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ARTICLE INFO ABSTRACT

Keywords: The local structure analysis of low-loaded single-atom catalysts on polymeric supports conflicts with the
Single-atom catalysis detection limit of analytical methods due to the low metal contents (<0.5 wt%) and the disordered character of
Polymers

the supports. However, understanding the structure on an atomic level is the precondition to draw structure-
property-relationships. In this study, we demonstrate that X-ray total scattering and subsequent atomic (differ-
ence) pair distribution function analysis (dPDF) have the potential to contribute in that regard. Atomic pair
correlations related to the coordination environment of highly dispersed metal centers as well as structural in-
formation of the polymeric support materials could be extracted. Different coordination environments of the
isolated species depending on the metal precursor could be observed. In situ dPDF analysis allowed to track the
dynamic behavior of initially site-isolated Pd species on exfoliated graphitic carbon nitride under reaction
conditions making it a suitable method to study their stability. Complementary quasi in situ XPS analysis
confirmed the observation of increasing Pd-Pd pair correlations by indicating the formation and growth of Pd
clusters/nanoparticles during the course of reaction. We discuss the system feasibility, limitations of the method
and benchmarking of measurement protocols providing practical guidance for sample preparation, measurement
conditions and their impact on the data quality during the analysis of low-loaded single-atom catalysts.

In situ characterization
Difference pair distribution function analysis
X-ray photoelectron spectroscopy

enable maximum utilization of rare and expensive metals [2]. In order to
design more efficient catalytic systems, detailed material characteriza-

1. Introduction

A transformation of the chemical industry is required to reach the
desired climate goals. Heterogeneous catalysis presents one of the key
technologies to enable the indispensable shift to a circular economy as a
prerequisite of a sustainable society. Consequently, research on the
development of efficient catalytic processes is of major importance.
Single-atom catalysis offers the possibility to contribute in that regard,
as it combines advantages of both heterogeneous and homogeneous
catalysis such as unique reactivity and good separation and handling
properties that are important for recycling [1]. Furthermore, they also

tion is of utmost importance to understand structure-property relation-
ships on an atomic level.

From a characterization point of view, some fundamental questions
arise when discussing single-atom catalysis. In the first place, this in-
cludes being able to prove the presence of site-isolated atomic species
and further determining how the coordination environment influences
the catalytic reactivity [3-5]. It is also helpful to better understand how
the chosen support material immobilizes the metal complexes to stabi-
lize the single metal species and prevent agglomeration, especially
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under reaction conditions. Furthermore, it is known that the support
material can act as a macro ligand influencing charge transfer and
density with respect to the active metal and consequently tune the cat-
alytic reactivity [6-8].

Various techniques are traditionally used to assess these properties.
The development of aberration-corrected scanning transmission elec-
tron microscopy has enabled the depiction of single metal atoms and
site-isolated supported metal complexes [9-13]. The method probes the
sample very locally, and a clear distinction between single atoms,
clusters and particles is facilitated by good contrast between support and
metal species. However, the high-energy electron beam causes move-
ment and alteration of the sample under investigation, complicating
data acquisition [14] and it is difficult to develop quantitative models
based solely on this method. Furthermore, X-ray absorption spectros-
copy including extended X-ray absorption fine structure spectroscopy
(EXAFS) and X-ray absorption near edge spectroscopy (XANES) have
proven to be of great value [3,15-19]. While XANES allows determining
the oxidation state, EXAFS data provide the basis for the modelling of
the direct coordination environment of atoms [17] even for dilute
samples [20]. Both methods are bulk average techniques and are
element specific, as the measurements are conducted at the absorption
edge of the respective metal atom of interest. However, XAS beamlines
are typically not set up to cover the energy ranges relevant to the edges
of the atoms in the support materials. Thus, multiple measurements are
needed to access the coordination environment of different elements in
the system. The information obtained is limited to only the first few
coordination shells around the investigated atom.

In catalytic materials, the surface is of especially high interest. X-ray
photoelectron spectroscopy (XPS) probes the support material’s surface
structure, potential coordination sites, and electronic structure of
immobilized metal species. Therefore, it can contribute to determining
metal nuclearity. However, a lack of suitable references makes detailed
XPS fitting challenging as the binding energy is highly influenced by the
local coordination environment [21]. Mostly it is used to exclude the
presence of metallic species and confirm the presence of metal ions. XPS
is reported to be sensitive to the electronic structure but less sensitive to
the environment, while XAS offers better possibilities to determine the
coordination sphere but is limited to the electronic structure in
single-atom catalysts [16].

Other methods such as nuclear magnetic resonance (NMR) or Raman
spectroscopy can give insights on chemical environment and metal-
carrier interactions but require high metal loadings [7]. Infrared spec-
troscopy has the potential to study the adsorption of probe molecules on
single atoms or nanoparticles by characteristic vibration modes but is
not suitable for carbon-based systems [7,22]. Analysis of single-atom
catalysts is further complicated if the support structure is disordered
or amorphous. Inhomogeneity offers various coordination possibilities
for the immobilization of metal species and accordingly, results in a
variety of slightly differing metal coordination environments. Therefore,
comparing experimental data with reference materials with defined and
known coordination environments is of high importance, irrespective of
the applied method. Additionally, single-atom catalysts typically possess
very low metal contents in order to prevent metal agglomeration and
maintain isolated sites, which again adds difficulties during analysis as
the metal content approaches the detection limit of many character-
ization techniques. Consequently, oftentimes only assumptions about
the predominant species are made. However, it should be mentioned
that Hai et al. have successfully demonstrated the synthesis of
ultra-high-density single-atom catalysts with metal loadings up to 23 wt
% [23]. Experimental data can be further supported by computational
simulations such as density functional theory (DFT) or Monte Carlo
calculations. Such studies can be used to predict the most likely coor-
dination environment by calculating metal core level binding and for-
mation Gibbs energies [2,24].

