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Abstract 25 

Sulfur deactivation and regeneration behavior of the Pd/Al2O3 catalyst has been investigated via 26 

experimental characterization and density functional theory (DFT) simulations. During the sulfur 27 

exposure, PdO crystallites grow slightly while bulk Al2(SO4)3 forms on the support. DFT calculations 28 

indicate that SOx species interact strongly with the catalyst surface making it chemically inactive in 29 

agreement with the experimental results. During the regeneration treatment (CH4 conditions), PdO 30 

particles reduce, Al 2(SO4)3 is partially removed, and the activity for CH4 conversion is increased. No full 31 

recovery can be observed due to remaining Al 2(SO4)3, the formation of encapsulating sulfur species, and 32 

the partial reduction of PdO particles. To reoxidize Pd, the catalyst is further regenerated (O2 conditions). 33 

The resulting CH4 conversion is at the same level than with the regenerated catalyst. Thus, a small 34 

amount of Al2(SO4)3 appears to have a stronger effect on the performance than the state of Pd. 35 

 36 
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Graphical abstract 43 

 44 
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 46 

Highlights 47 

¶ In sulfur treatment, bulk Al2(SO4)3 forms and PdO size increases slightly  48 

¶ Adsorption of (SO3)n on Pd30O44/Al2O3 reaches saturation at n=16  49 

¶ SO3 encapsulated Pd30O44/Al2O3 is chemically inactive 50 

¶ Regeneration reduces PdO partly to Pd and part of Al2(SO4)3 is removed 51 

¶ Remaining Al 2(SO4)3 has stronger effect on catalyst performance than state of Pd 52 

 53 
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1 INTRODUCTION  72 

 73 

Transportation is one of the largest sources in air pollution, especially regarding nitrogen oxides (NOx) 74 

and particulate matters (PMs). Thus, emission reduction from vehicle engines is in the top of priority all 75 

around the world. The use of natural gas (NG) as an energy source will reduce the NOx and PM emissions 76 

from automotive and heavy-duty vehicles. However, exhaust gases of NG vehicles (NGVs) contain 77 

unburned methane which is identified as a strong greenhouse gas and the global warming potential of 78 

which is 75 times higher than that of CO2 [1]. Thus, methane has to be converted to less harmful 79 

compounds (CO2 and H2O) by a catalytic converter. Pd/Al2O3 catalysts are widely known to be very 80 

active to combust methane. In addition, it has been concluded that PdO is the active phase while metallic 81 

Pd is less active [2,3]. However, the most active phase depends on the operating temperature. 82 

Temperature of the exhaust gases from lean-burn NGV engines is typically below 500  550 ÁC [3]. 83 

Matam et al. [4] have observed that below 677 °C PdO is the active phase for methane combustion, and 84 

therefore, PdO is the desirable active phase in the NGV applications.  85 

 86 

Problems related to thermal aging and poisoning occur over supported Pd catalysts. Thermal deactivation 87 

is caused by the loss of active surface area due to the crystallite growth of noble metal particles, or the 88 

collapse of the support, and/or chemical transformations of the active catalytic phases to non-active 89 

phases [5]. While PdO decomposes to metallic Pd in the catalyst, its activity for methane conversion in 90 

the NGV applications decreases. The PdO ź Pd transformation is reversible, and the decomposition of 91 

PdO to Pd in the Pd/Al2O3 catalyst occurs at ~800 °C in air, while the re-oxidation is detected upon 92 

cooling to ~600 °C [2]. Hysteresis in the re-oxidation is due to strongly bound oxygen on the Pd surface 93 

inhibiting bulk oxidation [6]. Many factors, such as gas phase composition and pressure, affect the PdO 94 

