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ABSTRACT: Fundamental understanding of catalytic deactivation phenomena
such as sulfur poisoning occurring on metal/metal-oxide interfaces is essential for
the development of high-performance heterogeneous catalysts with extended
lifetimes. Unambiguous identi�cation of catalytic poisoning species requires
experimental methods simultaneously delivering accurate information regarding
adsorption sites and adsorption geometries of adsorbates with nanometer-scale
spatial resolution, as well as their detailed chemical structure and surface functional
groups. However, to date, it has not been possible to study catalytic sulfur
poisoning of metal/metal-oxide interfaces at the nanometer scale without
sacri�cing chemical de�nition. Here, we demonstrate that near-�eld nano-infrared
spectroscopy can e�ectively identify the chemical nature, adsorption sites, and adsorption geometries of sulfur-based catalytic
poisons on a Pd(nanodisk)/Al2O3 (thin-�lm) planar model catalyst surface at the nanometer scale. The current results reveal striking
variations in the nature of sulfate species from one nanoparticle to another, vast alterations of sulfur poisoning on a single Pd
nanoparticle as well as at the assortment of sulfate species at the active metal�metal-oxide support interfacial sites. These �ndings
provide critical molecular-level insights crucial for the development of long-lifetime precious metal catalysts resistant toward
deactivation by sulfur.

� INTRODUCTION
Since the very �rst introduction of the concept of catalysis by
the Scottish chemist Elizabeth Fulhame in 1794,1 catalysis has
been a major industrial driving force with a global market that
is expected to reach up to $34 billion by 2025, with an annual
growth rate of 4.5%.2 Hence, improvement of catalyst lifetime
and durability continues to be a critical �eld of interdisciplinary
research. As Paul Sabatier proposed in 1913,3 reactants should
bind to a heterogeneous catalyst surface with su�cient strength
but not too strongly so that they do not cause catalyst
deactivation. Many catalytic processes utilize platinum group
metal (PGM) nanoparticles (NPs), such as Pd, Pt, Rh, Ir, Ru,
Os, and their multimetallic forms with complex sizes, shapes,
geometries, and composition, which are dispersed on porous
metal-oxide support materials (e.g., Al2O3, SiO2, TiO2,
zeolites). Sulfur-containing species, such as SOx, may bind to
PGM NPs as well as to the metal-oxide support material in a
strong and often irreversible manner resulting in catalytic
deactivation, which shortens catalyst lifetime and decreases
catalytic conversion and selectivity. Catalytic deactivation due
to sulfur poisoning is a widely encountered critical problem in
numerous industrial chemical processes, including catalytic
exhaust emission control technologies,4,5 catalytic hydrocarbon
combustion systems,6 solid oxide fuel cells (SOFC),7 photo/
electrocatalytic water splitting,8 mass production of sulfuric

acid,9 and the industrial (modi�ed) Claus process for
elemental sulfur production.10 Its molecular-level mechanistic
understanding is, however, to date, not fully available. This is
because a comprehensive understanding of sulfur poisoning
requires experimental methods that enable nanometer-scale
spatial resolution without sacri�cing information about
chemical bonding, functional groups, adsorption sites, and
adsorption geometries.

Unfortunately, most of the existing conventional spectro-
scopic, microscopic, and di�raction techniques utilized for the
characterization of catalytic metal/metal-oxide interfaces su�er
from a trade-o� between spatial resolution and chemical
structure/bonding de�nition.11,12 For instance, techniques
providing very high spatial resolution, such as scanning
tunneling/atomic force/transmission electron microscopy
(STM/AFM/TEM), energy-dispersive X-ray analysis (EDX),
or electron energy loss spectroscopy (EELS), typically cannot
provide unambiguous information about chemical functional
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groups, molecular structure, and adsorption geometries of
catalytic adsorbates at the same time.11,12 Such techniques are
also frequently limited to unrealistically low pressures (<10�12

