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Abstract

The nature of the support can fundamentally affect the function of a heterogeneous catalyst. For
the novel type of isolated metal atom catalysts, sometimes referred to as single-atom catalysts,
systematic correlations are still rare. Here, we report a general finding that Pd on nitride supports
(non-metal and metal nitride) always features a higher oxidation state compared to that on oxide
supports (non-metal and metal oxide). Through thorough oxidation state investigations by X-ray
absorption spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS), CO-DRIFTS, and
density functional theory (DFT) coupled with Bader charge analysis, it is found that Pd atoms
prefer to interact with surface hydroxyl group to form a Pd(OH)x species on oxide supports, while
on nitride supports, Pd atoms incorporate into the surface structure in the form of Pd—N bonds.
Moreover, a correlation was built between the formal oxidation state and computational Bader

charge, based on the periodic trend in electronegativity.
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Introduction

Understanding how the support influences the reactivity of single-atom catalysts (SACs)
remains a challenge. The support, to some extent, resembles the organic ligands in a homogeneous
complex, and the ligands dictate the electronic properties and reactivity of the metal center.!!
Recent work done by Muravev et al. on cerium dioxide (CeO»)-supported Pd SACs proved that the
size of CeOs support governs the reactivity of isolated Pd species in CO oxidation.!”) Another work
by Hulva et al. on Fe304(001)-supported SACs demonstrated that the local geometry of metal
atoms to the support strongly affects their electronic structure and their interaction with reactants.”’
In those cases, modulating the coordination environment of the metal atom on the support can
significantly alter its oxidation state, electronic structure, and steric configuration, thereby
regulating overall catalytic properties.

The effect of support type on the electronic structure of SACs has not yet been thoroughly
studied in a systematic manner. Among the various types of supported SACs catalysts, those based
on nitride and oxide supports have attracted particular attention.[* For example, TiO>-supported
isolated Pd catalysts have been discovered for the reverse water-gas shift (rWGS) reaction,’™ NO
removal,¥! and CO, hydrogenation.!”) On the oxide surface, the abundant defect sites (steps, corners,
vacancies), lattice O atoms, and hydroxyl groups can serve as anchoring sites for isolated metal
atoms.[®] At elevated temperatures, the metal species may even be built into the surface or
restructure the surface.”’ Numerous nitride-supported and MOFs-derived carbon-nitrogen-
supported Pd SACs have also been developed and studied.''”) For example, polymeric carbon
nitride (PCN) supported isolated Pd catalysts exhibit excellent activity and stability for the Suzuki-
Miyaura coupling reaction,!!') H>O, synthesis,['? and alkyne hydrogenation.['*) Considering the
continued interest in Pd SACs, it is vital to understand how the binding environment of the Pd sites
on such supports affects their charge state, as it frequently correlates with the catalytic activity.
Many studies on the Pt SAC systems show that the CO oxidation activity strongly depends on the
oxidation state of Pt sites.['*] Knowledge of similar correlations for Pd SACs is thus highly needed.

To obtain comprehensive structural information about the Pd sites on the support (e.g.,
atomic structure, charge state, coordination type, and number), multiple characterization tech-
niques and theoretical computations are required.!'>! Furthermore, the results obtained from exper-
imental and theoretical studies need to be made comparable between methods, or transferable be-
tween systems, but this can be challenging.['®! For example, the formal oxidation state is often

derived from experimental assignment, and is defined as the degree of oxidation of an atom in
2
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terms of counting electrons.!!”! Taking PdO as an example, Pd (4d'®) and O (2s*2p*) bind to form
PdO, and the valence octet of O is completed (2s*p®) resulting in an oxidation state of —2, while Pd
adopts a 4d® configuration with an oxidation state of +2; however, computational analysis using
Bader approach, which partition electronic density within a contour of zero density gradient, gives
inconsistent results.['® Indeed, Bader analysis of charge distribution in PdO gives +0.86 e for the
constituent Pd species. Effort is needed to correlate the computationally derived charge partitioning
with the formally derived oxidation state, in a manner similar to that achieved with experiment.
Resolving the differences will aid bridging the gap between theory and experiment.

