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2

19 ABSTRACT
20 Achieving high ethylene selectivity while preserving high reactivity for 

21 semi-hydrogenation of acetylene over Pd-based catalysts is still challenging. Here, we 

22 propose a structure of encapsulated Pd nanoparticles to enhance catalytic performance 

23 via a low-dose doping-segregation strategy using Pd-doped SrTiO3 as precursor. The 

24 encapsulated Pd nanoclusters are revealed to be protected by a thin TiOx shell to 

25 prevent contact with acetylene/ethylene. However, hydrogen can still be efficiently 

26 activated on the encapsulated Pd sites and react with the adsorbed acetylene on 

27 surface Ti3+ sites via hydrogen spillover. By taking advantage of weaker ethylene 

28 adsorption on partially reduced oxide TiOx, this catalyst shows enhanced performance 

29 of 98% conversion and 92% selectivity with a specific activity of 5552 

30 molC2H2·molPd
-1·h-1 at 100 ℃, significantly surpassing most Pd-based catalysts. This 

31 strategy decouples active sites for the activation of different reactants, providing a 

32 thought for the development of highly active and selective hydrogenation catalysts.

33

34 KEYWORDS: Semi-hydrogenation of acetylene, Doping-segregation, Decoupled 

35 active sites, Hydrogen spillover, Pd-based catalyst
36

37

38
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3

39 INTRODUCTION

40 The selective hydrogenation of alkynes to olefins is a vital process in the industrial 

41 manufacture of fine chemicals, pharmaceuticals, nutraceuticals, and agrochemicals1-4. 

42 Particularly, the semi-hydrogenation of acetylene under an excess ethylene flow, a 

43 crucial petrochemical process to purify alkene streams, prevents poisoning catalysts 

44 for polymerization5,6. Palladium serves as a highly active catalyst for this reaction, but 

45 it often leads to over-hydrogenation of acetylene to ethane and substantial wastage of 

46 raw ethylene attributed to the strong ethylene adsorption on palladium sites7,8. Various 

47 strategies have been explored to enhance the ethylene selectivity of Pd-based 

48 catalysts, such as downsizing Pd nanoparticles9,10, controlling morphologies11,12, 

49 alloying Pd with other elementals13-16 and modifying Pd with ligands17,18 to modify 

50 the adsorption energy of ethylene through electronic and geometric effects. However, 

51 the linear scaling relations between adsorbates pose limitations on the activation and 

52 dissociation of H2 on palladium sites, leading to decreased hydrogenation reactivity 

53 and high reaction temperature19,20. Developing a catalyst with both high selectivity 

54 and high activity for semi-hydrogenation of alkynes, particularly at relatively low 

55 temperatures, remains a challenge.

56 Recently, reducible metal oxide materials, such as TiO2
21, CeO2

22, and GaCeOx
23 

57 have garnered considerable attention for enhancing alkenes selectivity due to the 

58 weak interaction of intermediates with oxygen vacancies. Nevertheless, the 

59 hydrogenation activity is orders of magnitude lower than that of metallic catalysts and 

60 a much higher reaction temperature is required owing to the sluggish H2 dissociation 

61 dynamics24,25
. Considering the facile H2 dissociation on palladium sites, it inspires us 

62 to fabricate a catalyst with decoupling active sites for H2 dissociation and C2H2 

63 activation to attain both high selectivity and high reactivity for semi-hydrogenation of 

64 alkynes at relatively low temperatures. This means palladium sites should be designed 

65 only for H2 dissociation while C2H2 is forced to be activated on partially reduced 

66 metal oxides such as TiOx species. Hence, it is necessary to construct a well-defined 

67 catalyst, wherein the palladium sites responsible for H2 dissociation are encapsulated, 
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4

68 which only allows the diffusion of small H2 molecules while larger C2H2 molecules 

69 are restricted to be activated on the external surface of the support. 

70 In this work, we fabricate a Pd-SrTiO3 (Pd-STO) catalyst with decoupled active 

71 sites using a low-lose doping-segregation strategy of precious metals (palladium) onto 

72 perovskite precursor materials (SrTiO3), demonstrating excellent potential for the 

73 encapsulated structure of segregated clusters26,27. The perovskite composite oxide 

74 with oxygen vacancies also delivers an excellent ability to transfer active hydrogen 

75 species at relatively mild temperatures28. This encapsulated structure maintains the 

76 dissociation ability for H2 while avoiding the adsorption and over-hydrogenation of 

77 ethylene on palladium sites. Moreover, this structure takes advantage of weaker 

78 adsorption of intermediates on partially reduced oxide, TiOx, to enhance the ethylene 

79 selectivity. Particularly, the Pd-STO catalyst shows good performance of 98% 

80 conversion and 92% selectivity with a specific activity of 5552 molC2H2·molPd
-1·h-1 at 

81 100 ℃, surpassing most Pd-based catalysts reported in the literature. This 

82 demonstrated catalyst design strategy provides a thought for the development of 

83 highly active and selective hydrogenation catalysts through decoupling active sites for 

84 reactant activation.

