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Abstract

In-depth understanding of the fundamental structure of catalysts during operation is indispensable
for tailoring future efficient and selective catalysts. We report the evolution of the structure and
oxidation state of ZrO,-supported Pd nanocatalysts during the in situ reduction of NO with H; using X-

ray absorption fine-structure spectroscopy and X-ray photoelectron spectroscopy. Prior to the onset of
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the reaction (< 120°C), a NO-induced redispersion of our initial metallic Pd nanoparticles over the ZrO,
support was observed, and pd* species detected. This process parallels the high production of N,O
observed at the onset of the reaction (>120°C), while at higher temperatures (>150°C) the selectivity
shifts mainly toward N; (~80 %). Concomitant with the onset of N, production, the Pd atoms aggregate
again into large (6.5 nm) metallic Pd nanoparticles, which were found to constitute the active phase for
the Hp-reduction of NO. Throughout the entire reaction cycle, the formation and stabilization of PdOy
was not detected. Our results highlight the importance of in situ reactivity studies to unravel the

microscopic processes governing catalytic reactivity.
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Introduction

Although in the last two decades significant progress has been made towards the understanding of
the structure and chemical composition of supported nanoparticles (NPs) in the as-prepared state and
after reaction,l'12 much less is known about their in situ (operando) structural and chemical features, and
how they evolve in the course of a chemical reaction.">?' Reaction-induced morphological changes in
NPs need to be considered, since they might lead to a decrease/increase in the relative area of the most
catalytically active surface sites, as well as to changes in the chemical state of the active metal
catalysts.”'19

The present study targets the in situ catalytic reduction of NO. This structure-sensitive reaction is of
enormous industrial and environmental relevance, since NOx emissions have significant adverse effects
on the environment (acidification of rain and the generation of smog), as well as on humans (respiratory

22-28

infections) and therefore, remediation through catalysis is critical The most common routes for the

removal of NO are the selective catalytic reduction (SCR) with ammonia, CO, H, and hydrocarbons, as
well as the direct decomposition.*****
The present work focuses on the reduction of NO with H; (Hg—SCR).SS'57 This reaction is not as

selective for N, as, for instance, ammonia, but has potential technological applications due to its lower
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onset temperature, and the fact that H; is readily available in exhaust streams (from the water-gas-shift
reaction or from hydrocalrbons).3 ! Noble metal-based catalysts are generally preferred for the H,-SCR of
NO because of their high selectivity and reduced operation temperatures.*””*°" Although Rh is overall
catalytically better than Pd for NO-SCRs, the lower cost, higher abundance, and low-temperature

59,62-69
A

activity of Pd have made it a material of choice in industrial applications. vast amount of

literature is available describing the conversion and selectivity of various combinations of metal catalyst,

4262931 However, much less attention has been paid to the optimization of

support, and reducing agent.
the structure and oxidation state of the active catalysts, its evolution under reaction conditions, and its
influence on catalytic performance.””’! Nevertheless, previous work has revealed the important role of
the oxidation state of metal catalysts in their activity, selectivity, and stability for NO-SCRs. For
example, oxidized Rh catalysts are more active for H,-SCR than metallic Rh,72 and NO adsorption on
Cu catalysts is faster on the oxidized surface, contrary to the faster adsorption reported on the reduced
surfaces of other materials such as chromia or manganese oxides.* Additional examples discussing the
reactivity of oxidized Pd species formed under reaction conditions can be found for CH4-SCR reactions
carried out in the presence of oxygen.”">’* The nature of the support has also been found to influence
catalytic performance either by stabilizing the NPs against coarsening, by providing additional active
reaction sites, or by influencing the chemical state of the supported catalysts.®”*"” On acidic supports,
oxidative redispersion of PdO over the support was observed, while larger PdO clusters were found on
non-acidic substrates.”"’ Dispersed Pd** cations were reported to constitute the active phase in CHy-

7178 while NO was found to dissociate on Pd’ sites during

SCR NO reduction in the presence of O,,
H,-SCR NO reduction with O, in the reactant stream.”’ Furthermore, enhanced selectivities were
observed when the Pd nanocatalysts were deposited on acidic zeolites or sulfated ZrO, supports.** In
addition, exposure of zeolite and perovskite-supported Pd NPs to O, and NO was found to result in the

formation of highly mobile cationic Pd species.””’®*'®*

Finally, the size of the NPs was also shown to
affect their reactivity.84'90 For example, N,O was not formed over small Pd NPs on SiO,, but was present
when larger clusters where used as catalysts."

It is evident from the above description that a detailed knowledge of the correlation between the
structure (size, shape, and dispersion on a support), chemical state of the active species, and their
reactivity is indispensable for the rational design of efficient and highly selective nanocatalysts. In the
present work, the H,-SCR NO reduction over ZrO,-supported Pd NPs has been investigated in situ via

X-ray absorption fine structure (XAFS) spectroscopy and mass spectrometry, complemented with ex sifu



transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) measurements.
XAFS allows element-specific structural and chemical analysis under operando conditions, and is
therefore the ideal technique to investigate the microscopic morphology of the catalysts at work, and to

gain insight into the structure and reaction mechanisms guiding the reduction of NO.