In this work, comprehensive X-ray photoelectron spectroscopy (XPS), X-ray absorption
(XAS), and CO-DRIFTS studies are combined with Bader charge analysis to fully understand the
electronic and coordination structure of Pd as function of the support: PCN, hexagonal BN (hBN),
Si3N4, and TiN are used as nitride supports, with corresponding and additional oxide supports
(B203, Si02, TiO2, as well as ZnO and Al,Os3) for comparison. Upon deposition of Pd with the
same procedure, the supports are assumed to be the only factor influencing the electronic and
coordination structure of the as-prepared Pd catalysts. The experimental studies, in combination
with density functional theory (DFT) calculations, allowed us to identify structure, electronic state
and oxidation state and to compare Pd on nitride supports with oxide supports. On the basis of
common principles (i.e., electronegativity), the systematic correlations between formal oxidation

state, computed Bader charge, stretching frequency of adsorbed CO are investigated.

Results and discussion

Several available commercial supports were selected, PCN was self-synthesized, and their
surface areas, ranging from 8 to 168 m? g'!, were analyzed via nitrogen physisorption (BET method,
see Supplementary Fig. 1). Pd was added by a wet impregnation method using organometallic
palladium salts [Pd(TFA),, Pd(acac),, and Pd(OAc)] in acetone (see Materials and Methods
section, Supplementary Information). The low-boiling-point and low-polarity solvent acetone
prevents Pd agglomeration and results in the atomic dispersion of cationic Pd species.!”) The
achievement of the desired Pd loading of about 1 wt.% on different supports was confirmed by
inductively coupled plasma-optical emission spectroscopy (ICP-OES, Supplementary Table 1).
The successful deposition of Pd was further confirmed by enhanced absorbance in UV-Vis DRS
(Supplementary Figs. 2 and 3). The XRD (Supplementary Figs. 4 and 5) and DRIFTS

(Supplementary Figs. 6 and 7) measurements on samples before and after Pd deposition proved
3
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that the crystal structure and molecular structure of the support materials remain the same in all
samples. For the sake of completeness, it must be mentioned that some residual ligand remained in
the samples, in particular on the oxide surface, but it is not — at least not strongly — attached to the
Pd atoms (see Supplementary Note 1; Supplementary Tables 2 to 4; Supplementary Figs. 8 to 10

for temperature programmed decomposition, TPDE, of the residual ligand).

335.3 eV 336.3 eV 3373 eV 338.3 eV
| | | |
Pd(TFA), 336.7 3383
PCN Pd(acac), 336.7 338.1
Pd(OAc), 336.6 338.1
Nitride support
TiN Pd(TFA), 336.5 338.3
hBN Pd(TFA), 336.2 337.9
Si;N, Pd(TFA), 6159 \_336.2 338
TiO, Pd(TFA), 335.8
AL O, Pd(TFA), 335.8
Oxide support ZnO Pd(TFA), 335.8
B,0; Pd(TFA), 335.8

Sio, Pd(TFA), 6359

Fig. 1. Binding energy of Pd 3ds/; obtained from XPS for various Pd catalysts with 1 wt.% loading.

By XPS, two types of Pd species were found on all nitride supports (Fig. 1 and
Supplementary Fig. 11C): One identified by a Pd 3ds.» peak at ca. 338.3 eV, and the other one at
ca.336.3 eV. The Pd 3ds» peak positions differ only slightly among the different Pd/nitride samples.
The assignment of the peaks was achieved by extensive control experiments with Pd/PCN samples.