85 EXPERIMENTAL SECTION

86 Chemicals and Materials. Strontium hydroxide octahydrate 

87 (Sr(OH)2·8H2O, >99.5%) titanium (IV) isopropoxide (C12H28O4Ti, >99.9%), sodium 

88 tetrachloropalladate (II) (Na2PdCl4, >99.9%) and tungsten trioxide (WO3, >99.8%) 

89 were supplied by Aladdin Chemical Reagent Company. Ethanol (C2H6O, >99.7%) 

90 was purchased from Greagent Chemical Institute. The Ar, H2, C2H4 and C2H2 gases 

91 were all provided by Tianjin Air Liquide Gas. The above chemicals were used 

92 directly without further purification. Deionized (DI) water (resistivity: 18.2 MΩ·cm-1) 

93 was supplied by a Milli-Q Ultrapure water system.

94 Catalyst Synthesis. Pd-doped SrTiO3 (named Pd-STO) catalysts were synthesized 

95 using an optimized hydrothermal (HT) method, followed by calcination in air. In a 

96 typical procedure, 5.25 mmol of Sr(OH)2·8H2O and 0.0086 mmol Na2PdCl4 were 

97 dissolved in 45 mL deionized water to form solution A, 5 mmol of C12H28O4Ti was 
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98 dissolved in 15 mL ethanol to get solution B, solutions A and B were mixed and 

99 stirred for 0.5 h, then transferred into a Teflon-lined stainless-steel autoclave and 

100 maintained at 195 ℃ for 48 h in an oven. After cooling down to room temperature, 

101 the suspensions were centrifuged, washed three times with deionized water and 

102 ethanol, and dried at 60 ℃ for 12 h. The dried powders were ground and subsequently 

103 calcined at 800 ℃ under air for 5 h in a muffle furnace to acquire the Pd-STO-C 

104 sample. The Pd-STO catalyst was finally obtained after being reduced in H2/Ar flow 

105 at 200 ℃ for 1 h in a tube furnace. 

106 The supported Pd/STO benchmark catalyst was synthesized by a co-impregnation 

107 method. The synthesis process of SrTiO3 support was similar to that of Pd-STO 

108 without adding Na2PdCl4 precursor. As-synthesized SrTiO3 (0.5 g) was dispersed in 

109 60 mL deionized water, followed by dissolving 0.0043 mmol Na2PdCl4 and stirring 

110 treatment for 0.5 h. The suspension was continuously stirred at 80 ℃ for 5 h and dried 

111 in air at 60 ℃ for 12 h, followed by being calcined at 450 ℃ in air for 5 h in a muffle 

112 furnace to acquire the Pd/STO-C sample. The Pd/STO catalyst was ultimately 

113 obtained after being reduced in H2/Ar flow at 200 ℃ for 1 h in a tube furnace. The 

114 palladium weight percentage for the two catalysts was kept the same.

115 Structural Characterization. X-ray diffraction (XRD) data were collected using an 

116 amorphous silica capillary at beamline BL14B1 of the Shanghai Synchrotron 

117 Radiation Facility (SSRF) with an X-ray wavelength of 0.6887 Å. High-resolution 

118 transmission electron microscopy (HRTEM) images were collected using a JEOL 

119 JEM-2100 transmission electron microscope. Aberration-corrected high-angle annular 

120 dark-field scanning transmission electron microscopy (HADDF-STEM) images were 

121 recorded on a FEI Titan Cubed Themis G2 300 TEM equipped with double spherical 

122 aberration correctors and an HADDF detector. Energy dispersive X-ray spectroscopy 

123 (EDS) elements mapping was carried out using the FEI TEM equipped with an 

124 energy-dispersive X-ray spectrometer (EDXS, Oxford Instrument). X-ray 

125 photoelectron spectroscopy (XPS) measurements were performed on a PHI Quantera 

126 II instrument (Ulvac-Phi, Inc.) with monochromatic Al-Kα radiation. The binding 

127 energies were calibrated based on the C 1s peak at 284.6 eV for all samples. The 
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6

128 palladium contents of catalysts were determined with a quadrupole spectrometer 

129 iCAP Q (Thermo Fisher Scientific) inductively coupled plasma mass spectrometry 

130 (ICP-MS). Diffuse reflectance spectra were recorded using a UV/vis/NIR 

131 spectrophotometer (UV-3600 plus, Shimadzu) equipped with a 150 mm integrating 

132 sphere. Raman spectra of catalysts were acquired on LabRAM HR Evolution with an 

133 argon laser operating at 532 nm, the in-situ Raman spectra were collected using a 

134 homemade reaction cell.

135 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments 

136 were carried out in a diffuse reflectance cell (Harrick) using an FTIR spectrometer 

137 (Thermo Scientific Nicolet, iS50) equipped and a mercury-cadmium-telluride (MCT) 

138 detector cooled by liquid nitrogen. For each measurement, the sample was loaded into 

139 the in-situ reaction cell (HVC, Harrick) equipped with ZnSe windows, then reduced 

140 with H2/Ar flow at 200 °C for 1 h and subsequently cooled to the target temperature 

141 under pure Ar flow to record background spectrum. The measurement spectra were 

142 obtained by subtracting background spectrum. Thereafter, the stream (C2H2/Ar = 

143 0.2/19.8 mL·min-1 or CO/Ar = 10/10 mL·min-1) was introduced into the reaction cell 

144 and purged away under pure Ar flow until the saturate adsorption reached. The 

145 spectra were recorded online by collecting 32 scans with a resolution of 4 cm−1.