Experimental
(a) Sample preparation and characterization

The Pd NPs were synthesized by inverse micelle encapsulation. Micellar nanocages were prepared
by dissolving a non-polar/polar diblock copolymer [polystyrene-block-poly(2-vinylpyridine), PS-P2VP]
in toluene and subsequently loaded with a metal precursor (C4HsO4Pd) to create encapsulated NPs.
Adjusting the polymer head length (P2VP) and metal precursor-polymer head ratio (L) enables the
control of the particle size. The Pd NPs in our investigation were prepared by loading PS(16000)-
P2VP(3500) copolymers with a metal precursor/P2VP ratio L of 0.05. Subsequently, the NPs are
impregnated on commercially available nanocrystalline (powder) ZrO, supports (~ 20 nm average grain
size) by dissolving the support in the polymeric solution. The polymeric ligands are removed by
annealing in an O, environment at 375°C for 24 h. After this treatment, the NPs are free of carbon as
verified by XPS. The Pd loading was 1% by weight. For the TEM measurements, the Pd/ZrO, powders
were dissolved in ethanol and subsequently drop-coated onto a carbon-coated Cu grid and dried in air.

The chemical characterization of our ZrO,-supported Pd nanocatalysts was conducted by XPS (Al
Ky, 1486.6 eV). The NPs were measured before (as-prepared) and after running the H,-SCR NO
reduction at several different temperatures for 2.5 h. At each temperature, the steady state conversion
was interrupted and the sample was transferred to the adjacent XPS ultrahigh vacuum chamber (UHV)
for the measurements. The charging of the powder sample was compensated by a flood gun (4 eV) and
the Zr-3ds; core level of ZrO, (182.6 eV) was used as the binding energy reference.’! It should be noted
that the Zr-3p peaks of the support overlap with the Pd-3d signals from the NPs in our samples and that

all the spectra have been rescaled to yield the same Zr-3p intensity as in the bare ZrO, support.

(b) Reactivity data

The catalytic performance of our ZrO,-supported Pd nanocatalysts for the reduction of NO was

determined using a packed-bed mass flow reactor interfaced to a quadrupole mass spectrometer. The



reactants (1% NO, 1% H;) were introduced employing low flow mass flow controllers and were
balanced with He to provide a total flow of 25 ml/min. The catalyst bed was stepwise annealed up to
240°C in order to determine the temperature dependent conversion of NO and reaction selectivity via
mass spectrometry. Reactivity data were acquired at each temperature under steady-state conditions.
Prior to exposing the Pd NPs to the reactants, they were reduced for 1 h in a hydrogen atmosphere (40 %
H, balanced with He) at 240°C.

(c) Structural and chemical analysis (EXAFS, XANES)

Extended X-ray absorption fine-structure (EXAFS) and near-edge structure (XANES) spectroscopy
measurements were performed at the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory (beamline X18B). The experimental set-up consisted of a home-built packed-bed
mass flow reactor cell compatible with an in situ transmission XAFS mode and interfaced to a
quadrupole mass spectrometer for the evaluation of catalytic reactivity.

A minimum of three Pd K-edge EXAFS spectra were acquired before and after the in sifu reduction
of the Pd catalysts as well as at various temperatures during the H,-SCR reaction (25-240°C). The
ATHENA software was used for averaging and aligning the spectra with the simultaneously-acquired
bulk Pd foil reference spectra. The smooth isolated atom background was removed using the AUTOBK
algorithm.”®* The Fourier transformation of the (k, k°, k’)-weighted EXAFS data was performed via the
Artemis software package, and the resulting radial distributions were fitted (first shell) with a theoretical
model calculated for fcc-palladium with the FEFF6 code.”® Typical k-ranges were 2.5-10 A and r-
ranges 1.5-3.0 A. The best fit for the passive electron reduction factor of the bulk Pd reference spectrum,
was 0.84 and was kept constant during the analysis of all NP samples. The structural parameters
extracted from the fits of the EXAFS data of our Pd/ZrO, catalysts under different reaction conditions
are summarized in Suppl. Table 1 together with fit quality factors. Examples of k- and r-space EXAFS
data together with representative fits can be found in Suppl. Figs. 1 and 2.

Results
(a) Structure, morphological and chemical characterization (TEM, XPS)

Representative TEM images of our ZrO,-supported Pd NPs are shown in Fig. 1 after (a) O,-
annealing at 375°C (as-prepared), and (b) the H,-SCR NO reduction reaction up to 240°C. Detailed
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statistics of the average NP size and size distribution of this sample could not be carried out via high-
angle annular dark-field scanning TEM due to the poor Z-contrast between the Pd NPs and the
nanocrystalline ZrO, support. However, based on the analysis of a small set of particles (~20-30)
observed in bright field images, the average size of the NPs was estimated to be 5.3 £ 1.5 nm before the
reaction (as-prepared sample), and 6.5 £ 2.3 nm after the reaction. Overall, the particles were found to
be rather flat, with an average width/height ratio of ~2.2 before the reaction, and ~2.6 after the reaction,
suggesting a strong NP-support interaction after our initial annealing pre-treatment at 375°C.