Three different Pd(II) salts [Pd(TFA), Pd(acac),, and Pd(OAc),] were selected for the
synthesis of Pd/PCN to investigate a potential influence of the Pd source on the oxidation state of
Pd species. Notably, the Pd 3d binding energy in pure Pd(II) salts is slightly different: the Pd 3ds»
peaks for Pd(TFA),, Pd(acac),, and Pd(OAc); are found at 339.1, 338.6, and 338.8 eV, respectively
(Supplementary Fig. 11A). However, after anchoring these Pd(II) salts onto PCN with the same
synthesis procedure, the resulting Pd species show similar Pd 3ds, binding energies of between

338.1 and 338.3 eV (Fig. 1 and Supplementary Fig. 11B), indicating the formation of certain bond
4

This article is protected by copyright. All rights reserved.

85UB017 SUOWLLOD 8A1ER1D 3|edljdde ays Aq pauseAcb ae ssjolie YO ‘8sn Jo S3InJ oj Aeiqi] auluo A1/ Lo (SUO T PUOI-pUe-SWLSYLLI0D A8 | 1M AZeJq iU |UO//:SANY) SUOIPUOD PLe SWB | 8L 89S *[7202/S0/ST] U0 AriqITaullUO AB|IM “d isu| Bunsie X Aq 121007202 81Ue/Z00T 0T/I0p/Au0d A3 | m Aseiqjeut|uo//sdny woy papeojumoq ‘el ‘€2/£T25T



Angewandte Chemie International Edition 10.1002/anie.202400174

between Pd and PCN surface and excluding the influence of the ligands from different precursors
(TFA, acac, and OAc).

The loading-dependent study over Pd/PCN samples was conducted, ranging from 0.5 wt.%
to 16 wt.%, and TEM, XAS and XPS measurements were performed. High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM, Supplementary Fig. 14) showed
that Pd speciation is predominantly atomically dispersed in the samples with Pd loading of 0.5 wt.%
and 2 wt.%, with only a very few nanoparticles being observed. In the sample with 16 wt.% Pd
loading, nanoclusters (~2 nm diameter) are the dominant species. The analysis of the extended X-
ray absorption fine structure (EXAFS) Pd K data on this set of samples (Supplementary Table 5)
revealed the formation of long-order Pd structure in the samples with the highest loading, seen as
an increase in the intensity of the peaks corresponding to the second scattering shell in Pd metal at
2.49 A in the Fourier transformed data (Fig. 2A). This hints to the formation of the large Pd
nanoparticle in agreement with TEM data. Moreover, the position of the white line (Dotted area in
Fig. 2B) in X-ray absorption near edge structure (XANES) spectra shows gradual negative shift of
2 eV, and its intensity decreased with increase of the Pd loading. The shift of the edge to the lower
energies and the decrease in intensities of the white line further hint to a decrease in the Pd
oxidation state with increasing Pd loading.

A significant negative shift of the Pd 3d binding energy was also found in the sample with
the highest loading of 16 wt% (XPS, Fig. 2C), in agreement with Pd K XANES data. Based on
these findings, the binding energy of Pd 3ds, of the different Pd species appearing in the Pd/PCN
samples can then be assigned as follows: the peak at a binding energy of 338.3 eV corresponds to
the atomically dispersed Pd species, the peak at a binding energy of 336.3 eV is attributed to the
Pd nanoclusters, and the peak at a binding energy of 335.4 eV, observed in the calcined sample, is
assigned to the large Pd nanoparticle (Supplementary Fig. 13).

It is noteworthy that, without any calcination, a third Pd 3ds» peak with a low binding
energy of 335.3 eV was observed in Pd/Si3N4. The analysis of the EXAFS data on this sample
proposed the existence of Pd—O—Si species (Fig. 3A). As a similar peak at binding energy of 335.5
eV was observed in XPS spectra for the Pd/SiO, sample, these findings hint to the presence of
some Si-oxide impurity in Si3Na.