146 Hydrogen temperature-programmed reduction (H2-TPR) and ethylene 

147 temperature-programmed desorption (C2H4-TPD) experiments were carried out on an 

148 Agilent 8860 instrument with thermal conductivity detector (TCD). For each H2-TPR 

149 measurement, 100 mg sample was loaded into a quartz tube and pretreated at 400 ℃ 

150 for 1 h with a pure Ar flow to eliminate the surface-adsorbed species. After cooling 

151 down to 50 °C, the reactor was ramped to 350 °C in a H2/Ar flow with a heating rate 

152 of 10 °C·min-1. Prior to each C2H4-TPD experiment, 100 mg catalyst was loaded into 

153 a quartz tube and reduced at 200 °C with H2/Ar flow for 1 h, and then cooled down to 

154 room temperature with a pure Ar flow. The samples were kept in a C2H4/Ar flow for 1 

155 h to ensure saturated adsorption of C2H4. Subsequently, the weakly adsorbed C2H4 on 

156 catalysts was removed in a pure Ar flow at room temperature, and then C2H4-TPD 

157 process was conducted from 25 to 400 °C with a heating rate of 10 °C·min-1. H2-D2 
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158 exchange experiments were performed using an online mass spectrometer (Hiden, 

159 QGA). Typically, 5 mg sample was pretreated with H2/Ar at 200 ℃ for 1 h and cooled 

160 down to 30 ℃ under pure Ar flow. Following this, a mixture gas (H2/D2/Ar = 2/2/16 

161 mL·min-1) was introduced into the reaction cell and heated to 200 ℃ and the online 

162 intensity for HD (m/z = 3) was recorded.

163 Hydrogen Spillover Detection. Typically, 30 mg reduced sample and 1 g WO3 

164 powder were mixed and loaded into a quartz-tube reactor with an internal diameter of 

165 4 mm and heated to 100 °C under Ar flow. Then, a 40 mL·min-1 20% H2/Ar flow was 

166 introduced to the reactor. After 2 h treatment, the solid sample was cooled down to 

167 room temperature and collected for observing the color change.

168 Catalytic Performance Evaluation. The performance evaluation was conducted in a 

169 fixed-bed quartz reactor with an inner diameter of 4 mm under atmospheric 

170 pressure29. For each test, 20 mg catalyst mixed with about 100 mg quartz sand was 

171 loaded into the quartz reactor and held in place with quartz wool. Before the catalytic 

172 test, the catalyst was reduced in a H2/Ar flow at 200 °C for 1 h and then cooled to 

173 target temperature under pure Ar flow. Then the inlet flow was switched to the 

174 reactant stream (C2H2/H2/C2H4/Ar=1:10:20:69) for C2H2 hydrogenation. And the 

175 space velocity was determined based on the flow rate of acetylene. The outlet gas of 

176 reactor was analyzed by an online gas chromatograph (GC-7980) instrument equipped 

177 with a flammable ionization detector (FID). The acetylene conversion and ethylene 

178 selectivity were calculated as follows:

179              (1)2 2 2 2

2 2

C H (inlet) C H (outlet)
2 2

C H (inlet)

C H  conversion = 100%
F F

F




180            (2)2 6 4

2 2 2 2

C H (outlet) C (outlet)
2 4

C H (inlet) C H (outlet)

2
C H  selectivity = (1 ) 100%

F F
F F

 
 



181 where F represents the mole flow rate of each substance in the inlet gas or outlet gas.

182 Computational Methods. The density functional theory (DFT) calculations were 

183 carried out with the dispersion corrections by the D3 method of Grimme (DFT-D3) 

184 using VASP 6.330,31. The interaction between the atomic cores and valence electrons 

185 for all the elements was describe with projector augmented wave (PAW) method32.33. 
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186 The exchange-correlation energy was calculated by generalized gradient corrected 

187 approximation (GGA) treated with the Perdew−Burke−Ernzerhof (PBE) functional34. 

188 The plane-wave cut-off energy was set to 450 eV for all the calculations in this study. 

189 And the Brillouin zone was sampled using a Monkhorst-Pack (2×2×1) and (4×4×1) 

190 k-points for respective geometry optimizations and static electron structure 

191 calculations. The self-consistent electronic iteration was carried out until the energy 

192 was converged to 10−5 eV with spin-polarized consideration. The convergence 

193 threshold of 0.03 eV/Å on maximum force was used for all the models. The results of 

194 the computational method are reliable, demonstrated by the validation of lattice 

195 constant for the perovskite lattice (primitive cell) in this study35.