atm) and cryogenic temperatures (<20 K) for molecular-level
data acquisition.13,14 Furthermore, some of these techniques
may also lead to sample damage due to the utilization of
energetic electrons or photons with high �ux. On the other
hand, optical far-�eld spectroscopy/microscopy methods
involving infrared (IR) photons yield detailed chemical/
bonding/adsorption geometry information without sample
damage. However, they are limited to a theoretical spatial
resolution of >1.2 �m (for mid-IR investigations using photon
wavelengths within 2.5�20.0 �m), due to the di�raction limit
proposed by Ernst Abbe in 1873,15 giving rise to ensemble
averaging of thousands/millions of nonuniform catalytic
nanoparticles. Thus, conventional far-�eld IR spectroscopic/
microscopic studies on metal/metal-oxide catalytic interfaces
lead to convoluted signals originating from multiple domains,
which render distinct identi�cation of particular adsorbates on
di�erent domains unattainable. Plasmonic near-�eld nano-
imaging16 and tip-enhanced Raman spectroscopy (TERS)17,18

are other potent high-spatial-resolution techniques, where the
latter may provide signals from the direct vicinity of an AFM
tip, with a spatial resolution of <20 nm. However, none of
these high-resolution techniques have been applied so far to
study the deactivation of supported PGM nanoparticles by
sulfur under relevant temperatures and pressures, leaving the
following key questions unanswered: (i) Where exactly do the
inhibitors/poisons bind on the catalyst surface, e.g., on PGM
active sites and/or on the support material? (ii) What kind of
functional groups do the adsorbed poisoning species possess?
(iii) What are the adsorption geometries of such poisons on
the catalyst surface?

Here, we employ scattering-type scanning near-�eld optical
microscopy (s-SNOM)19�29-based near-�eld nano-Fourier
transform infrared spectroscopy (nano-FTIR) (see Supporting
Information, SI Section 1 for more details) to show that the
adsorption site, functional group (i.e., internal bonding
con�guration), and adsorption geometries of sulfur-poisoning
species can be distinguished and chemically identi�ed at the
nanometer scale relevant to catalysis. For this purpose, we use
a two-dimensional (2D) model catalyst surface comprised of
an array of nanofabricated shape-de�ned Pd nanodisks on a
planar Al2O3 thin-�lm support grown on an oxidized Si(100)
substrate. This sample is treated with 1.0 × 10�2 M H2SO4(aq)
at 383 K in air to introduce sulfates on the catalytic metal/
metal-oxide (Pd/Al2O3) interface as poisoning species (Figure
1). As a key result, we show that Pd nanodisks are poisoned
with sulfates, which are predominantly adsorbed with a 3-fold
adsorption geometry on Pd0 (metallic) sites of Pd(111) surface
facets, along with a smaller contribution from sulfates adsorbed
with 3-fold or 1-fold geometry (i.e., with a C3v symmetry) on
electron-de�cient Pdx+ sites. On the other hand, sulfur-
poisoning species on the Al2O3 thin-�lm support revealed
notable di�erences in their nano-FTIR vibrational signatures,
indicating the presence of sulfates adsorbed with 2-fold
(bidentate) con�guration, as well as bulk-like sulfates (i.e.,
Al2(SO4)3). Furthermore, our results illustrate that the types of
adsorbed sulfate species can be modi�ed by altering the extent
of poisoning and by changing the Pd nanodisk surface
morphology as well as the oxidation states of the Pd adsorption
sites at the nanometer scale. Accordingly, we demonstrate that
the detection of the signi�cant variations in the adsorption

characteristics of sulfate species (a) on di�erent Pd nano-
particles, (b) on a single Pd nanoparticle, and (c) at the active
metal (Pd)/metal-oxide support (Al2O3) interface could be
possible via the nano-FTIR technique. By means of subsequent
regeneration experiments, we also establish that most of the
sulfur-poisoning species can be removed both from the mildly
poisoned Pd nanodisks and the Al2O3 support surface of the
2D model catalyst via catalytic reduction with H2 at 573 K.