ź Pd transformation [7]. For example, H2 can reduce PdO to metallic Pd in the Pd/Al2O3 catalyst already 95 

at 100 150 ÁC, methane at 280 290 ÁC, and He above 700 ÁC [8].  96 

 97 

Poisoning is due to the adsorption of impurities on the catalytic active sites. Poisons can also react with 98 

the active sites followed by the formation of non-active compounds [9]. In the natural gas applications, 99 

sulfur-containing compounds in the exhaust gases (originating from odorants, lubricating oils and natural 100 

gas itself) rapidly decrease the activity of the oxidation catalyst. Only a small amount of SO2 is enough to 101 

block the active noble metal sites [3,10,11]. While SO2 and water are present simultaneously, sulfation of 102 

the Pd/Al2O3 catalyst starts by oxidation of SO2 to SO3 on the PdO particle. After that, SO3 over PdO can 103 

form PdSO4 or migrate to the alumina support and form Al2(SO4)3 [10,12,13]. However, sulfation is also 104 

reversible; SOx from the catalyst surface is detected to desorb already below 400 °C and the more stable 105 

support sulfates decompose above 700 °C [13]. According to Kinnunen et al. [14], sulfur hinders the 106 

mobility of oxygen and desorption of water, thus decreasing the catalyst activity for methane combustion. 107 
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From the theoretical perspective, density functional theory (DFT) based calculations have been carried 108 

out to investigate the poisoning mechanism of SOx (x=0ī4) on Pd catalysts [15ï18]. Using infrared 109 

reþection absorption spectroscopy (IRRAS), X-ray photoelectron spectroscopy (XPS), and DFT 110 

calculations, Luckas et al. reported the adsorption and reactivity of SO2 on Pd/BaO, Pd(111) [15], and 111 

oxygen pre-covered Pd(100) surfaces [16]. The energetically preferred adsorption orientation of SO2 on 112 

Pd(100) was the molecular plane perpendicular to the Pd surfaces, and the oxidation of SO2 led to SO3 113 

and eventually to SO4 in the presence of oxygen. Based on the in situ XPS and DFT calculations, the 114 

reaction kinetics of sulfur oxidation on Pd(100) has also been investigated [17], and the observed main 115 

reaction intermediates where sulfates, while the amounts of SO2 and SO3 were minor. More recently, 116 

Sharma et al. [18] have studied the SOx (x=0ī4) oxidation on the Pt(111) and Pd(111) surfaces using 117 

DFT calculations with microkinetic modeling. They concluded that the oxidation of SOx and the 118 

formation of SO4 species are favorable on both Pt and Pd, and that the Pd surface is more prone to sulfate 119 

formation. So far, theoretical studies have mainly focused on the interaction of SOx with metal surfaces, 120 

and investigations of sulfur species on supported Pd nanoparticles are missing.  121 

 122 

For practical purposes, the reactivation of the sulfur-poisoned catalysts is a very interesting topic, e.g., for 123 

extending the catalyst lifetime. However, only a few scientific articles on the regeneration of sulfur-124 

poisoned natural gas oxidation catalysts have been published. Arosio et al. [19] have studied the 125 

regeneration of the sulfur-poisoned Pd/Al2O3 catalysts by short (2 minutes) CH4 pulses. Significant 126 

regeneration was observed already at 550 °C and almost complete reactivation of the catalyst was 127 

achieved at 600 °C. Regeneration was associated with released SO2 due to decomposition of support 128 

sulfates promoted by CH4 activation onto the reduced metallic Pd surface. Thus, periodical feeding of 129 

short CH4 pulses to the NGV mufflers can regenerate the catalysts [19]. According to Kinnunen et al. 130 

[14], a sulfur-poisoned catalyst can be regenerated under low-oxygen conditions by decomposing PdSO4 131 

to PdSO3 followed by the release of oxygen and SO2 in a wide temperature range (800 ï 1000 °C). 132 

However, decomposition of PdSO4 forms metallic Pd which is an inactive phase for methane combustion 133 