Figure 2 displays Pd-3d XPS data of our Pd NPs on ZrO, acquired before (as-prepared and reduced
spectra) and after the NO reduction with H; at several temperatures (70, 120, 150 and 240°C). The N-1s
region is shown in Suppl. Fig. 3. The sample was exposed to the reactants at each specific temperature
for 2.5 h before the acquisition of the XPS spectra. Figure 2 displays two sets of core-level XPS peaks
(spin-orbit doublets) corresponding to Zr-3p and Pd-3d orbitals. The data of the Pd-free ZrO, support are
shown in Fig. 2(i) for reference. Two clear shoulders appear in the XPS spectrum of the as-prepared Pd
sample, partially overlapping with the more prominent ZrO, features, Fig. 2(ii). Based on the large
binding energies of these peaks (338.3 and 343.8 eV), and the fact that the sample was annealed in O,
before these measurements, these contributions are identified as PdOy species, reflecting the initial
oxidation of our as-prepared NPs.”” The presence of PdOy is confirmed by XANES and EXAFS (see
below). A binding energy of 336.7 eV (Pd-3ds;,) was obtained for Pd** in bulk PdO, and 336.8 eV in
Pd(OH), (not shown, and Ref. 98), while bulk Pd metal is generally reported at 335.2 ev.” Binding
energies in the range of 336.2-337.2 eV (Pd-3ds»,) were reported in the literature for PdO in NPs
depending of the NP preparation method, NP size, and nature of the support.'®'* More unstable oxide
species such as PdO, have also been suggested to form on Pd NPs, with BEs ranging from 337.2 to
338.2 eV.'%"%2 Based on our XPS data we cannot conclude whether we have PdO or PdO, species on
our samples due to the convolution of size, support and oxidation state effects leading to NP charging
and positive BE shifts.

After the reduction in Hy, Fig. 2(iii), the binding energy of the Pd-3ds,, and 3d3,, features decreased
to 336.1 and 341.4 eV, which is attributed to the presence metallic Pd species. The higher BE of the
latter species in our NPs as compared to bulk Pd (335.2 eV") is attributed to size and/or charge transfer
effects. With the introduction of the reactants, the Pd” contribution significantly decreases while a new
feature appears at 339.0 eV for Pd-3ds),, Fig. 2(iv). The latter value is +0.7 larger than that observed for

the initial oxidized Pd NPs (as-prepared). Interestingly, the content of the cationic Pd component was



found to increase with increasing reaction temperature up to 120°C. Under our reaction conditions, such
component might be attributed to the formation of Pd hydroxides. For example, BEs of 337.9-338.5 eV
were reported for Pd** species formed under water-rich environmental conditions.'®"'*

Above 120°C, the content of the cationic Pd feature (Pd8+) was found to decrease and at 240°C it had
completely vanished, and only a small Pd° fraction remained visible. Interestingly, the intensity of the
pd’ peaks was significantly lower as compared to that in the spectrum of the H,-reduced NPs, Fig.
2(iii).”” The reduction of the overall Pd signal at 240°C can be related to several effects: (1) the loss of
Pd under the influence of the reactants; (ii) the encapsulation of the Pd NPs by the ZrO, support or
migration of Pd atoms/clusters into the ZrO, matrix during the reaction, and (iii) the complete reduction
of the Pd NPs above 150°C and their subsequent coarsening. The latter effects can result in the apparent
disappearance or strong suppression of the Pd signal because of the stronger overlap of Pd-3d and Zr-3p
features of ZrO, and Pd-metal as compared to Pd*, and the longer mean free escape path of the

photoelectrons in the coarsened NPs. Based on the results of the in situ XAFS measurements reported

below, the only plausible possibility is (iii).

(b) Catalytic reactivity

Figure 3 summarizes the temperature dependence of the conversion of NO over the ZrO,-supported
Pd NPs under steady-state reaction conditions. The onset temperature (defined as the 50% conversion
temperature, Tsp) was found to be 140°C and a 100% conversion was reached at 150°C. The reaction
products observed for the H,-SCR of NO are nitrous oxide (N,O), nitrogen (N;), ammonia (NH3), and

water. These products are obtained through the following reaction pathways:

NO + H; — 1/2 N, + H,O (1)
NO + 1/2 H, — 1/2 N,O + 1/2 H,O 2)
NO + 5/2 H, — NH3 + H,O 3)

No traces of nitrogen dioxide (NO,) were detected in the course of the reaction. The product
selectivity is also presented in Fig. 3. At the onset of the NO conversion, a high selectivity (> 70%)
toward N,O is observed, but it rapidly decreases with increasing temperature to a saturation level of

about 15%. Simultaneously, the selectivity toward N, shows the opposite trend; a strong increase from



less than 30% at the onset temperature for NO conversion to a maximum saturation level of ~85% at

150°C. Above 180°C, the third reaction pathway sets in, and a small fraction of NHj3 (< 2%) is observed.

(c) In situ evolution of the structure and chemical composition of Pd NP catalysts (XANES,
EXAFS)