� RESULTS AND DISCUSSION
Model Catalyst Nanofabrication. The 2D-Pd-

(nanodisk)/Al2O3 planar model catalyst was fabricated using
the hole-mask colloidal lithography nanofabrication method,30

which enables the production of quasi-random arrays of shape-
de�ned Pd nanodisks deposited on a planar Al2O3 thin �lm
with a thickness of ca. 300 nm, grown with sputter deposition
on a thermally oxidized Si(100) substrate (for further details
on model catalyst nanofabrication, see Figure S1 and SI
Section 2). The Pd nanodisks had an average diameter of 250
± 20 nm (Figure 2a,b) and an average height of 50 ± 5 nm
(Figure 2b,c). The chemical composition of the freshly
prepared Pd/Al2O3 model catalyst surface was also charac-
terized with energy-dispersive X-ray analysis (EDX) (Figure
2d) and X-ray photoelectron spectroscopy (XPS, Figures 2e
and S2a�f), verifying the presence of Pd, Al, O, and Si. The
corresponding measurements on a H2SO4-exposed (i.e., mildly
poisoned) sample also yielded additional strong S signals,
con�rming the sulfur-poisoning e�ect. Furthermore, detailed
XPS analysis of the Pd 3d region of the fresh and mildly sulfur-
poisoned model catalyst surfaces indicated that the relative
abundance of Pd0 to Pd2+ sites was 3.2 and 1.9, respectively (SI
Section 3 and Figure S2a,b). In other words, fresh Pd
nanodisks exhibited a mostly metallic nature with a notable
contribution from Pd2+ species, while the relative abundance of
the Pd2+ species increased with sulfur poisoning.

Distinguishing the Adsorbates Formed on Pd Nano-
disks and the Al2O3 Support with Nanometer-Scale
Resolution upon Catalytic Deactivation by Sulfur. We
utilized s-SNOM-based nano-FTIR spectroscopy19,27 to

Figure 1. Artist’s (not drawn to scale) rendition of the ex situ nano-
FTIR spectroscopic monitoring of the sulfur-poisoning species, i.e.,
di�erent types of sulfates, introduced on the nanofabricated 2D-
Pd(nanodisk)/Al2O3 planar model catalyst surface via H2SO4
exposure.
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identify and di�erentiate the adsorbates generated upon sulfur
poisoning of the Pd(nanodisk)/Al2O3 model catalyst surface
(Figure 3a,b). Pd nanodisks were readily discerned in s-SNOM
imaging (Figure 3c,d) due to their distinct geometry and
topography, eliminating the need for additional elemental
characterization for di�erentiating PGM active sites from the
catalytic support domains. To mimic some of the relevant
adsorbates produced during a typical catalytic sulfur-poisoning
event, we exposed the pristine model catalyst surface to 1.0 ×
10�2 M H2SO4(aq). Note that the concentration of H2SO4(aq)
used in the current catalytic deactivation protocol (see
Methods section for details) was optimized via control
experiments. We observed that higher concentrations of
H2SO4(aq) (e.g., 1 × 10�1 or 1.0 M) or longer exposure
durations led to the leaching of Pd from the Pd nanodisks and
distortion of the Pd nanodisk geometry, while lower
concentrations (e.g., 1.0 × 10�3 or 1.0 × 10�4 M) of
H2SO4(aq) resulted in low signal-to-noise ratio (S/N) in nano-
FTIR spectra. In the next step, sulfuric-acid-treated model
catalysts were annealed at 383 K in air to desorb the solvent
and remove weakly bound physisorbed/chemisorbed species
(e.g., molecular water). This particular sulfur-poisoning
protocol was designed to: (i) ensure the generation of strongly
bound sulfate species, which play a leading role in catalytic
deactivation of PGM by sulfur, (ii) remove the mobile or
weakly bound adsorbates, which otherwise can be transported
or swept o� by the tip during nano-FTIR spectroscopic
measurements, thereby decreasing the data reproducibility and
s-SNOM image quality, (iii) avoid the potential ambiguities in
the nano-FTIR spectroscopic data analysis by eliminating
adsorbates with severely overlapping vibrational spectroscopic
features, such as SO2, SO3, SO3