For the Pd/oxide samples, two types of Pd species are also observed via XPS, and their Pd
3d binding energies are shifted to lower binding energy compared to those on nitride supports: One

isatca. 337.3 eV, and the second one is at ca. 335.8 eV (Fig. 1 and Supplementary Fig. 11D). From
5
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the HAADF-STEM images of 1 wt% Pd/T10; (Supplementary Fig. 17), apart from the atomically
dispersed Pd species, a large amount of Pd nanoclusters (~ 2 nm) are observed, which is due to the
aggregation of the residual Pd salts. Upon increasing the Pd loading from 1 wt.% to 4 wt.%, the
relative ratio of Pd species with a low valence state (ca. 335.8 eV) significantly increased
(Supplementary Fig. S18A), suggesting the formation of more Pd nanoclusters. A similar trend is
observed in the Pd 3d XPS spectra of high-loading 4 wt.% Pd/AlO; (Supplementary Fig. 18B).
Therefore, we associated the broad peak at 337 eV with the atomic Pd species, while the component
at 335.8 eV was assigned to Pd nanoclusters. One additional peak at a binding energy of 334.3 eV
was observed in the 400 °C calcined Pd/TiO> samples (Supplementary Fig. 19), which was
attributed to the formation of large Pd nanoparticles, as observed from HAADF-STEM
(Supplementary Fig. 20). Notably, the Pd 3d peak at binding energies of 334.3 eV in Pd/TiO2
samples shifted below the corresponding values for Pd foil (335.3 eV).[?”) This is due to the strong
metal-support effect known for Pd with TiO», as indicated by the presence of well-attached
nonspherical Pd nanoparticles on the surface of TiO; (Supplementary Fig. 20), leading to TiO»-
supported Pd being more electronegative than zero-valent Pd alone.[*!)

Further information on the electronic structure of the Pd atom on nitride and oxide supports
can be derived from the analysis of XANES data. The shape of the XANES spectra (Fig. 3B) for
Pd/TiO2, Pd/A2O3, and Pd/ZnO is close to the bulk PdO. In contrast, differing significantly from
the bulk PdO spectra were observed in the Pd/hBN, Pd/Si3Ns, and Pd/PCN samples (Fig. 3B),
indicated by a shift of the white line at 24370 eV towards higher energy and an increase in intensity
at 24390 eV. This might hint to the distinct coordination environments for Pd on nitride and oxide-
based supports. Additionally, significant modifications in the XANES spectral shape among
different Pd/nitride samples were observed, particularly for the PA/hBN sample, as its white line
intensity dropped significantly. The EXAFS data for the Pd/hBN sample (Fig. 3A) show a
pronounced peak at about 2.5 A, which can be attributed to the Pd—Pd coordination shell,
confirming the presence of Pd nanoparticle. The EXAFS fitting results are summarized in

Supplementary Tables 5 and 6.
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Fig. 2. Characterization data of various Pd/PCN samples with different Pd loading: (A) the magnitude of vhe Fourier transformed k-
weighted Pd K EXAFS data (not phase corrected), (B) Pd K-edge XANES spectra (the inset shows the enlarged region around the white
line maximum), (C) Pd 3d XPS data, and (D) CO-DRIFTS spectra (shown using pale line) and CO-DRIFTS spectra of the washed Pd/PCN

samples, shown using intensely colored line.
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Fig. 3. Characterization data of 1 wt.% Pd loading on oxide and nitride supports: (A) the magnitude of the Fouries-<ransformed k*-weighted