Figure 4 displays Pd K-edge XANES spectra of ZrO,-supported Pd NPs acquired in situ under
different reaction conditions together with reference spectra for bulk metallic Pd and PdO. The K-edge
XANES probes the electronic transition from the 1s to 5p orbitals and is sensitive to the chemical state
of the Pd atoms. After the removal of the encapsulating polymeric ligands in oxygen at high
temperature, the XANES spectrum of the NPs (labeled as-prepared) shows a strong resemblance with
the reference spectrum for bulk PdO, indicating the oxidation of the NPs, which is in agreement with the
XPS results in Fig. 2(i1) showing the presence of oxidic Pd species. After the subsequent reduction
treatment in H, at 240°C, the complete decomposition of the Pd oxides and the appearance of metallic
Pd features are observed in the XANES spectrum measured at room temperature. The characteristic
near-edge peaks, however, show a distinct shift to lower energy. Upon initial sample exposure to the
reactants (NO and H;) at room temperature, the metallic features remain, but shift slightly back to higher
energies. Additionally, the latter spectrum also exhibits a small feature at ~24.37 keV indicating the
presence of cationic Pd species (Pd™). The latter contribution becomes more pronounced as the
temperature is further increased to 90°C and 120°C. Simultaneously, the intensity of the metallic peak at
~24.39 keV decreases significantly. These effects are more clearly visualized in Fig. 5, where the
AXANES spectra of our NPs measured at different temperatures under NO + H, flow are shown. The
AXANES values displayed in Fig. 5 correspond to the difference between the Pd-K edge XANES
spectrum of our NPs measured at the temperatures indicated and that of bulk metallic Pd measured at
RT. Our data reveal that a Pd®" state, similar to the Pd** state in bulk PdO appears upon introducing the
reactant mixture at 25°C, showing its maximum contribution at 120°C. This change correlates with the
gradual decrease of the metallic state with increasing temperature up to 120°C. However, the metallic
features remain present even at 120°C, as can be seen in Fig 4 and in the EXAFS spectra shown in Fig.
6.

At 150°C, the XANES spectrum in Fig. 4 changes drastically, becoming nearly identical to that of
pure metallic Pd. However, no shift of the metallic Pd’ feature to lower energy is observed with respect

to the bulk Pd spectrum The return to the metallic state is also evidenced by the nearly featureless



AXANES spectrum observed in Fig. 5 at 150°C. As the reaction temperature is further increased up to
240°C, no additional changes are observed, and the XANES spectra of the NPs remain very similar to
those of bulk metallic Pd.

The Fourier transformed k*-weighted Pd K-edge EXAFS data of the Pd NPs acquired in sifu under
different reaction conditions are displayed in Fig. 6 along with reference data for bulk metallic Pd and
bulk PdO. Comparing the as-prepared spectrum with the PdO reference reveals that the Pd NPs are
almost completely oxidized after the polymer removal treatment, in good agreement with our XANES
and XPS results. Upon reduction in H,, the radial distribution exhibits a large resemblance with the
metallic Pd state, but with a clear shift of the main features to higher distances. Upon the introduction of
the reactants (NO + H;) and the subsequent increase in temperature, the EXAFS spectra continue to
exhibit characteristic metallic features, although the expansion of the Pd-Pd lattice has disappeared.
Furthermore, the intensity of the main metallic Pd peak in the radial distribution at 2.5 A (phase
uncorrected) is considerably reduced at 120°C, while the characteristic metallic Pd feature at 2 A (phase
uncorrected) did not decrease, hinting at the presence of an overlapping additional scatter pair at a
shorter distance than the Pd-Pd. Further, after the initial reduction pre-treatment in Hj, none of the
characteristic features of Pd-oxide at 1.6, 2.7 and 3.1 A (phase uncorrected) are observed throughout the
entire reaction cycle.”” Guided by the analysis of the XANES (and also XPS) data we attribute the
second component to a Pd-X signal, where X stands for a low Z scatterer, i.e. N or O.

The EXAFS data were fitted with two theoretical contributions: one originating from Pd in a
metallic environment (Pd-Pd), and a second component corresponding to cationic Pd atoms (Pd-X) with
a large starting value of the Pd-X distance of 2.5 A, which was subsequently varied in the fit. A
representative fit is shown in Fig. 7(a) for EXAFS data acquired at 120°C under reaction conditions. The
fits yield information on the 1* nearest neighbor (1** NN) coordination numbers [Npg_pd, Npd.x, Fig. 7(b)]
and the corresponding distances [dp4.pd, dpa-x, Fig. 7(c)] for each spectrum. The details on the fit results
and related fit quality parameters are presented in Suppl. Table I. The respective values for the H,-
reduced NPs (i.e. the starting configuration) and a bulk Pd reference are shown by the dashed lines.
After NP reduction in H,, a Pd-Pd coordination of 10.8 + 0.9 and a distance of 2.82 + 0.01 A were
obtained. When the reactants are first injected into the gaseous stream, the Pd-Pd 1* NN coordination
slightly decreases, while the average Pd-Pd distance returns to its bulk-like value of 2.74 A. With
increasing reaction temperature, the coordination number further decreases to 5.6 = 2.0 at 120°C.

Despite the presence of a reducing reaction environment, a small cationic Pd-X contribution appears



after the introduction of the reactants at room temperature (2.55 + 0.08 A), concomitant with the
decrease of the initial H, flow from 50% H, in He to 1% H; + 1% NO in He. According to the changes
observed in the EXAFS spectra, the relative content of the latter component was found to increase with
increasing temperature up to 120°C. We will elaborate on the origin of this component in the discussion
below. At 150°C, the Pd-X contribution disappears and the Pd-Pd coordination number shows a sudden
increase to 12.0 + 1.9, consistent with the return to the pure metallic state as indicated by XANES.
Above 150°C, the coordination number remains constant within the uncertainty. After the introduction
of the reactants, the average Pd-Pd distance was found to be rather stable throughout the entire reaction

cycle as shown in Fig. 7(c).