196 The models used for the investigation of catalytic reaction were based on a 

197 four-layer p (2×2) supercell of SrTiO3 (110) facet. The top two layers of models were 

198 relaxed while the bottom layers were fixed during calculation. And a vacuum region 

199 of 15 Å was created above the top layer of the facet. Five Ti atoms were substituted 

200 by Pd to simulate the Pd/Ti solid solution observed in the experiment, and one O atom 

201 between Pd and Ti atoms was removed on the top layer to create the vacancy under 

202 the reductive atmosphere during reaction. The schematic diagram of surface structure 

203 was given in Figure S22. Geometry optimization was implemented to obtain the 

204 intermediate species for reaction modelling. The algorithm of climbing image nudged 

205 elastic band (CI-NEB) combined with the dimer method was used to determine 

206 transition state (TS)36,37. Vibrational analysis was carried out to confirm the transition 

207 states with only one imaginary frequency. The adsorption energy Eads of species i was 

208 calculated as follows:

209               (3)ads, adsorbate, +surface adsorbate, surfacei i iE E E E  ( )

210 where Eadsorbate,i+surface is the total energy of surface with adsorbates, Esurface and 

211 Eadsorbate,i are the energies of optimized clean surface and gaseous adsorbate, 

212 respectively.

213 RESULTS AND DISCUSSION 

214 Structural Characterization of Catalysts. The synthesis of palladium clusters with 
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215 encapsulated structure was realized by controlling the segregation of Pd elements 

216 within perovskite precursor, and conventional supported clusters were employed as 

217 benchmark catalysts (see Methods for details). As shown in Figure 1a, XRD patterns 

218 of the calcined precursors (Pd-STO-C and Pd/STO-C) show typical diffraction 

219 patterns of SrTiO3, indicating that the addition of Pd does not destroy the cubic 

220 perovskite structure38. No crystalline palladium oxide is observed on Pd-STO-C, 

221 suggesting that Pd element is uniformly dispersed (Figure S1). Compared to the 

222 supported catalyst, the red shift of the adsorption edge indicates the successful doping 

223 of Pd into the lattice of SrTiO3, which modifies the electronic structure of Pd (Figure 

224 1b)39. Figure 1c shows the Raman spectra of SrTiO3 with different doping amounts of 

225 palladium with the supported catalyst for comparison. Because of the ultra-low 

226 doping concentration of palladium (Table S1), the discernment of the peaks 

227 originating from atom substitution within the perovskite lattice becomes challenging. 

228 Pd-STO-H sample with a higher doping amount of palladium (~ 0.5 wt.%) was 

229 synthesized and characterized. New first-order Raman scattering peaks at 543 and 628 

230 cm-1 are observed in the Pd-STO-H spectrum, indicating the successful substitutional 

231 doping of Pd atoms into the perovskite lattice by replacing Ti atoms40. The peak 

232 attributing to the Eg orbit of TiO2 in the Raman spectra further confirms that the 

233 titanium atoms are replaced in the perovskite lattice41.

234

235 Figure 1. Structure characterization of the calcined precursors. (a) XRD spectra with MgO as the 

236 internal standard; (b) UV-Vis spectra; (c) Raman spectra.

237 The properties of segregated catalysts were further investigated with diverse 

238 characterization techniques. As shown in Figure 2a, Figures S2a and S2b, Pd 

239 clusters are uniformly localized in the SrTiO3 region of Pd-STO, which is 
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10

240 characteristic of doping-segregation materials (Figure S3). Pd clusters in Pd-STO 

241 orient along the [111] direction (Figure 2b) and their average size is about 1.7 nm 

242 (Figure 2c)42. For Pd/STO, as shown in Figure 2d, Figures S2c and S2d, Pd clusters 

243 can be found at the edge of SrTiO3 support, which is consistent with the 

244 characteristics of supported catalysts. The d-spacing is identified as 2.79 Å, which 

245 corresponds to the (100) facets of metallic Pd (Figure 2e)43. The average size of Pd 

246 clusters in Pd/STO is about 1.8 nm (Figure 2f), which is similar to that of Pd-STO 

247 and benefits for ruling out the effect of size or surface area on catalytic performance 

248 (Figure S4). Only the diffraction pattern of SrTiO3 can be distinguished on XRD 

249 spectra also confirm the highly dispersed Pd clusters over reduced catalysts (Figure 

250 S5)44. Since CO is sensitive to the proprieties of the active metal, it was chosen as a 

251 probe molecule to investigate the spatial location of Pd clusters over the two 

252 catalysts45. As shown in Figure 2g, no signals of absorbed CO are observed for 

253 Pd-STO, suggesting the absence of active Pd sites on the catalyst surface. As a 

254 comparison, obvious peaks attributing to linear- and bridge-adsorbed CO on Pd sites 

255 suggest Pd clusters are distributed on the surface of Pd/STO. The stronger intensity of 

256 the adsorption band at 1550 ~ 1650 cm-1 indicates more surface defects (i.e., oxygen 

257 vacancies) on Pd-STO46. As shown in Figure 2h, the XPS data of Pd 3d orbital for 

258 the two catalysts are also quite different. The XPS peak of metallic Pd is clearly 

259 distinguished on Pd/STO, confirming that Pd clusters are loaded on the catalyst 

260 surface. In contrast, the Pd-STO catalyst exhibits an unobvious XPS signal of Pd 3d 

261 orbital, suggesting that most Pd clusters are encapsulated within perovskite47. 