2�, HSO3
�, HSO4

�, and H3O+�
SO4

2� (hydronium sulfate), which typically appear in the

earlier stages of catalytic sulfur poisoning and eventually
transform into sulfates upon extensive poisoning.31�41

Adsorption of sulfuric acid anions (i.e., HSO4
�(ads) and

SO4
2�(ads)) has been extensively studied via FTIR, di�use

re�ectance FTIR (DRIFTS), surface-sensitive infrared re�ec-
tion absorption spectroscopy (IRAS), and sum frequency
generation (SFG) on di�erent precious metal surfaces such as
Au,37 Rh,32 Pt,39,41,42 and Pd.34,35 H2SO4 adsorption was most
comprehensively investigated on Pd and Pt single-crystal
planar model catalysts in aqueous electrochemical systems via
IRAS, SFG and also with density functional theory (DFT)
modeling.43,44 Until recently, there has been a long-standing
debate about whether HSO4

� and/or SO4
2� are adsorbed on

Pt surfaces upon H2SO4(aq) exposure. As discussed
comprehensively in SI Section 4 and Figure S3, recent
studies34�42,45�56 showed conclusively that only sulfate species
existed on various model catalyst surfaces upon H2SO4(aq)
adsorption. Additional discussion on the fact that sulfates are
the most prominent adsorbed species generated upon
H2SO4(aq) adsorption on Pd(nanodisk)/Al2O3 planar model
catalyst surfaces is given in SI Section 4.

During the nano-FTIR experiments presented in Figure 3a,b,
we acquired spectra from a series of points aligned across two
di�erent sulfur-poisoned Pd nanodisks (Figure 3c,d). In such
nano-FTIR spectroscopic line scans, we �rst started to register
nano-FTIR spectra on the Al2O3 region, then continued across
the Pd nanodisk, and �nally ended up on the Al2O3 domains
on the opposite side of the Pd nanodisk. Figure 3a,b, depicts
two of these independent nano-FTIR line scans obtained
across two separate Pd nanodisks. These independent
measurements clearly demonstrate the reproducibility of the
nano-FTIR signals and verify that these signals are among
some of the valid representations of the overall model catalyst
surface. Furthermore, they illustrate notable di�erences (i.e.,

Figure 2. (a) Scanning electron microscopy (SEM) image, (b) (false color) total IR-re�ection s-SNOM image, and (c) AFM height variation
pro�le of the freshly prepared 2D-Pd(nanodisk)/Al2O3 model catalyst surface. (d) EDX and (e) XPS survey spectra of the fresh (blue) and sulfur-
poisoned (red) model catalyst.
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spectral shifts and variations in line shapes) between the Al2O3
support (blue spectra) and the Pd nanodisks (purple spectra).
This important observation suggests that sulfur-poisoning
species on single Pd nanodisks can be di�erentiated from those
of Al2O3 support sites with high spatial resolution at the
nanometer scale.

The strength of the near-�eld signal can vary as a function of
the tip surface interaction, tip surface distance, tip/disk
geometry, and the near-�eld coupling between neighboring
disks.57,58 Due to the relatively large distance between the Pd
nanodisks used in the current work, near-�eld coupling
between neighboring Pd disks seems unlikely.57,59 Further-
more, localized surface plasmon resonance (LSPR) e�ects for
the currently utilized 250 nm diameter Pd nanodisks are
expected to be in near-IR wavelengths (ca. 850 nm), while the
currently used excitation source in nano-FTIR experiments
operates in mid-IR wavelengths (6060�11 904 nm). On the
other hand, minor asymmetry in the brightness of s-SNOM
images of Pd disks given in Figure 3c has some resemblance to
that of a former study by Garci �a-Etxarri et al.57 on 100 nm
wide Au nanodisks utilizing a metallic SNOM tip but excited
with 633 nm (visible) irradiation. In this former work, the