[14]. Thus, scientific studies are definitely needed to understand and improve regeneration behavior of the 134 

natural gas oxidation catalysts.  135 

 136 

In this work, sulfur deactivation and regeneration behaviors of a Pd/Al2O3 natural gas oxidation catalyst 137 

have been studied. Fresh and treated catalysts have been characterized by transmission electron 138 

microscopy, X-ray diffractometry, Infrared spectrometry, and their activity has been studied in catalyst 139 

performance tests. In addition, we complement the experiments by performing DFT simulations of PdO 140 

catalyst model structures on alumina support with and without interacting SOx species.  141 

 142 

 143 
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2. EXPERIMENTAL  144 

 145 

2.1 Catalyst material 146 

 147 

The studied catalyst material is Pd supported on a g-alumina washcoat on a metallic monolith. The 148 

catalyst was manufactured and designed by Dinex Ecocat Oy for lean-burn-natural-gas applications. Total 149 

palladium loading in the catalyst is 7.06 g/dm3.  150 

 151 

2.2 Sulfur poisoning and regeneration treatments 152 

 153 

A sulfur with water (marked as SW) treatment was carried out at 400 °C for 5 hours in 100 ppm SO2 + 10 154 

% H2O + 10 % air + N2 bal. The gas hourly space velocity (GHSV) was 10,000 h-1 during the treatments. 155 

Heating to 400 °C and cooling to 25 °C were carried out under N2 / 10 % air. A regeneration after the SW 156 

treatment (marked as Reg. CH4) was carried out at 600 °C for 30 minutes in 1 % CH4 + N2 bal. Heat 157 

treatments for the regenerated (marked as Reg. CH4+Reg. O2) catalyst were carried out at 200  600 ÁC 158 

for 30 minutes in air. 159 

 160 

2.3 Characterization 161 

 162 

The fresh, SW-treated, and regenerated catalyst samples were studied by field emission scanning electron 163 

microscopy (FESEM, Zeiss, Crossbeam 540) together with energy dispersive spectroscopy (EDS, Oxford 164 

Instruments, 80 mm2 XMaxN silicon-drift detector) to determine the distribution and amount of sulfur. In 165 

addition, backscattered electron (BSE) images by an energy selective backscattered (EsB) detector were 166 

collected. The cross-sectional samples for FESEM studies were prepared with a conventional 167 

metallographic method: molding to resin, grinding and polishing followed by carbon-coating to avoid the 168 

sample charging in the FESEM studies. The structure of the catalysts was studied by transmission 169 

electron microscopy (TEM) and X-ray diffractometry (XRD). A TEM (Jeol JEM-2010) was used for 170 

imaging. A high resolution (scanning) TEM (HR(S)TEM, Jeol 2200FS) with two aberration correctors 171 

(CEOS GmbH) was used for high resolution STEM imaging. Bright-field (BF) and dark-field (DF) 172 

STEM images were collected. The Pd particle diameter for the fresh, SW-treated, and regenerated catalyst 173 

samples were measured from the DF STEM images. Over 50 particles were measured. The catalyst 174 

samples for all TEM studies were prepared by crushing the scraped catalyst powder between two 175 

laboratory glass slides and dispersing the crushed powder with ethanol onto a copper grid with a holey 176 

carbon film. The scraped catalyst powder was also used for XRD (PANanalytical, Empyrean with the 177 

PIXcel3D detector, using Cu Ka radiation with a wavelength 0.15418 nm) studies. Phases were identified 178 
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from XRD patterns by using the database (PDF-4+ 2016) from the International Centre for Diffraction 179 

Data (ICDD) and crystallite sizes were determined with the aid of the HighScore plus software based on 180 

the Scherrer equation (shape factor 0.9). 181 

 182 

Specific surface areas, pore sizes, and pore volumes of the fresh and treated catalysts were determined 183 

using the Micrometrics ASAP 2020. Specific surface areas were measured from the N2 adsorption 184 

isotherms at -196 °C (77 K) according to the standard BET (Brunauer-Emmett-Teller) method. Pore size 185 

and pore volume distributions of catalysts were calculated from N2 desorption isotherms by the BJH 186 