262 Moreover, the oxidized states of Pd are observed on both calcined catalysts, indicating 

263 that the formation of the encapsulated structure is induced by the reduction process 

264 (Figure S6). Figure 2i shows the H2-TPR curves of the calcined Pd/STO and Pd-STO 

265 catalysts. The hydrogen consumption peak centered at ~109 ℃ of Pd/STO can be 

266 assigned to the reduction of supported PdOx clusters to metallic Pd48. The 

267 consumption peak of Pd-STO shifts to a higher temperature at ~182 ℃, indicating the 

268 Pd species on Pd-STO are more difficult to be reduced. This means that Pd clusters 

269 exhibit strong interaction with SrTiO3 for Pd-STO, which is also a typical 
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270 characteristic of nanoparticles with an encapsulated structure49. Based on the above 

271 characterization results, it can be concluded that the spatial structures of Pd clusters 

272 are quite different for Pd/STO and Pd-STO catalysts.

273

274 Figure 2. Structure characterization of the catalysts. (a) HAADF-STEM image of Pd-STO; (b) 

275 Intensity profiles of circled clusters; (c) Particle size distribution of Pd-STO; (d), (e) HRTEM 

276 images and (f) particle size distribution of Pd/STO. (g) CO-DRIFTS of reduced catalysts; (h) XPS 

277 Pd 3d region spectra of reduced catalysts; (i) H2-TPR profiles of synthesized catalysts.

278 In order to reveal the origin of the differences in the spatial structure of Pd clusters 

279 for Pd-STO and Pd/STO, surface-sensitive Raman and XPS measurements were 

280 performed. As presented in Figure 3a, the calcined Pd-STO-C precursor exhibits 

281 Raman scattering peaks attributing to pristine SrTiO3, indicating that the surface of 

282 Pd-STO-C is consistent with pure SrTiO3 perovskite38. However, the reduced Pd-STO 
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283 catalyst highlights a new first-order Raman scattering peak centered at 131 cm-1, 

284 suggesting that TiO2 species appear on the surface of Pd-STO after H2 reduction at 

285 200 ° C41. Given the typical strong metal-support interaction (SMSI) phenomenon 

286 observed in TiO2-supported catalysts, partially reduced TiOx species could cover the 

287 surface of catalysts and may be responsible for the encapsulated structure of Pd 

288 clusters in Pd-STO50,51. To rule out the destruction of pristine SrTiO3 in the activation 

289 process to form TiOx species, Raman spectra of Pd/STO-C reduced at various 

290 temperatures were also collected (Figure 3b). Only the Raman peak attributing to 

291 SrTiO3 can be found, indicating that Pd/STO maintains the surface structure of SrTiO3 

292 even after high-temperature (400 ° C) reduction. This also means that the TiO2 

293 species on the surface of Pd-STO is derived from the reduction of the special doped 

294 structure rather than from the damage of the pristine SrTiO3 structure. As shown in 

295 Figure 3c, Ti 2p XPS peaks of reduced catalysts centered at 464.1 and 458.3 eV 

296 correspond to Ti 2p1/2 and Ti 2p3/2 of Ti4+ species in SrTiO3, respectively. The peaks 

297 at 462.6 and 456.6 eV on Pd-STO are related to Ti3+ species, indicating the TiO2 

298 species on Pd-STO are partially reduced to form TiOx
52. The Sr 3d XPS spectra show 

299 Sr4+ in Pd-STO and Pd/STO and the O 1s XPS spectra exhibit more oxygen defect on 

300 Pd-STO with a binding energy of 530.6 eV (Figure S7), which is consistent with the 

301 fact that abundant Ti3+ species on Pd-STO53. The above results indicate that Pd-STO 

302 with abundant TiOx species is formed via the reduction of the doped structure, which 

303 enables the activation of acetylene in the hydrogenation process21. 

304
305 Figure 3. Surface properties of the catalysts. (a) Raman spectra of calcined Pd-STO-C and 

306 reduced Pd-STO samples; (b) Quasi in-situ Raman spectra of calcined Pd/STO-C and reduced 

307 with hydrogen at various temperatures; (c) XPS Ti 3d region spectra of reduced catalysts.
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308 Acetylene Semi-hydrogenation Performance of Catalysts. Selective hydrogenation 

309 of acetylene over reduced catalysts was carried out to reveal the impact of the 

310 encapsulated structure of Pd clusters on catalytic performance (Figure S8). The 

311 relationship between acetylene conversion and ethylene selectivity with reaction 

312 temperature over Pd/STO and Pd-STO catalysts are shown in Figures 4a and 4b, 

313 respectively. The STO support exhibits negligible acetylene conversion over the 

314 entire reaction temperature range, indicating that SrTiO3 is inert in acetylene 

315 hydrogenation (Figure S9a). For supported Pd species in Pd/STO, the selectivity of 

316 ethylene is below -50% when the acetylene conversion reaches 100%. The negative 

317 value of ethylene selectivity indicates that a large amount of ethylene is hydrogenated 

318 to ethane. Significantly, the Pd-STO catalyst with encapsulated Pd clusters manifests 

319 robust catalytic activity and higher ethylene selectivity than that of Pd/STO (Figure 

320 S9b). The selectivity towards ethylene of Pd-STO is 92 % when the conversion of 

321 acetylene reaches 98% at 100 ℃. A conventional titania-supported palladium catalyst 