aforementioned observation was attributed to the modi�cation
of the near-�eld amplitude over Au disks by the s-SNOM tip
yielding dark regions close to the incoming radiation and
brighter regions farther away from the incoming radiation.
Thus, only some of the minor nano-FTIR spectral variations
observed for the Pd disks given in Figure 3a,b of the current
work can be attributed to such antenna e�ects. In other words,
it is likely that contribution from such e�ects to the nano-FTIR
spectral features is likely to be very weak (due to the fact that
the current experiments utilize a mid-IR source with
wavelengths much higher than the near-IR resonance wave-
lengths of the 250 nm Pd disks and also the Pd nanodisks have
ca. 50% smaller LSPR extinction cross sections than that of Au
disks).60 This is also consistent with the comparison of spectra
22 and 28 of Figure 3b revealing rather comparable intensities
and similar line shapes, which were obtained from relatively
darker and brighter sections of the same Pd disk shown in
Figure 3c, respectively. It should also be noted that di�erences
between the nano-FTIR signal intensities for the sulfates on
the alumina domains and Pd domains (Figure 3a,b) may arise
from the dissimilarities in the dipole moment strengths/

Figure 3. (a, b) Nano-FTIR spectra collected from the line scans across two independent mildly sulfur-poisoned single Pd nanodisks on Al2O3.
Nano-FTIR spectra labeled with blue color were acquired directly from the Al2O3 support sites (corresponding to points P1�P5, P12�P16, P17�
P21, and P29�P32 in panel (c)), while the purple spectra were acquired directly from the Pd nanodisks (corresponding to points P6�P11 and
P22�P28 in panel (d)). (c) 2D and (d) 3D representations of total IR-re�ection s-SNOM images of the mildly sulfur-poisoned Pd(nanodisk)/
Al2O3 (thin-�lm) planar model catalyst surface showing the locations of the points where the nano-FTIR line scan spectra were acquired. (e�h)
Schematic (not drawn to scale) illustration of the prominent sulfate species detected in the nano-FTIR spectra given in panels (a, b). (i) Nano-
FTIR spectra obtained from: pristine Pd nanodisk (i) and pristine Al2O3 (ii) domains of the clean Pd nanodisk/Al2O3 (thin-�lm)/Si(100) surface,
mildly sulfur-poisoned Pd nanodisk (iii), and mildly sulfur-poisoned Al2O3 domains (iv) of Pd nanodisk/Al2O3 (thin-�lm)/Si(100) surface, as well
as the mildly sulfur-poisoned Al2O3 (thin-�lm)/Si(100) surface that does not have any Pd disks (v). For spectra i, ii, and v, the nano-FTIR
spectrum of the Si wafer was used as the background. Spectra i and ii were used as the background for spectra iii and iv, respectively. (j) Far-�eld
ATR-IR spectrum of the identical mildly sulfur-poisoned Pd(nanodisk)/Al2O3 model catalyst given in panels (a�i).
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alignments of di�erent sulfate vibrational modes with respect
to the tip�substrate.61

Identi�cation of the Chemical Nature of Adsorbates
on Di�erent Adsorption Sites. To shed light on the origins
of the nano-FTIR spectroscopic features given in Figure 3, we
performed ab initio density functional theory (DFT)
calculations for various stable sulfate species on Pd and
alumina surfaces (Figure 4).