Pd K EXAFS data (not phase corrected), (B) Pd K-edge XANES spectra, and (C) CO-DRIFTS data.
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The influence of the support on the oxidation state of Pd was further investigated by CO-
DRIFTS. It is known that the stretching frequency of adsorbed CO can probe the charge state of
the surface metal species.”* '4* 221 Three selected Pd/nitride samples (Fig. 3C) generally showed
two types of carbonyl bands, which are related to linear CO on isolated Pd cations and bridged CO
on Pd nanoclusters, respectively. No adsorbed CO was present on the bare nitride supports under
present experimental conditions. However, the vibrational bands of adsorbed CO for the Pd/nitride
samples are weak, up to the point that no signal was observed in 1 wt.% Pd/SizN4. To obtain more
pronounced IR response, the Pd/PCN samples with higher loading were studied (Fig. 2D), and four
sets of bands of adsorbed CO centered at 2123, 2090, 1987, and 1933 cm™ were identified. The IR
bands at 2123 and 2090 cm™ were assigned to CO linearly adsorbed on isolated Pd atoms with
different oxidation state.% 2*] The IR bands centered at 1987 and 1947 cm™ were assigned to
bridged CO on the Pd nanoclusters.?*! This assignment was further confirmed by the CO-DRIFTS
measurement of Pd(TFA). (Supplementary Fig. 21), which exhibits a distinct bridge-bound
carbonyl band centered at 1969 cm™'. Besides, the Pd(TFA), shows no infrared bands of adsorbed
CO in the region of 2050 - 2130 cm™’. This confirms that the bands observed at 2123 and 2090
cm ' in Pd/PCN are derived from CO adsorbed on anchored Pd sites, rather than from the Pd
precursor. Notably, a linear CO adsorption sequence on different Pd sites was further observed.
The Pd/PCN samples below 1 wt.% loading have only one band of linear adsorption, centered at
2090 cm™!, corresponding to the Pd species with a low binding energy in XPS. With the Pd loading
increased to 2 wt.%, the intensity of the IR band centered at 2090 cm™! remains the same, suggesting
the saturation of this type of Pd species. At the same time, a new vibrational band of linearly
adsorbed CO centered at 2123 cm’! emerged, suggesting the presence of another Pd species, and
its intensity rises to saturation when the Pd loading is increased to 4 wt.%. Further increasing Pd
loading will only contribute to the bridge carbonyl signal at 1987 and 1947 cm™!, suggesting the
formation of more Pd nanoclusters.

To sum up the results of XPS and CO-DRIFT measurements, a Pd anchoring sequence on
PCN was observed: (1) cationic Pd with a low oxidation state with an adsorbed CO stretching
frequency of 2090 cm !, (2) cationic Pd with a high oxidation state with adsorbed CO stretching
frequency of 2123 cm™!, and (3) partially oxidized Pd sites with two CO stretching frequencies
centered at 1987 and 1947 cm ™!, respectively. From the Pd 3d XPS spectra, however, only two

types of Pd species were observed. Therefore, it is reasonable to assume that the peak at the binding
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energy of 338.3 eV may contain at least two types of Pd species: one is a Pd species bound to the
PCN support, and the other one comprises loosely bound Pd species, i.e. Pd salts.

In comparison to Pd/nitride samples, sharper carbonyl bands were observed for all three
Pd/oxide samples. For Pd/TiO», the CO vibrational bands at 2135 and 2126 cm ! are attributed to
CO adsorbed on isolated Pd species with different oxidation state, whereas the vibrational band at
2088 cm ! is attributed to CO linearly adsorbed on either the Pd nanoclusters or Pd—Ti species, as
found from EXAFS fitting (Fig. 3A). The broad bands centered at 1969 and 1938 cm™ are assigned
to bridge-bound carbonyl on Pd nanoclusters that are formed due to the aggregation of loosely
bound Pd salts. [2°> 23] When increasing the Pd loading to 4 wt.%, the band intensity for linear
carbonyl at 2135 and 2126 ¢cm™' remains the same, but the band intensity for bridged carbonyl at
1938 cm! significantly enhanced, confirming the increase in the amount of Pd nanoclusters
(Supplementary Fig. 18C). A similar trend was found after comparison of the CO-DRIFT spectrum
of 1 wt.% and 4 wt.% Pd/AL2O3 (Supplementary Fig. 18D). The formation of more Pd nanoclusters
in 4 wt.% Pd/TiO; and 4 wt.% Pd/ALLO; agrees well with the observation from their Pd 3d XPS
spectra (Supplementary Fig. 18). Moreover, for Pd/TiO», a CO oxidation sequence on different Pd
species was observed: the CO molecules adsorbed on Pd nanoclusters were quickly oxidized and
removed upon O exposure at 25 °C, as indicated by the rapid drop in the major CO bands at 1969
and 1938 cm™! (Supplementary Fig. 22); afterward, the bands related to linearly adsorbed CO on
Pd, with signals at 2088, 2126, and 2135 cm™!, were oxidized in this order with the increased
temperature to 200 °C. A similar CO oxidation sequence was also observed in Pd/Al,O3
(Supplementary Fig. 23) and Pd/ZnO (Supplementary Fig. 24).12°! These results show that the CO
binding strength broadly follow the trend of the Pd oxidation state: the stronger bonding of CO
molecules to Pd species when Pd compounds are more oxidized. Besides, a CO-induced Pd
sintering was observed in the Pd/TiO, sample (Supplementary Fig. 25), as further confirmed by
NAP-XPS. The NAP-XPS spectrum of the Pd 3d core line (Supplementary Fig. 26) reveals that
the isolated Pd species (~337.4 eV) turned into near-neutral Pd®" species (~336.2 eV) after CO
adsorption, where the formation of a stable carbonyl weakens the interaction of Pd atom to