322 (Pd/TiO2), which has been reported to be a highly efficient catalyst54,55, exhibits an 

323 inferior reactivity and selectivity compared to Pd-STO in the test (Figures S10 and 

324 S11). The specific activity of Pd-STO is as high as 5552 molC2H2·molPd
-1·h-1, 

325 surpassing most Pd-based catalysts reported in the literature (Figure 4c). The reaction 

326 temperature of Pd-STO is almost the lowest among the reported Pd-based catalysts, 

327 further demonstrating that Pd-STO maintains low-temperature activity while exhibits 

328 improved ethylene selectivity (Table S2). Besides the enhanced activity and 

329 selectivity, Pd-STO also shows good stability under the hydrogenation condition with 

330 negligible activity decay during a 60 h catalytic evaluation (Figure 4d), which is also 

331 validated by long-term reaction conducted at elevated space velocity of acetylene 

332 (Figure S12). The comprehensive characterization of the catalyst after stability test 

333 indicates the Pd-STO catalyst maintains its structural integrity throughout the reaction 

334 period (Figures S13 and S14). Moreover, the apparent activation energy (Ea) for 

335 acetylene hydrogenation over Pd-STO (50.4 kJ·mol-1) is comparable to that of 

336 Pd/STO (52.9 kJ·mol-1), validating that the encapsulated Pd clusters in Pd-STO 

337 maintains the comparable reactants activation capabilities to those of supported Pd 
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338 clusters (Figure 4e). Kinetic studies were further performed to get a deeper 

339 understanding on the C2H2 hydrogenation process over Pd-STO and Pd/STO 

340 catalysts. As shown in Figure S15, the reaction orders for C2H2 and H2 over Pd-STO 

341 are -0.87 and 1.26, respectively, demonstrating that the catalyst surface is 

342 predominantly covered by adsorbed C2H2
56. Moreover, the reaction orders of C2H2 

343 and H2 over Pd/STO are -0.67 and 1.95, respectively, both of which are higher than 

344 those of Pd-STO, indicating relatively stronger adsorption of C2H2 and C2H4 over 

345 Pd/STO compared with Pd-STO57. The kinetic studies clearly suggest a different 

346 reaction pathway on Pd-STO compared to the supported Pd/STO catalyst.

347
348 Figure 4. Catalytic performance of catalysts. (a) Conversion and selectivity as a function of 

349 reaction temperature over reduced Pd/STO, space velocity (SV) =4000 mL·g-1·h-1; (b) Conversion 

350 and selectivity as a function of reaction temperature over reduced Pd-STO, space velocity (SV) 

351 =1200 mL·g-1·h-1; (c) Relationship between the specific activity and reaction temperature of 

352 Pd-based catalysts reported in the literature and developed in this study; (d) Long-term stability 

353 test of Pd-STO under C2H2 hydrogenation conditions. Reaction conditions: 100 °C, 

354 C2H2/H2/C2H4/Ar = 1:10:20:69, space velocity (SV) =1200 mL·g-1·h-1; (e) Apparent activation 

355 energies of reduced catalysts for the semi-hydrogenation of acetylene. The apparent activation 

356 barriers were obtained at low C2H2 conversion to minimize the concentration gradients along 
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357 catalyst bed.

358 Catalytic Hydrogenation Mechanism of Catalysts. To further understand the origin 

359 of the high activity and selectivity of Pd-STO, H2-D2 exchange experiments were 

360 conducted to investigate H2 activation behaviors over catalysts. As shown in Figure 

361 5a, the Pd-STO catalyst reaches the maximum H2-D2 exchange rate at the reaction 

362 temperature of 91 ℃, which is comparable to that of Pd/STO (87 ℃), indicating that 

363 the ability to activate H2 of encapsulated Pd clusters is the same as supported ones. 

364 The slightly lower maximum H2-D2 exchange rate on Pd-STO might be due to that 

365 palladium sites are partially covered by the TiOx species, which is in agreement with 

366 the phenomena observed in catalysts with fixed or encapsulated structures58. 

367 Moreover, the negligible HD formation rate over STO demonstrates that SrTiO3 is 

368 inert for H2 activation. This suggests that palladium sites are indispensable for the 

369 activation of H2 in C2H2 hydrogenation. Pd-STO shows a considerably low apparent 

370 activation barrier of 22.5 kJ·mol-1, further validating the high H2 activation ability of 

371 encapsulated Pd clusters (Figure 5b). DRIFTS were also performed to investigate the 

372 mechanism of C2H2 activation on Pd-STO. The time-resolved spectra of catalysts 

373 exposed under gas-phase C2H2 and evacuated with pure Ar are shown in Figure 5c. 

