 1s XPS and INS indicate that Pd/TiO2-pH4 possesses a surface enriched in hydroxyl groups but  is 

depleted in physisorbed water, consistent with Ti3+/TiOₓ formation and increased surface hydrophobicity 

(Supplementary Note 10). This altered hydroxyl environment suppresses hydrogen transfer mediated by surface –

OH/water networks and, together with SMSI-induced site isolation, favors π-bound adsorption of  ethylene over σ-

bound intermediates, thereby inhibiting over-hydrogenation and enhancing ethylene selectivity (Supplementary  

Note 11).[63]

Figure 4 (a) Catalytic performance in acetylene semihydrogenation. Reaction conditions: 0.5% acetylene, 2.5% 

H2, 97% argon gas mixture, f low rate 50 ml min-1, catalyst 5 mg, diluted with quartz  50mg, and reaction temperature 

50 oC. (b) The Ea of  acetylene hydrogenation for each catalyst. (c) Catalytic performance in phenylacetylene 

hydrogenation. Reaction conditions: 5 mmol phenylacetylene, 0.5 MPa H2, catalyst 10 mg, reaction temperature 

125 °C, and reaction time 1h. (d) The Ea of  phenylacetylene hydrogenation for each catalyst .

Theoretical elucidation of enhanced SMSI encapsulation and reaction pathway 

Density functional theory (DFT) calculations were performed to investigate the relationship between the 

encapsulation extent and work function (Φ) of  resulting Pd/TiO2 catalysts and the inf luence of  SMSI encapsulation 

on the acetylene semihydrogenation pathway. A Pd13 cluster partially covered by a reduced TiOₓ overlayer (x = 

1.5) was used to model varying encapsulation degrees (0%, 50%, 100%, and 150%) (Figure 5a). As the coverage 

increased f rom 0% to 150%, the calculated Φ decreased f rom 4.77 to 4.19 eV (Figure 5b), consistent with 

experimental Φ values derived f rom XPS Ecutoff of catalysts treated in dif ferent pH solutions (Figure 3c–3d). This 

progressive decrease in Φ ref lects that pH-modulated SMSI systematically reshapes the electronic structure of  

Pd/TiO2 catalyst and directly governs its catalytic properties. To probe the role of  TiOₓ overlayer encapsulation on 

acetylene hydrogenation, full DFT pathway calculations were performed for 0% and 150% TiO1.5 coverage, 

representing bare Pd/TiO2 and highly encapsulated Pd/TiO2 catalyst with a few monolayers of  TiO1.5 , respectively.  

For bare Pd/TiO₂ (0% coverage), the barriers for absorbed ethylene (C2H3 → C2H4, 0.82 eV) and absorbed ethane 

(C2H5 → C2H6, 0.80 eV) formation are nearly identical, with the rate-determining step (RDS) residing in ethylene 

formation and negligible kinetic distinction between the two products (Figure 5c). In contrast, Pd/TiO2 (150% 
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coverage) exhibits markedly altered energetics. While C2H2 → C2H3 remains moderately activated (0.66 eV), 

ethylene formation (C2H2 → C2H4) proceeds with a very low barrier (0.20 eV). The RDS shif ts to ethane formation 

(C2H4 → C2H6, 0.94 eV), rendering further hydrogenation kinetically unfavorable and stabilizing ethylene as the 

dominant product. The full computed energy prof iles are presented in Figure 5d, with transition-state structures 

shown in Figures S44–S45. DFT calculations are consistent with the experimental trends. Over the 150% TiO1.5 

coverage catalyst, ethylene forms via a low-barrier pathway (0.20 eV), lowering the apparent Ea, while bare Pd/TiO2 

shows higher and comparable barriers for ethylene and ethane formation (0.82 and 0.80 eV, respectively), resulting 

in poor selectivity. These results demonstrate that pH-mediated SMSI construction enhances TiOₓ encapsulation, 

reshaping the potential energy surface of  catalyst to favor selective ethylene formation.  

Figure 5 (a) Pd13 cluster models with varying TiOₓ (x = 1.5) encapsulation (0%, 50%, 100%, 150%). Color code: 

Pd (grey), Ti (blue), O (red). (b) Calculated work functions of  Pd/TiO₂ catalysts as a function of  TiO1.5 coverage. (c) 

Ea for acetylene hydrogenation steps on bare (0% encapsulation) and encapsulated Pd/TiO2 (150% encapsulation). 

(d) Reaction energy prof iles for acetylene hydrogenation. 
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Conclusion 

In conclusion, we demonstrate a dual-stimuli strategy to precisely control SMSI construction via in situ Fermi 

level tuning in aqueous media. By combining ultrasonication with pH modulation, the Fermi level of  supported metal 

catalysts is dynamically adjusted, enabling tunable overlayer encapsulation under ambient conditions. Lower pH 

drives stronger SMSI formation, enhancing oxygen vacancy formation and reduced Ti specie migration at the 

metal–support interface and results in superior activity and selectiv ity in both gas-phase and non-polar liquid-phase 

hydrogenation reactions. This approach provides a generalizable, low-temperature pathway to engineer electronic 

and geometric properties of  heterogeneous catalysts, establishing a robust platform for sustained catalytic 

performance beyond conventional high-temperature SMSI strategies.
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A dual-stimuli strategy was developed that couples pH adjustment with ultrasonication to construct  strong metal-
support interaction (SMSI) in aqueous media via dynamic Fermi-level regulation. In situ pH-induced charge 
redistribution at the metal–support boundary enables controlled encapsulation of  metal nanoparticles. The resulting 

catalysts feature adjustable SMSI strength and exhibit impro ved activity and selectivity in hydrogenation. 

 