(BarrettïJoynerïHalenda) method. 187 

 188 

A Fourier transform infrared (FT-IR) spectrometer (Bruker Vertex V80) equipped with a diffuse 189 

reflectance infrared Fourier transform (DRIFT) unit and a liquid nitrogen-cooled mercury cadmium 190 

telluride (MCT) detector was utilized to find the information about the bonding of the sulfur compounds 191 

on the scraped catalyst powder. The DRIFT analyses were performed at room temperature under ambient 192 

atmosphere conditions. The background spectrum was measured using a mirror. Spectra were recorded by 193 

using a resolution of 4 cm-1. 194 

 195 

2.4 Catalytic testing 196 

 197 

Laboratory scale light-off tests were used to determine the catalyst activity of the fresh and treated 198 

catalysts. Catalytic activities were determined in lean reaction conditions using the following gas mixture: 199 

600 ppm CH4, 500 ppm CO, 10 vol% CO2, 12 vol% O2, 10 vol% H2O, and N2 as balance gas. The total 200 

gas flow was 1 dm3.min-1 resulting in a GHSV of 31000 h-1. The measurements were carried out at 201 

atmospheric pressure in a horizontally aligned tubular quartz reactor. The temperature of the catalyst bed 202 

was increased from room temperature up to 600 °C with a linear heating rate of 10 °C.min-1. The reactor 203 

was first heated up to 100 °C under N2 flow and then the gas mixture and water was inserted to the 204 

reactor. The catalyst was kept at steady state for 15 min at 600 °C and after that the reactor was cooled 205 

down to room temperature under the N2 flow. Gas flow rates were controlled by using mass flow 206 

controllers (Brooks 5280S). The gas composition was analyzed as a function of temperature by a 207 

GasmetTM FT-IR gas analyzer. Oxygen concentration was determined by using a paramagnetic oxygen 208 

analyzer (ABB Advanced Optima). 209 

 210 

2.5 Catalyst modeling 211 

 212 

Spin-polarized density functional theory (DFT) calculations were carried out by using the CP2K program 213 

package [20,21] for all the model systems reported herein. The gradient-corrected functional of Perdew, 214 
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Burke and Ernzerhof (PBE) [22] and the analytic pseudopotentials of Goedecker, Teter, and Hutter (GTH) 215 

[23] were employed in the calculations. Gaussian basis sets of double-zeta valence polarized (DZVP) [24] 216 

were adopted to expand the wave functions, while the cutoǟ energy of the auxiliary plane-wave basis for 217 

electron density was set at 600 Ry [25]. The G-point approximation was employed for Brillouin zone 218 

integration as the model systems are laterally large and the alumina substrate (slab) is an insulator. The 219 

DFT-D2 method was used to account for the weak van der Waals interactions [26]. Bader analysis of 220 

effective charges of atoms (based on electron density) was used to determine the charge transfer [27,28]. 221 

The activation energy barriers were calculated using the climbing-image nudged elastic band (CI-NEB) 222 

method [29]. 223 

 224 

The slab models of the alumina (100) surface used as the support were cleaved from a non-spinel ɔ-Al2O3 225 

model [30]. The slab model consists of 4³3 unit cells in laterally and four layers normal to the surface (480 226 

atoms, 22.33Ĭ25.19 ¡2). To avoid lateral interactions of periodic catalyst replica, a larger slab with 5³3 unit 227 

cells laterally (600 atoms, 27.92Ĭ25.19 ¡2) is also employed when more SOx species are adsorbed on the 228 

catalyst. A Pd30 cluster with the square-base pyramidal structure is considered as the model structure for the 229 

Pd catalyst. The corresponding PdO catalyst cluster follows the internal geometry of bulk PdO, while the 230 

surface is sufficiently covered by oxygen atoms; the stoichiometry of the PdO model catalyst is Pd30O44. 231 