Discussion

The onset temperature Ts for the reduction of NO with H, over micellar Pd NPs supported on ZrO,
was found to be 140°C. Once the conversion reaches 100 %, the activity remains stable with increasing
temperature up to 240°C. At the onset of the reaction, the catalyst shows low selectivity toward N, with
N,O being the main reaction product. The N, selectivity was found to increase with increasing reaction
temperature reaching ~80% at 150°C when 100% NO conversion is achieved. No changes were
observed in the selectivity of our catalysts above 150°C. Our Pd NPs have a considerably lower onset
reaction temperature as compared to Pd(111), where NO conversion was only observed above 200°C.'"”
Interestingly, Pd/Al,O5 catalysts from Yang et al. showed already 100% NO conversion (with pure Hj)
at 70°C, but the N, selectivity remained below 50%.% Barrera et al. reported onset temperatures of 80-
175°C for Pd/Al,O3-La,0O5 catalysts, although their N, selectivity did not exceed 60%.'% Granger et al.
4 described onset reaction temperatures of ~100°C for Pd/Al,O; catalysts, with 50% N, selectivity only
above 300°C, with the parallel production of NHj resulting in a decrease in activity.*’ Similar Pd
catalysts supported on LaCoOs exhibited a higher onset temperature (160°C), but showed a stable
activity at high temperature, with a N, selectivity above 50% at 200°C.°” Overall, our catalysts show a
stable selectivity and activity pattern. Interestingly, a relatively low amount of NHj is produced
throughout our entire reaction cycle (<2%), even at high temperatures. Significant NH3 formation is
often associated with H,-rich reaction conditions and as such, our low NH3 production might be at least
partially due to our relatively low H, concentration (i.e. NO:H, of 1:1). However, even in experiments
with stoichiometric concentrations, considerable NH; formation is reported in the literature for similar

49,67

catalysts™ ', indicating that the specific nature of our micelle-based catalysts (size, shape, substrate
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dispersion and support) also plays a major role in the observed selectivity.67 According to previous
studies, the conversion and selectivity of H>-SCR catalysts might be further improved by fine-tuning the
inlet concentrations. For instance, reaction conditions involving excess H, are known to result in an
increase of the NO conversion, but they also facilitate the production of undesired NH3.105 In order to
suppress the formation of ammonia, additional oxygen is often fed to the reactant stream, or a second
metal added to the catalyst formulation. However, such modifications might also heavily compromise
the overall activity, selectivity and temperature window of 0pera1tion.49’65’66’68’69 The optimization of the
inlet reactant concentrations and catalyst composition will the subject of future research for our micelle-
based materials.

Contrary to the majority of the previous works, where the structural and chemical composition of the
catalysts was only available in the as-prepared and reacted states, our in situ XAFS investigation allows
to follow its evolution in the course of the NO reduction. This enables to establish structure, chemical
state, and reactivity correlations. Prior to the reactant exposure, our Pd NPs were reduced in H; (240°C),
which leads to a clear lattice expansion due to the formation of Pd hydride species.'”” The observed
expansion in the Pd-Pd distances of ~3.1 % is in agreement with previous studies.'”®"'” The large (~11)
1 NN coordination number obtained by EXAFS for the reduced NPs evidences the presence of large

metallic Pd NPs, in agreement with our TEM data (~5.3 nm average NP size).lm’111

Upon the
introduction of the reactants (NO + Hj) at room temperature, the average Pd-Pd distance was found to
decrease significantly, returning to the bulk Pd value, and suggesting the complete decomposition of the
hydride. Furthermore, our XANES data clearly reveal the appearance of a large fraction of a Pd*
component (Fig. 5 and Pd-X component in Fig. 7), along with a concomitant strong suppression of the
Pd’ contribution. With increasing temperature, the relative content of the Pd* component increases
significantly at the expense of the Pd” contribution, as can be deduced from the AXANES spectra in Fig.
5. The Pd® or Pd-X contribution observed cannot be simply attributed to the formation of Pd-O bonds in
a palladium oxide phase. In fact, the EXAFS spectra measured at the corresponding temperatures do not
exhibit the features characteristic of PdO (i.e. the peaks at 1.65, 2.70 and 3.15 A in the phase-shift
uncorrected radial distribution of Fig.6).76’83’112 Furthermore, our surface-sensitive XPS data revealed a
+0.7 eV increase in the BE of the cationic Pd species detected in our sample under reaction conditions
(e.g. after reaction at 120°C) as compared to the as-prepared oxidized sample, Fig. 2. This result
indicates a different chemical environment for the Pd> species as compared to the initial PdOy. As

shown in Suppl. Fig. 3, small N signals were detected via XPS as well, indicating that N-species might
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play a role in the formation of cationic Pd species. However, we cannot conclude from the present data
if such species would also be stable on the sample during the reaction above room temperature, since the
XPS data were acquired ex-situ after cooling down the sample to RT.

The fits of our EXAFS data acquired below 150°C reveal the existence of a Pd-X component with an
average bond length of ~2.55 + 0.08 A. Based on available literature, this bond can be assigned to a long
Pd-O bond, for example, due to the adsorption of H,O. In fact, distances between 2.37 and 2.59 A have
been reported for Pd(OH), "' A related possibility for a long Pd-O bond was proposed by
Koningsberger and Gates'?, who reported large metal-O distances (2.5-2.7 A) for atoms within NPs in
contact with O from the underlying oxide support when the samples were treated in H, below 350°C or
when the supports were hydroxylated. Hydrogen is suggested to reduce the charge on the metal, which
leads to a longer metal-support O distance. Our experimental findings can be explained following the
former idea, since our samples were measured at low temperature (<240°C) in a reactant stream
containing H, and under water-rich experimental conditions which are expected to lead to the
hydroxylation of the oxide support. Following Koningsberger and Gates'?, we tentatively identify the
location of hydrogen atoms at the NP/support interface, likely in the form of OH™ species. Such model
explains the observation of cationic Pd in the XANES and XPS data and the long Pd-X pair in EXAFS.