374 The obvious peak centered at around 731 cm−1 is assigned to the vibrational features 

375 (vC-H) of gaseous C2H2
59. After Ar evacuation, the obvious peak at 1710 cm-1 is the 

376 features of vC=C in adsorbed species, and the vibrational band at 1235 cm-1 is related to 

377 the vC-O of adsorbed species (Figure S16)60. The observation of the vibrational band 

378 of HC=CH species demonstrates the dissociated adsorption of C2H2 on TiOx, forming 

379 di-σ-bonded HC=CH species with two neighboring O sites61. From the spectra of 

380 CO-DRIFTS, CO could not penetrate to contact with Pd due to that Pd clusters are 

381 encapsulated with TiOx species (Figure 2g). The diameter of acetylene (0.38 nm) is 

382 slightly larger than that of CO (0.37 nm), indicating that C2H2 cannot be adsorbed and 

383 activated on Pd clusters in Pd-STO due to the hindrance of TiOx species46. Clearly, 

384 acetylene hydrogenation may proceed through a completely different pathway over 

385 Pd-STO catalyst. 
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386 Since Pd clusters and TiOx species are responsible for H2 and C2H2 activation, 

387 respectively, we propose that H2 is activated on the encapsulated Pd clusters, and then 

388 the activated hydrogen atoms diffuse to the catalyst surface to react with the adsorbed 

389 acetylene on TiOx. To investigate the phenomenon of hydrogen spillover on Pd-STO, 

390 WO3 was employed as a chromogenic agent as it will change from yellow WO3 into 

391 dark HxWO3 after reacting with activated hydrogen species62. Figure S17 exhibits the 

392 color change of the mixtures containing WO3 and various samples before and after H2 

393 treatment at 100 ℃. This reaction temperature is significantly lower than that WO3 

394 can be reduced with gaseous hydrogen (400 ℃), which is also confirmed by the 

395 unchanged color of WO3 during the treatment63. Moreover, the mixture containing 

396 Pd-STO shows a darker color than that containing Pd/STO, which can be explained 

397 by the abundant oxygen defect and partially reduced TiOx species on the surface of 

398 Pd-STO that benefit hydrogen spillover64. To gain additional insights into the role of 

399 hydrogen spillover on Pd-STO, the kinetic isotope effect (KIE) for C2H2 

400 hydrogenation was measured. As shown in Figure 5d, for Pd/STO, a kH/kD of 1.4 is 

401 found using H2 or D2 in the feed for C2H2 hydrogenation, in contrast, a much large 

402 KIE is observed for C2H2 hydrogenation over Pd-STO, with a kH/kD of 2.0 (Figure 

403 5e). These results can be reasonably attributed to the effect of proton-assisted 

404 hydrogenation over Pd-STO, as larger deuterium species diffuse more slowly than 

405 hydrogen species in reaction. 

406 The difference in ethylene selectivity over Pd-STO and Pd/STO catalysts was 

407 further investigated. As shown in Figure S18a, the peaks centered at 1620 and 1584 

408 cm−1 are attributed to the π-bonded ethylene, while the peak at 1280 cm−1 corresponds 

409 to di-σ-bonded ethylene and ethylidyne species65. The interaction between C2H2 and 

410 surface π-bonded species is much weaker than di-σ-bonded and ethylidyne species. 

411 Therefore, the weakened ethylene adsorption on Pd-STO facilitates its desorption, 

412 resulting in higher selectivity compared to Pd/STO. Moreover, the unobvious 

413 desorption peak of C2H4 shown in C2H4-TPD profiles also indicates weaker ethylene 

414 adsorption and better C2H4 selectivity for Pd-STO (Figure S18b). These results 

415 indicate that the encapsulated Pd clusters with TiOx species separate the ethylene and 
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416 palladium sites, thus weakening the adsorption strength of C2H4 on Pd-STO. 

417 Therefore, the absorbed ethylene species on Pd-STO are preferred to desorb as the 

418 target product rather than being over-hydrogenated to ethane. The surface of catalysts 

419 was further etched with a dilute nitric acid solution to understand the role of the 

420 encapsulated structure on catalytic performance. The SEM images shown in Figure 

421 S19 demonstrate that the bulk structure of catalysts is not destroyed after etching with 

422 an acid solution. As shown in Figure S20, the etched Pd/STO catalyst exhibits 

423 negligible acetylene conversion over the entire reaction temperature range, indicating 

424 the dissolution loss of supported Pd clusters in acid solution. In contrast, the etched 

425 Pd-STO catalyst shows improved activity with completed acetylene conversion at 

426 70 ℃, however, the ethylene selectivity drops to 35%. Considering the CO adsorption 

427 on Pd clusters of etched Pd-STO sample (Figure S21), it can be reasonably concluded 

428 that the encapsulated structure of Pd clusters of Pd-STO is destroyed due to the 

429 etching of TiOx species in an acid solution. Therefore, acetylene and ethylene can be 

430 easily activated on palladium sites, leading to better hydrogenation activity and worse 

431 ethylene selectivity. 

432

433 Figure 5. Insights into mechanism of C2H2 semi-hydrogenation. (a) H2-D2 exchange experiments 

434 for reduced catalysts; (b) Apparent activation energies of H2-D2 exchange experiments for reduced 

435 catalysts; (c) DRIFTS spectra of C2H2 adsorption on reduced Pd-STO; Time on stream for the 

436 C2H2 hydrogenation with H2 or D2 over reduced (d) Pd/STO and (e) Pd-STO, the reaction rates 
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437 were obtained at low C2H2 conversion to minimize the concentration gradients along catalyst bed.