Note that the Pd sublattice is the same as for Pd30 (fcc). In this study, the catalyst of the Pd30O44 cluster on 232 

the Al 2O3 substrate is considered as a representative model. A larger model catalyst would need a much 233 

larger substrate to ensure no cluster-cluster interactions. This would result in several thousands of atoms in 234 

the model structure and such DFT-simulations are not feasible in this context. 235 

 236 

3 RESULTS AND DISCUSSION 237 

 238 

3.1 Fresh catalyst 239 

 240 

The cross-sectional FESEM (BSE) image of the catalyst material, Pd supported on the g- Al 2O3 washcoat, 241 

on the metallic monolith is presented in Fig. 1a. The size of the Pd particles is too small to be detected by 242 

FESEM. According to the TEM (Fig. 1bīd) and XRD (Fig. 2) results as well as SBET and BJH values 243 

(Table 1), the fresh catalyst has a nanocrystalline and porous g-Al 2O3 support with well-distributed PdO 244 

crystallites. The crystallite size of PdO in the fresh catalyst is 2 nm measured from the XRD pattern based 245 

on the Scherrer equation. The average diameter of the PdO particles was 1.8 ± 0.5 nm measured from the 246 

DF STEM images, the histogram is presented in Fig. 3a. According to the BF STEM images (Fig. 1d), the 247 

PdO particles are single crystals and the crystallite size measured by XRD and the particle size measured 248 

from STEM images correspond to each other.  The model catalyst structure of a Pd30O44 cluster on g-249 
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Al 2O3(100) has been optimized by DFT (Fig. 1e). Upon optimization, the Pd30O44 cluster exhibits a 250 

hemisphere-like overall shape with the base diameter of 10.96 Å and the height of 7.18 Å. The nearest 251 

Pd-O bond length varies in the range of 1.97ī2.09 Å, which is comparable to the bulk value 2.02 Å. The 252 

optimized bond distances between the cluster and the support surface vary between 1.85ī2.21 ¡. The 253 

calculated cluster adsorption energy (Ὁ ) of Pd30O44 is 17.46 eV (0.185 eV/Å2). Here, Ὁ  is defined as 254 

 255 

     Ὁ = E(Pd30O44) + E(Al2O3) ï E(Pd30O44 /Al2O3)                  (1) 256 

 257 

where E(X) is the total energy of the related system X. The Bader charge analysis reveals that the Pd30O44 258 

cluster gains 4.12e of electron density in total, originating from the Al2O3 substrate, which results in that 259 

the negatively charged catalyst is prone to interact with adsorbate molecules. The catalyst model structure 260 

of a Pd30 cluster on g-Al 2O3(100) is also optimized and shown in the Supporting Information (Fig. S1). 261 

The pyramid-like geometry has a base dimension of 8.03 ³ 7.98 Å2 and height of 5.50 Å. The bond 262 

distances between the cluster and support surface vary between 2.01ī2.25 Å. The calculated adsorption 263 

energy of the Pd30 cluster on g-Al 2O3(100) is 12.80 eV (0.200 eV/Å2), and according to the Bader 264 

analysis, the support donates 1.62e of electron density to the cluster.  265 

 266 

 267 

 268 

 269 

 270 

 271 
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 272 

Figure 1. The fresh catalyst, (a) the cross-sectional FESEM (BSE) image showing the structure of the 273 
catalyst monolith, (b) the TEM image with the selected area electron diffraction (SAED) pattern and (c) 274 

the DF STEM image both indicating uniformly distributed palladium particles and nanocrystalline g-275 

Al2O3, (d) BF STEM image of the palladium particles wherein lattice fringes correspond to PdO, and (e) 276 
DFT-optimized model structure (side-view and top-view) of a PdO cluster catalyst on ɔ-Al2O3 (color key: 277 