Our XAFS data reveal that a large fraction of the Pd atoms in our NPs reside in a non-metallic
environment (Pd®*) under reactant exposure in the temperature range from 25°C to 120°C. This is
evidenced by the increase in the intensity of the XANES absorption peak (Pd™) and the decrease in the
metallic Pd-Pd scattering which is accompanied by an increase of the additional Pd-X component, [Fig.
7(b)]. The presence of a large fraction of Pd®* is also confirmed by our XPS measurements up to 150°C.
In addition, a strong decrease in the Pd-Pd coordination number is observed in parallel with the
appearance of the Pd-X bonding. These effects suggest that our NPs undergo significant chemical and
morphological changes at these temperatures. It should also be considered that due to the initial large
size of our Pd NPs (~5 nm according to TEM), the volume-averaged EXAFS technique is not very
sensitive to changes in the NP surface, and therefore, the strong modifications in the EXAFS spectra
reported here must reflect drastic changes in the morphology and/or chemical composition of the NPs
affecting a large number of atoms. The reactant-mediated structural changes extracted from the analysis
of our EXAFS spectra might be attributed to the encapsulation of the Pd NPs by the ZrO, support.
However, this effect is not consistent with our data, i.e. there is no concomitant deactivation, and Pd-Zr

bonds are not observed. Furthermore, ZrO, decomposition has only been reported above 500°C.!1516 A

12



second possibility is the NO-induced disruption and redispersion of the Pd particles over the support,
leading to individual ions or small clusters on the ZrO, surface. The low Pd-Pd CN obtained at 120°C
and the detection of an additional interface/surface component [Pd-X] can be easily explained if Pd
redispersion is considered. The appearance of cationic Pd species in the XPS spectra and the significant
increase in their BE (+0.7 eV) with respect to the PdOy species available in the oxidized as-prepared
samples also suggest that smaller cationic Pd clusters are present on our samples upon reactant exposure.
The phenomenon of NP redispersion on oxide supports has been previously reported by a number of
groups, including NO-induced redispersion of Pd NP2 747081831T1E By example, Okumura et al.”>’t
demonstrated that the oxidation of Pd NPs at high temperature leads to NP disintegration and the
formation of dispersed PdO. The acidic nature of the support, giving rise to a strong interaction with the
more basic PdO was found to underlie this effect. The oxidative redispersion of Pd NPs by NO

adsorption at room temperature on Pd’ was proven by Che et al.”™ and Aylor et al #1®8

They showed the
decomposition of NO upon adsorption on the Pd crystallites and their subsequent oxidation:

2NOgs) — N2O + O, 4)

Pd’ + O — Pd*0O* (5)

The resulting Pd ions are known to be highly mobile due to the strong interaction with the acidic
support, which facilitates their redispersion over the support surface as single ions or small
clusters®***!"® The O* jons produced in process (5) might not remain bonded to the Pd** cations, but
may react with H,, leading to Pd-OH complexes (e.g. Pd-OH,, with a Pd-O distance in agreement with
our EXAFS observation) **''® In fact, it was shown that protons are required to stabilize the Pd** ions on
zeolite surfaces.””'"” These can be provided by an acidic support or by Ha, in the form of OH groups.'"
The ZrO, used in the present study is only weakly acidic and therefore, the H, available within the
reactant stream or that initially absorbed in the Pd NPs (spilling over to the support), might play an

12021 We note that the time scale (48 h) for the

important role in the stabilization of the Pd** ions.
complete dispersion of 2 nm Pd crystallites under NO exposure reported by Che et al., is consistent with
the progressive redispersion observed for our NPs with increasing annealing temperature (RT to
120°C).'"®

As the NO conversion reaches 100% at 150°C, both XANES and EXAFS data show a pure metallic
Pd spectrum. Consequently, the Pd-X contribution has completely vanished at this temperature (see Fig.

6). Moreover, the Pd-Pd coordination number of ~12 + 2 at 150°C demonstrates the formation of large

Pd’ clusters. The reduction and aggregation of the Pd** jons into stable metallic particles during NO
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conversion is likely to be a consequence of the desorption of the oxidative species (N,O and H,0O) and
was previously shown to occur in a H, atmosphere during the NO reduction with CH, above 330°C."**
Furthermore, if our pPd>* species were stabilized at OH defects on the ZrO, surface, their stability will
depend on the relative coverage of such species on the ZrO, surface under the different reaction
conditions, which is expected to decrease with increasing annealing temperature.'>* The favorable role
of OH species on the stabilization of small physical vapor deposited metal NPs supported on oxides
against coarsening has been previously reported.75’123 124

The reduction and agglomeration of the Pd NPs in the present study above 120°C correlates with the
shift of the reaction selectivity from N,O toward N,. This is in accordance with previous results
indicating that the formation of N, is mainly governed by metallic Pd sites.*"*7*1012>126 A ccordingly,
our in situ XAFS data indicate that the active catalyst for the selective reduction of NO using H, are
large (~5 nm) metallic NPs. However, it should be noted that in the XPS spectrum of Fig 2(vi), a small
Pd®* contribution is still visible at 150°C, which suggests that not all Pd atoms in our sample are metallic
at that point. Nevertheless, only metallic Pd species were found to be present in our sample by XPS
above 150°C. Since EXAFS is a volume-averaging technique, it is not as sensitive as XPS to small
changes in the chemical state of atoms at the surface of NPs, which explains the lack of clear Pd-X
contribution at 150°C.