support.*!
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Fig. 4. (A) Bader charge for Pd models with different oxidation state (+1, +2, +3, and +4), plotted

against the electronegativity of different type of bonding atom (C, N, O, and F). (B) Bader charge-

oxidation state plots for different Pd models. (C and D) Plots of Bader charge and CO stretching
frequency for Pd/PCN model and Pd/TiO2(101) model, respectively. Pd, C, N, H, Ti, O atoms are

dark green, grey, blue, white, light-grey, and red spheres, respectively.
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The experimentally gained information was used to benchmark the theoretical calculation.
We applied Bader charge analysis to compute the effective charge of the Pd sites for all candidate
Pd/PCN and Pd/T102 models (Supplementary Tables. 7 and 8). However, some discrepancies arose
when assigning the candidate models to different oxidation states. For example, the Bader charge
of (PdN4)surface model is +0.82 e (Supplementary Fig. 30), and the value for the (PdNa4)interlayer model
is +0.51 e (Supplementary Fig. 31), while both models are fitted with a coordination number of 4
in the FT-EXAFS fitting (Supplementary Table 6). Notably, the EXAFS-fitted coordination
numbers need to be considered with care in the model assignment, i.e.,the EXAFS-derived
coordination number is an average result of all atoms.!*”] Hence, it cannot accurately reflect the
coordination structure when the samples are heterogeneous, e.g., upon co-existence of atomically
dispersed species and nanoclusters in the Pd/TiO, sample. Therefore, we propose using the
oxidation state as an additional calibration standard for the model assignments.

First, to figure out the relationship between the formal oxidation state and computed Bader
charge, we selected a series of Pd—C, Pd—N, Pd—0O, and Pd—F models with different oxidation
states (+1, +2, +3, and +4) and then calculated their respective Bader charges. A correlation
analysis was performed between the Bader charge of Pd and the corresponding Allen
electronegativity of the coordinating anions (C, N, O, and F), and four linear equations were
obtained (Fig. 4A). These linear relationships are reasonable because the electronegativity of
anions increases from carbon to fluorine across the periodic table ?®] which is reflected in the
changes of the Bader charge of the cation. For reference, four additional Pd*" models (Pd—4C,
Pd—4S, Pd—4N and Pd—40, Supplementary Fig. 27) were studied, and a similar equation was
obtained, well confirming the above relationship between Bader charge and electronegativity.

Next, we correlated the Bader charge with the oxidation state (Fig. 4B). For all Pd models,
however, the tendency is more like a parabolic relationship rather than a linear relationship, with
the most linear-like dependence for Pd—C models. With the systematic correlations and equations
thus obtained for Pd—N and Pd—O models, the oxidation state of the differently coordinated Pd
sites in the Pd/PCN and Pd/TiO, models can be obtained based on the corresponding Bader charges,
as listed in Supplementary Tables 7 and 8, respectively. These results indicated that the Pd
oxidation state depends strongly on the type and number of coordinating anions. More importantly,
the above relationship provides a way to directly assign the formal oxidation state to the Pd site in
the candidate models, allowing us to match it with the experimental oxidation state data and to