Pd, dark green; O, red; Al, pink). 278 

 279 
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 280 

Figure 2. XRD patterns for the fresh and SW-treated catalysts. 281 
 282 

Table 1. Specific surface area (SBET), total pore volume, and average pore size of the fresh, SW-treated 283 

and regenerated (in CH4 conditions after SW-treatment) catalysts. 284 

 285 

Catalyst 
Specific surface 

area [m
2/g] 

Total pore 

volume [cm3/g] 

Average pore 

size [nm] 

Fresh 180 0.38 8.5 

SW-treated 175 0.34 8.0 

Reg. CH4 184 0.40 8.6 

 286 

 287 

Figure 3. Particle size distribution histograms of (a) the fresh catalyst, (b) the SW-treated catalyst, and 288 
(c) the regenerated (in CH4 conditions after SW-treatment) catalyst. 289 
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To understand the chemical nature of the Pd30O44 cluster adsorption on Al2O3, the projected density of 290 

states (PDOS) of electronic structure, charge density difference (CDD) and HOMO-LUMO orbitals are 291 

visualized in Fig. 4. PDOS (Fig. 4a) shows the projection of Kohn-Sham single-particle states onto 292 

atomic s-, p- and d-components in the catalyst and support, respectively. At the Fermi energy, PDOS has 293 

significant weight on the catalyst, while the support (insulator) displays a band gap. The corresponding 294 

electronic states have predominant contributions from the atomic p- (oxygen) and d-orbitals (palladium) 295 

in the Pd30O44 cluster. Especially, the metallic d-contribution at the Fermi level is a promising indicator 296 

for the interaction with reactant molecules and catalytic activity. From the CDD visualization (Fig. 4b), 297 

one can observe significant charge accumulation and depletion at the interface between the Pd30O44 298 

cluster and Al2O3 substrate, in agreement with the observed pronounced charge transfer between the 299 

cluster and substrate. In particular, the accumulated charge is distributed around the cluster perimeter. 300 

Furthermore, the HOMO and LUMO orbital distributions (Fig. 4b) show that both states are mainly 301 

delocalized around the Pd30O44 cluster (supporting the PDOS results in Fig. 4a), while there is 302 

insignificant electron distribution around the Al2O3 support. Similar observations were made for the non-303 

oxidized Pd30 cluster catalyst on Al 2O3, and the corresponding PDOS, CDD visualization and HOMO-304 

LUMO orbitals are given in Fig. S2. 305 

 306 
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 307 
 308 

Figure 4. Calculated electronic properties of the Pd30O44/Al2O3(100) system: (a) Projected density of 309 

states (PDOS) onto atomic s-, p- and d- orbitals in the cluster and support, respectively. The vertical 310 

dashed line indicates the Fermi level, where the main weight can be associated with O-2p and Pd-4d. (b) 311 

Side and top views of charge density difference (CDD) and HOMO/LUMO orbitals. For CDD, the yellow 312 

and cyan colors represent charge accumulation and depletion, respectively, while the net accumulation in 313 

the cluster is 4.12 e. For HOMO/LUMO, the different colors mark different nodes (signs) of the 314 

corresponding wavefunction. The isosurface values are ±0.002 e/a0
3 for CDD and ±0.01 e/a0

3 for HOMO 315 

and LUMO. 316 

 317 

 318 

 319 

 320 
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3.2 SW-treated catalyst 321 

 322 

Based on the XRD (Fig. 2) and TEM (Fig. 5) results, the morphology of the ɔ-Al 2O3 support after the 323 

SW-treatment is similar to the fresh catalyst. In addition, palladium particles were detected in the PdO 324 

form after the SW-treatment (Figs. 2 and 5c), similar to the fresh catalyst. However, the PdO crystallite 325 

size in the SW-treated catalyst is 4 nm as measured from the XRD pattern (Fig. 2) by the Scherrer 326 

equation while it was 2 nm in the fresh catalyst. The average diameter of the PdO particles was 3.0 ± 0.8 327 

nm measured from the DF STEM images, the histogram is presented in Fig. 3b. According to the BF 328 