438 Theoretical Insights into Hydrogenation Performance of Catalysts. Based on the 

439 above structural characterization, it can be inferred that Ti4+ in Pd-STO is easier to be 

440 partially reduced. This also means that the surface-coordinated oxygen is easy to be 

441 removed under a reduced atmosphere. To further demonstrate this inference, the 

442 structural property of O on the surface of Pd-STO and Pd/STO (Figure S22) was 

443 investigated by DFT calculations. According to the COHP analysis (Figures 6a and 

444 6b, Figure S23), the Pd-O bonds of Pd-doped STO show more positive integrated 

445 projected COHPs (ICOHPs) values than Ti−O bonds in STO, indicating that the 

446 doped structure benefits for the oxygen removal process66. Furthermore, it is found 

447 that the Ti-O bonds on Pd-doped STO exhibit more negative ICOHPs values than that 

448 of STO, demonstrating that the introduction of Pd enhances the interaction between Ti 

449 and O atoms. The removal energy of O on Pd-doped STO and STO were also 

450 calculated, as shown in Figure 6c and Figure S24, the removal energy of O for 

451 Pd-doped STO is about 1.74 eV lower than that of STO, indicating that O is more 

452 easily to be removed on Pd-doped STO and this is also consistent with the 

453 experimental observations. Combined with the COHPs results, it can be inferred that 

454 the Pd-STO catalyst with Pd-O bonds destabilizes the coordinated O atoms and 

455 accelerates the removal process under a reduction atmosphere, which is contributed to 

456 abundant partially reduced TiOx species on the Pd-STO surface. 

457 To further understand the difference in catalytic performance of the Pd-STO and 

458 Pd/STO catalysts, the acetylene hydrogenation process was also investigated by DFT 

459 calculations. Pd-STO was modeled as SrTiO3(110) with Pd atoms substitution for Ti 

460 atoms, and partially reduced Ti3+ sites were constructed with oxygen defects. 

461 Furthermore, exposed Pd nanoparticles on Pd/STO were modeled with Pd(111) 

462 surface. The energy profiles for acetylene hydrogenation pathways are shown in 

463 Figure 6d, and the top view of the geometry of intermediates is summarized in 

464 Figures S25 and S26. For Pd-STO, the acetylene molecule is preferentially adsorbed 

465 on the surface Ti atoms with two neighboring O sites, which is consistent with the 
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466 spectra observations. The first hydrogen atom with the absorbed acetylene molecule 

467 to form C2H3* with a calculated barrier of 1.05 eV (Table S3), which is higher than 

468 that on the surface of Pd(111). It is also consistent with the higher reaction 

469 temperature of Pd-STO compared to the Pd/STO catalyst. More importantly, the 

470 desorption of C2H4 from SrTiO3(110) is much easier with an exothermic energy of 

471 0.17 eV, indicating that the C2H4 desorption is a spontaneous process. In addition, the 

472 hydrogenation barrier for the absorbed C2H4 molecule to C2H5* is about 1.44 eV 

473 (Figures S27 and S28), the relatively higher energy barrier indicates that 

474 over-hydrogenation of C2H4 is not favorable in kinetics for Pd-STO67. However, the 

475 Pd(111) structure exhibits a higher ethylene adsorption energy (0.79 eV) and a lower 

476 activation energy (0.48 eV) for ethylene hydrogenation, both factors promote the 

477 hydrogenation process of ethylene and result in a waste of raw ethylene on Pd/STO. 

478 The DFT calculation results clearly indicate that Pd-STO catalysts with Ti3+ sites are 

479 efficient for acetylene activation, and the weak adsorption of intermediate species 

480 promotes the C2H4 desorption pathway. 

481
482 Figure 6. Theoretical insights into structure and hydrogenation mechanism. COHP analysis for 

483 the oxygen atoms in (a) STO and (b) Pd-doped STO; (c) Removal energy of oxygen on STO and 

484 Pd-doped STO; (d) Optimized surface free energy of acetylene hydrogenation pathway over 
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485 Pd-STO and Pd/STO, using the energy reference of acetylene and hydrogen molecule in the gas 

486 phase. Insets show the side view of corresponding intermediate structures. The reddish brown, 

487 light blue, red, gray, puce and pink balls denote strontium (Sr), titanium (Ti), oxygen (O), 

488 palladium (Pd), carbon (C) and hydrogen (H) atoms, respectively.

489

490 CONCLUSION

491 In summary, we developed an efficient Pd-STO catalyst for the low-temperature 

492 semi-hydrogenation of acetylene by a doping-segregation strategy. The Pd-STO 

493 catalyst exhibits decoupled actives sites to activate different reactants due to the 

494 encapsulated structure, where encapsulated Pd clusters and surface TiOx species are 

495 responsible for the activation of H2 and C2H2, respectively. This encapsulated 

496 structure maintains the enhanced hydrogen dissociation ability of Pd sites to preserve 

497 high activity at low temperatures, prevents Pd sites from contacting with ethylene to 

498 avoid over-hydrogenation, and takes advantage of weaker ethylene adsorption on 

499 TiOx to enhance ethylene selectivity. The demonstrated catalyst design strategy offers 

500 insights into developing highly active and selective hydrogenation catalysts by 

501 decoupling active sites for different reactants
502
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