Further increasing the reaction temperature up to 240°C has no significant impact on the reactivity
and selectivity of our Pd NPs, aside from the minor additional generation of NHs Above 150°C, the
XANES and EXAFS spectra remain nearly identical, indicating the lack of significant structural changes
in our samples at these temperatures (see Fig. 6). This is reflected in the Pd-Pd coordination numbers
and the Pd-Pd distances, which are constant within the uncertainty. At this point, XPS shows that the Pd
species are completely reduced. Furthermore, based on a comparison of the initial (after reduction in H,
but before the reaction) and final (after the reaction, i.e.., after the NP disruption and subsequent re-
agglomeration) Pd-Pd 1* NN CN numbers, the average particle size was found to remain nearly
constant, although a slight increase might have occurred. Nevertheless, the increase in the CNs observed
after the reaction is within the error bars. The analysis of the TEM images in Fig. 1 also revealed similar
NP size distributions before and after the reaction, with a possible increase in the NP diameter after the

reaction, which is also within the error margin of the corresponding NP size distribution,
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After exposing our Pd NPs to the reactants for an extended period of time (18h) at 240°C, no
decrease in catalytic activity was observed. This evidences that our catalysts did not suffer from
poisoning by oxides or N-containing intermediates.

The in situ structural and chemical information obtained for our Pd/ZrO, system via XAFS also
allows us to gain insight into the origin of the disappearance of the Pd-3d signal from our XPS data at
240°C, Fig. 2. The loss of Pd is disregarded due to the lack of changes in the overall XAFS signal (e.g.
absorption edge jump). The hypothesis of encapsulation of Pd by ZrO, and subsequent Zr-Pd alloy
formation is also disregarded since no Pd-Zr bonds were observed via EXAFS and ZrO; is known to
decompose only above 500°C, which is significantly higher than our maximum reaction
temperature.''>!'® Therefore, the disappearance of the Pd features from the XPS spectrum in Fig. 2(vii)
is assigned to the reduction of the cationic Pd species to metallic Pd. The fact that a lower Pd signal (no
clear signal) is detected at the end of the reaction via XPS as compared to that measured before the
reaction but after H, reduction is assigned to the decrease in the BE of the metallic Pd species present in
this sample, which leads to an even stronger overlap between ZrO, and Pd photoelectron peaks. Such
decrease in the BE suggests the presence of larger NPs after the redispersion and re-agglomeration,
which is in agreement with the TEM data and the slightly higher Pd-Pd CN obtained at 240°C.

The evolution of the structure, morphology and chemical state of our Pd nanocatalysts at different
stages of the H,-SCR NO reduction is summarized in Fig. 8: (1) the initial oxidized state, (ii) the reduced
particles with absorbed H, (iii) the exposure to the reactants at 90°C with the subsequent redispersion
and stabilization of cationic Pd species, which are likely to be formed upon interaction of Pd with OH
groups on the ZrO, support, (iv) the maximum redispersion at 120°C, (v) the change in the chemical
state of the NPs back to metallic coinciding with their agglomeration and the conversion of NO to N,O

and N, at 150°C and (vi) at 240°C.

Conclusions

The evolution of the structure and oxidation state of ZrO,-supported Pd nanocatalysts during the in
situ reduction of NO with H,; has been monitored using X-ray absorption spectroscopy and
photoelectron spectroscopy. Our results show that our catalysts undergo significant structural and
chemical changes. In particular, cationic Pd species are detected upon the introduction of the reactants.

Furthermore, the redispersion of the Pd nanoparticles on the ZrO, surface and the formation of small Pd
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clusters or ions was observed upon the introduction of the reactants (NO + H;) at room temperature until
the onset temperature for NO reduction was reached (120°C). This phenomenon is the result of the
interaction of NO with surface atoms in the initially metallic Pd clusters supported on ZrO,. Both
EXAFS and XPS data indicate the formation of Pd> species at the expense of Pd’ from RT to 120°C.
Nevertheless, our EXAFS data indicate that PdOy species are not formed, but that the cationic Pd species
are likely stabilized at OH defects on the ZrO, surface. Possibly due to the redispersion phenomenon, a
high selectivity for NoO was detected at the onset of the NO reduction reaction (=120°C). As the
reaction temperature increases (>150°C), the selectivity shifts mainly toward N, (~80%). Concomitant
with the onset of the NO reduction reaction, the disappearance of the Pd* species and formation of
larger metallic Pd aggregates are observed, evidencing that metallic Pd constitutes the active phase for
the H-reduction of NO over Pd NPs on ZrO,.

In conclusion, our results emphasize the importance of in situ structural and chemical information
under operation conditions for the understanding of the mechanisms governing catalytic reactivity. The
significant morphological changes observed in the current study can be exploited to tailor the next

generation of selective catalysts.
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Figure captions

FIGURE 1: TEM images of micellar Pd NPs supported on ZrO, taken after polymer removal by an O,-

treatment before (a) and after the H,-SCR NO reduction (b). The scale bars represent 5 nm.