determine an appropriate theoretical model.
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We now turn to the relationship between the CO stretching frequency and oxidation state
of the isolated Pd species. As shown in Figs. 4C and 4D, the stretching frequency of CO is
proportional to the oxidation state of isolated Pd species for both PA/PCN models and Pd/TiO:
models. Combining the relation equation of Bader charge with oxidation state (Fig. 4B) with the
relation equation between Bader charge and CO stretching frequency (Fig. 4C and 4D), two

separate equations
Nugy = 1981 + 45.4x — 2.06x2 (D)
Nugy = 2001 + 55.6x — 3.50x2 (2)

can be introduced for Pd/PCN and Pd/TiO,, respectively. Nuco (cm™) is the experimental CO
stretching frequency, x is the corresponding oxidation state of Pd, and a difference of 9 cm’!
between the experimental (2143 cm™) and computational (2134 cm™!) CO stretching frequency was
taken into account in the equations. With the stretching frequency of adsorbed CO known from the
DRIFTS experiment, equations (1) and (2) can be used to estimate the oxidation state of Pd on
PCN and TiOa, respectively. As shown in Supplementary Table 9, the calculated oxidation state of
Pd on the PCN support is higher than that on the TiO; support, in agreement with the above XPS
data (Fig. 1). For Pd/PCN, based on the calculated oxidation state of 3.77 and the measured
coordination number of 4, it is proposed that the (PdNa4)surface model (Fig. 4C) is most appropriate,
in which Pd binds to four surface nitrogen atoms. The Pd species with a calculated oxidation state
of 2.84 can be assigned to the model (PAN3)surface, Where the Pd atom is bound to three N atoms on
the surface. In this respect, the combination of the stretching frequency of adsorbed CO, the
experimental coordination information, and the calculated oxidation state allows for the distinction
between different surface Pd species.> 2’1

Notably, the hydroxyl group cannot be ignored on the oxide surface.’®! The excess
hydroxyl group would coordinate with Pd atoms through M—O(OH) (metal-hydroxyl group)
interactions. Therefore, for Pd/TiO,, the Pd species with a calculated oxidation state of 2.99 is
assigned to the Pd(OH)> model (Fig. 4D), where the Pd atom is bound to one lattice O and two
extra —OH groups on the surface, and the Pd species with a calculated oxidation state of 1.75 is
attributed to the PdAOH model, where the Pd atom is bound to one lattice O and one extra —OH
group on the surface. The proposed Pd structures have calculated oxidation states of +2.1 for the
Pd(OH)2model, and +1.2 for the PAOH model. The calculated oxidation state of the assigned model

agrees with experimental observations from the Pd 3d XPS results.
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Conclusions

With systematic studies of dedicated sample series and the extensive experimental and
computational characterization, three important findings were obtained: (1) It was shown that the
oxidation state of Pd on nitride supports is always higher than on oxide supports. This was
attributed to the existence of Pd in distinct local coordination environments (Pd—Nx on nitride and
Pd—(OH)x on oxide); (2) Systematic correlations between Bader charge, electronegativity,
vibrational frequency of adsorbed CO and chemical oxidation have been obtained for both types
of support; (3) the aforementioned correlations allowed to choose the correct computational model
for the coordination structure of Pd to the surface. It must be specifically noted that the combined
methodology presented here allows distinguishing more accurately between atomically dispersed
Pd, residual precursor, and nanoclusters. Hence, it may not be required to prepare samples
containing exclusively only one type of Pd species. We are convinced that our findings will
significantly contribute to the further understanding of metal-support interactions in heterogeneous

catalysis, and lead to a systematic development of catalysts for specific purposes.
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The effect of the support type (nitride and oxide) on the charge state of isolated Pd sites has been
explored in this work. Furthermore, a correlation was established between the formal oxidation
state, the vibrational frequency of adsorbed CO, and the computed Bader charge based on the
periodic trends in electronegativity, allowing the identification of appropriate models for the

understanding of the coordination structure of Pd center.
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