DFT calculations for sulfate adsorption on clean Pd(111)
single-crystal surfaces suggests that sulfate adsorbs extremely
strongly on Pd(111), where the adsorption strength increases
with increasing coordination of the sulfate group to the
Pd(111) surface: Eads (monodentate sulfate) < Eads (bidentate
sulfate) < Eads (tridentate sulfate) (Figure 4a�e). Furthermore,
Figure 4f shows that the adsorbate�adsorbate interaction is
slightly repulsive and does not signi�cantly alter the adsorption
energy, indicating the possibility of high sulfate coverage under
severe poisoning conditions (compare Figure 4f with Figure
4a�e). The presented con�guration in Figure 4f is computed
as the optimum distance between two adsorbates (5.05�5.31
Å between S atoms, and 2.99�3.14 Å between the closest O
atoms based on several calculations carried out with varying

initial geometries). This slightly repulsive interaction between
the adsorbed sulfate atoms was also con�rmed when the
analysis was repeated with three sulfates, where Eads was
observed to decrease marginally to �4.64 eV.

Comparison of the monodentate sulfate adsorption strength
on clean Pd(111) (Figure 4a, Eads = �2.37 eV) with that of
monodentate sulfate adsorption on a single Pd adatom on
Pd(111) given in Figure 4g (Eads = �2.62 eV, a simple model
crudely mimicking a reconstructed and roughened Pd nanodisk
surface) suggests that the generation of coordinatively
unsaturated defect sites on Pd(111) can increase the
adsorption strength of sulfates. This observation is also valid
to a certain extent for higher sulfate coordination (e.g.,
compare tridentate sulfates on reconstructed Pd(111)-
containing Pd adatom(s) given in Figure 4h,i with that of
Figure 4d�f corresponding to the unreconstructed Pd(111)
surface).

It is also apparent that the presence of other types of crystal
defects such as Pd atom monovacancies (compare Figure 4j
with Figure 4e,f) does not signi�cantly alter the sulfate
adsorption strength. In contrast, the existence of oxygen
adatoms on Pd(111) weakens the adsorption energy of sulfates

Figure 4. DFT calculation results and the corresponding average adsorption energies of some of the stable (top view and side view) adsorption
con�gurations of sulfate species: (a) monodentate sulfate adsorbed on top of a Pd atom of Pd(111), (b) monodentate sulfate adsorbed between
two Pd atoms of Pd(111), (c) bidentate sulfate adsorbed on two Pd atoms of Pd(111), (d) tilted sulfate adsorption on Pd(111), (e) tridentate
sulfate adsorption on three Pd atoms of Pd(111), (f) tridentate sulfate adsorbed on Pd(111) next to a neighboring tridentate sulfate, (g)
monodentate sulfate adsorption on a Pd adatom on Pd(111), (h) tridentate sulfate simultaneously adsorbed onto a Pd adatom and two Pd(111)
surface atoms, (i) bidentate sulfate adsorbed on two Pd adatoms on Pd(111), (j) tridentate sulfate adsorption on a Pd atom monovacancy of
Pd(111), (k) tridentate/bidentate sulfate adsorption on Pd atoms of the oxygen adatom-decorated Pd(111), (l) tridentate/bidentate sulfate
adsorption on �-Al2O3, and (m) alternative tridentate/bidentate sulfate adsorption on �-Al2O3.
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(compare Figure 4k with Figure 4e,f). It is worth mentioning
that the currently computed adsorption energies for sulfates on
Pd surfaces were also consistent with former DFT studies on
sulfate adsorption on Pt(111).44,62 DFT calculations were also
carried out on the �-Al2O3 surface (Figure 4l,m), which
revealed that sulfates also adsorbed strongly on alumina with
tridentate/bidentate con�gurations.

The current DFT computational �ndings presented above
imply that not only the adsorption con�gurations but also the
adsorption strengths of sulfates on the Pd nanodisk/Al2O3
(thin-�lm)/Si(100) surface can be varied by altering the extent
of sulfate poisoning by increasing the H2SO4(aq) exposure
duration, which may in turn increase the sulfate surface
coverage and modify Pd oxidation states and the nanodisk
surface morphology via adsorbate-induced reconstruction and
surface roughening.63 In other words, there may be a variety of
dissimilar adsorbed sulfate species on Pd surfaces due to
surface defects and imperfections. These implications will be
demonstrated experimentally via additional nano-FTIR meas-
urements presented in the forthcoming sections, revealing a
variety of di�erent sulfate vibrational signatures as a function of
di�erences in adsorbate adsorption geometry, coordination,
and adsorption site.