FIGURE 2: XPS spectra from the Pd-3d and Zr-3p core level regions taken after polymer removal by
an Os-treatment (ii), after NO reduction in H, (iii), and after running the H,-SCR NO reduction at
specific temperatures for approx. 2.5 h at each temperature: 70°C (iv), 120°C (v), 150°C (vi), and 240°C
(vii). A reference spectrum of the Pd-free ZrO, support is also shown in (i). All spectra were rescaled to

yield the same intensity of the Zr peaks.

FIGURE 3: Conversion and selectivity data as a function of temperature for the steady state H,-SCR

NO reduction over micellar Pd NPs supported on ZrO,.

FIGURE 4: Pd-K edge XANES spectra recorded after polymer removal (in O, at 375°C, as-prepared),
after reduction (in H, at 240°C), and a different temperatures during the H,-SCR NO reduction.

Reference spectra for PAO and bulk Pd are shown as well.

FIGURE 5: AXANES spectra obtained during various stages of the H,-SCR NO reduction. The data
correspond to XANES spectra acquired at different temperatures from which the spectrum of the bulk-

like Pd foil measured at RT has been subtracted.
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FIGURE 6: kz—weighted Fourier transform Pd K-edge EXAFS spectra (r-space) taken after reduction
and during various stages of the H»,-SCR NO reduction. Bulk Pd and PdO spectra are shown as

reference. The k-range for the Fourier transform was 2.5< k <10 A™.

FIGURE 7: (a) Fourier transform Pd K-edge EXAFS spectrum (r-space) recorded at 120°C, along with
the total fit and the Pd-Pd and Pd-X contribution.(b) Dependence of the first nearest neighbor
coordination number on the reaction temperature during the H,-SCR NO reduction over Pd NPs
supported on ZrO;: the Pd-Pd and the Pd-X contribution obtained from the fitting of in situ EXAFS
spectra are shown. The dashed gray line indicates the Pd-Pd coordination number after NP reduction in
H, and before reactant exposure. (c) Pd-Pd bond distance as a function of temperature. The dashed gray
line indicates the Pd-Pd distance after NP reduction in H,, while the dashed blue line corresponds to the

bulk value.

FIGURE 8: Schematic representation of the structure and chemical state of our Pd nanocatalysts at

various stages of the H,-SCR NO reduction.
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Figure 1, Paredis et al.
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Suppl. Table 1: Summary of the EXAFS results acquired on micellar Pd NPs supported on ZrO,:
1* nearest neighbor coordination numbers [Npg.p4, Np4.0], the corresponding distances [dpg-pd, dpq-
ol, and Debye Waller factors [0%pq.pg, 0%pa.0]. In addition, fit quality parameters such as the R-
factor and reduced y? are also given, together with the k- and r-ranges. Fit uncertainties are

presented in parentheses.

N N d d 62 62 r- k- R Red.
Pd-Pd Pd-O Pd-Pd Pd-O Pd-Pd Pd-O range range factor e
A) A) (A2) (A2) ) )

Reduced  10.7 . 2.823 - 0.0085 - 1.85-3 1.5-12  0.008 7.6
25°C 0.9) (0.005) (0.0007)
25°C 8.0 3.1 2.738 2.555 0.0061 0.0043  153.1 1.5-10 0.020 30
(NO+H,) (24) (3.9  (0.015)  (0.061) (0.0032) (0.0217)
90°C 75 1.5 2.734 2.478 0.0060 0.0000 1530 2.0-10 0.010 65
(NO+H,) (2.9 (2.9)  (0.022)  (0.089) (0.0036)  (0.0271)
120°C 4.6 2.6 2.731 2.607 0.0060 0.0000 1530 1.5-11  0.020 29
(NO+H,) (1.4) (2.0)  (0.026)  (0.047) (0.0029)  (0.0115)
150°C 12.0 - 2.739 - 0.0108 y 1.7-3.0 2.0-10 0.022 72
(NO+H,  (1.9) (0.012) (0.0018)
210°C 10.0 - 2.748 - 0.0082 - 1.7-3.0 2.0-10 0.017 51
(NO+H,)  (1.7) 0.011) (0.0017)
240°C 11.8 2.736 0.0099
(NO+Hy)  (1.4) - 0.008) - 0.0013) - 1.7-3.0  2.0-10  0.010 19
25°C 12.7 - 2.815 - 0.0084 -
(H,) (L) (0.008) 0.0013) 1530 1510 0018 74
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Suppl. Figure 1: k2-weighted k-space Pd-K edge EXAFS spectra of Pd NPs supported on ZrO,
measured after reduction in H, and during various stages of the H,-SCR NO reduction (25°C,
120°C and 240°C). The data were acquired in the transmission XAFS configuration. The
relatively large noise level observed is assigned to the strong absorbance of the ZrO, substrate

and the low Pd loading (1% Pd by weight).
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Suppl. Figure 2: Representative Fourier transform EXAFS data and corresponding fits of Pd
NPs supported on ZrO; acquired in situ during the H,-SCR NO reduction at (a) 25°C, (b) 120°C,
and (c) 240°C.
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Suppl. Figure 3: N-1s core-level XPS spectra of the Pd NPs on ZrO, acquired after exposure to
NO + H; at (i) 70°C, (i1) 120°C, (iii) 150°C, and (iv) 240°C.
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