STEM images (Fig. 5c), the PdO particles are single crystals. There is a slight fluctuation between the 329 

measurements by XRD and from the STEM images likely due to a small sampling of the particles in the 330 

measurement from the STEM images. However according to both measurements, a slight crystallite 331 

growth of PdO occurred during the SW-treatment. Lee et al. [31] have proposed that SO2-induced 332 

sintering of Pt particles in the Pt/Al2O3 catalyst results from the reaction of SO2 with oxygen at the Pt-O-333 

Al interface weakening the Pt O interaction and promoting the migration and sintering of Pt particles. A 334 

similar mechanism may cause a slight sintering of PdO crystallites in the studied catalyst. According to 335 

our earlier study [32], a slight sulfur-induced growth of the PtPd particles in the PtPd/Al2O3 catalyst was 336 

observed and a small amount of bulk aluminum sulfate species was detected near the PtPd particles. In 337 

the studied catalyst, the micro-scale distribution of sulfur studied by FESEM-EDS was observed to be 338 

uniform and the amount of sulfur was ~2 wt%. According to the DRIFT spectra (Fig. 6), at 1160ī1200 339 

cm-1 the formation of bulk Al2(SO4)3 on the SW-treated catalyst was detected [33,34]. However, the band 340 

at ~1300 cm-1 indicating surface Al2(SO4)3 [33] was not observed. Also, the band at ~1435 cm-1 341 

corresponding to ɜ(S=O) of PdīSO4 species [35] was not found. It can be assumed that the bands at 1035 342 

and 1639 cm-1 are material originated ones as they exist in all spectra and their intensities and band 343 

positions were not changed or affected by treatments. It has been reported that the sulfur poisoning of the 344 

Pd/Al2O3 catalyst starts by oxidation of SO2 to SO3 on the PdO particle followed by the formation of 345 

PdSO4 and/or Al2(SO4)3 [10,12,13]. Based on these results, it can be deduced that sulfur migrates to the 346 

Al 2O3-based support forming bulk Al 2(SO4)3. Sulfur compounds likely block a part of the pore openings 347 

resulting in a slightly decreased specific surface area, total pore volume, and average pore size during the 348 

SW-treatment (Table 1).  349 
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 350 
Figure 5. The SW-treated catalyst, (a) the TEM image with the SAED pattern and (b) the DF STEM 351 

image both indicating uniformly distributed palladium particles and nanocrystalline g-Al2O3 and (c) the 352 
BF STEM image of the palladium particle wherein lattice fringes correspond to PdO. 353 
 354 

 355 

Figure 6. DRIFT spectra for the fresh and SW-treated catalysts.  356 

 357 

Since the sulfur oxides (SOx) will  modify the catalyst surface chemistry and prevent access of reactants to 358 

the surface, it is necessary to identify and get detailed knowledge on the adsorption properties of the SOx 359 

species on the Pd30O44/Al 2O3 catalyst and estimate the saturation adsorption of SOx. The optimized most 360 

stable structures of a single SOx adsorption on the Pd30O44/Al2O3 catalyst are shown in Fig. S3. The 361 

calculated adsorption energy (Ὁ ), net charge and geometric parameters are summarized in Table S1. 362 

According to DFT optimizations, the adsorbed SOx forms the following configurations: SO2 for S, SO3 363 

for SO, and SO4 for SO2 and SO3, respectively, through binding more O atoms from the PdO cluster 364 

surface. This is in agreement with the experimental observations, where stable configurations of SO2, and 365 

then SO3 and SO4 have been observed upon SOx adsorption on Pd catalysts in the presence of oxygen 366 

[15ï17]. The SOx (x=0-4) species show a strong interaction with the catalyst due to covalent binding 367 

where the adsorbed SO has the largest adsorption energy. Bader charge analysis shows that PdO donates 368 