Overall, based on the current DFT calculations, it can be
argued that sulfates can strongly adsorb on: (i) metallic (Pd0)
adsorption sites of Pd(111) facets with monodentate/
bidentate/tridentate con�gurations, (ii) defect sites of Pd
nanodisks (e.g., Pd adatoms or Pd vacancies) in monodentate/
bidentate/tridentate con�gurations, (iii) partially oxidized Pdx+

sites of oxygen-covered Pd(111) surfaces of Pd nanodisks with
tridentate coordination, and (iv) the alumina surface with
bidentate/tridentate con�gurations.

Thus, in light of the current DFT computational studies as
well as the former experimental IRAS data obtained from low-
index Pd single-crystal surfaces upon electrochemical

H2SO4(aq) adsorption34 (see Figure S3, Table S1, and SI
Section 4 for a detailed discussion) and former FTIR studies
on the sulfur poisoning of high-surface-area powder
catalysts,4,38,39,52,64 we can assign the currently observed
nano-FTIR vibrational features presented in Figure 3.

Blue spectra given in Figure 3a,b were obtained from
alumina domains of the mildly sulfur-poisoned Pd nanodisk/
Al2O3 (thin-�lm)/Si(100) model catalyst surface. While the
features of the blue spectra in Figure 3a,b observed at 1108,
1190, and 1306 cm�1 can be associated to bulk-like sulfates
(i.e., Al2(SO4)3)

4,64 (Figure 3e), vibrational features located at
1064,39 1150,39 1358,4,64 and 14324,64 cm�1 on Al2O3 domains
can be ascribed to surface sulfates with 2-fold (bidentate)
adsorption geometry40,51 (Figure 3f). These assignments are
also in line with our control experiments performed on a
mildly sulfur-poisoned Al2O3 (thin-�lm)/Si(100) surface
(Figure 3i, spectrum v) in the absence of any Pd adsorption
site.

The major vibrational features of the mildly sulfur-poisoned
Pd nanodisks appear within 1050�1450 cm�1 (purple spectra
in Figure 3a,b). Accordingly, we identify the high-frequency
shoulder at 1190 cm�1 as sulfates adsorbed with 3-fold or 1-
fold geometry with the C3v symmetry on electron-de�cient
Pdx+ sites (Figure 3g). Furthermore, we attribute the strongest
feature at 1108 cm�1 to sulfates adsorbed with 3-fold geometry
on metallic sites (Pd0) of Pd(111) facets (Figure 3h), while we
assign the weaker shoulder at 1081 cm�1 to 1-fold sulfate
adsorption on Pd(100)/Pd(110) facets with metallic Pd sites.
Minor features at 1306, 1358, and 1432 cm�1 can be
tentatively assigned to 2-fold or 3-fold sulfates adsorbed on
oxidized Pd sites (i.e., Pdx+). Finally, we note that in the
aforementioned electrochemical study,34 the utilized Pd
surface was presumably more oxidized than the current
work, leading to a slight blue shift in the observed vibrational
features as compared to the current results.

Figure 5. Demonstration of nanoparticle-to-nanoparticle variations in sulfate poisoning over Pd nanodisks on alumina thin �lms after extreme
sulfur poisoning. (a, b) (False color) 3D AFM images of (a) pristine and (b) extremely sulfur-poisoned Pd(nanodisk)/Al2O3 (thin-�lm)/Si(100)
model catalyst. (c�g) Nano-FTIR spectra obtained from �ve di�erent extremely poisoned Pd nanodisks (spectra were collected at the points
indicated by the black circles in the central zone of each nanodisk). The scale bar in the total IR-re�ection s-SNOM images given at the bottom of
each panel corresponds to 250 nm.
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