The aforementioned techniques still leave open questions and space
for additional complementary methods to gain insights on the local
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atomic environment. For that reason, the applicability of X-ray total
scattering and subsequent (difference) pair distribution function (PDF)
analysis to give complementary structural details on single-atom cata-
lysts shall be investigated in this study. PDF analysis can provide local
structural information for amorphous, nanostructures and dilute sys-
tems as it does not require lattice periodicity [25,26]. In particular, the
difference PDF (dPDF) method has proven to be a suitable character-
ization technique as the scattering contribution of the component of
interest can be isolated even for very low concentrations [27-29] and
therefore offers opportunities for the characterization of single-atom
catalysts. This method has been successfully applied to the character-
ization of several classes of materials. Chapman et al. have demonstrated
the use of differential PDF analysis to study the dynamic host-guest in-
teractions in a nanoporous Prussian Blue [30] and Hjy-framework in-
teractions in a Prussian Blue analogue [31]. Another example is the
extraction of host-guest interactions in MOFs [32-34]. Also in hetero-
geneous catalysis scientists have demonstrated the usefulness of PDF
and dPDF analysis to obtain local and long-range structural information
especially with respect to the formation and growth of supported
nanoparticles [35,36]. It has been shown that it is possible to study the
behavior of small Au and Ag clusters during thermal activation via dPDF
analysis [37]. The changes in the interatomic distances at different
temperatures allowed to draw conclusion about particle migration,
coalescence and reconstruction. Chupas et al. have applied the dPDF
analysis to monitor the formation and growth of Pt nanoparticles
starting from PtCIZ" ions in an reducing atmosphere on a TiO3 support
[38]. The Pt loading in these experiments was varied from 2.5 to 7.5 wt
% [38,39]. Newton et al. tracked the catalytic activity and related local
structure changes of small Pt nanoparticles (1 wt%) on Al,O3 via dPDF
analysis during CO oxidation [40]. Furthermore, this characterization
method has been used for the analysis of the local structure of isolated
palladium sites on layered covalent organic frameworks (COF) [41].
Apart from Pd nanocrystals, the group was able to detect the presence of
Pd"Bry-moieties in the catalysts. The amount of Pd loaded onto the COF
was reported to be > 10 wt% and the COFs themselves retained crys-
tallinity after metalation. Very recently in situ dPDF analysis was used to
study sintering resistant single-site catalysts in a polyoxometalate
(POM) -metal-organic-framework architecture [42]. Local structure
transformations of POMs during annealing to the active clusters could be
tracked. In an alternative to X-ray-based PDF analysis, electron PDF
(ePDF) has been successfully employed to investigate the local structure
of nanocarbon-supported Pt under reaction conditions [43]. Clear
electron difference PDFs could be obtained for a metal loading down to
3 wt% Pt, which allowed to follow the detachment of CI~ and the ag-
gregation to clusters at different temperatures.

Compared with other methods PDF (and dPDF) analysis enables
access to structural information on different length scales based on one
measurement, covering the possibility to analyze the polymeric support
materials, immobilized nanoparticles and simultaneously the coordi-
nation environment of single-atoms. Furthermore, PDF analysis is not
limited to analyzing one element at a time and the obtained bond dis-
tances are absolute [38]. Obtaining absolute bond distances is also a
viable proposition based on EXAFS data. However, via PDF analysis they
are accessible more intuitively and without the need for model struc-
tures and performing subsequent intensive fitting procedures. This
approach is of particular benefit in the context of small targets in com-
plex chemical environments. In single-atom catalysis carbon-based
polymeric materials containing nitrogen and phosphorous hetero-
atoms, have proven to be good support structures for the immobilization
of isolated metal complexes as well as suitable macroligands influencing
catalytic properties [7,16]. The characterization of these systems is
however challenging due to the above-mentioned circumstances such as
low metal loadings and disordered/amorphous support structures
composed of weakly scattering elements. For this work we have focused
on the analysis of single-atom catalysts based on three structurally
different polymeric support materials namely, covalent triazine
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frameworks (CTF) [22,44], exfoliated graphitic carbon nitrides (ECN)
[14] and polyphosphines [45-48]. The schematic structure units and
building blocks of the polymeric support materials are shown in Fig. 1.
Furthermore, the figure depicts potential coordination scenarios [14,49]
for the immobilized metal atoms. An overview on the characterized
material systems containing further structural information and the
respective sample name abbreviation are given in Tables 1 and 2.

Throughout this study, we will describe how local structure infor-
mation of the different polymeric supports and especially of site-isolated
metal species in single-atom catalysts can be accessed on the basis of X-
ray total scattering data. In addition, we would like to provide relevant
practical guidance for the data collection and processing that is suitable
for practitioners without extensive experience of X-ray total scattering
experiments and dPDF analysis.

2. Materials

The polymeric support materials studied in the framework of this
project include layered materials such as exfoliated graphitic carbon
nitride (ECN) and covalent triazine frameworks (CTFs). The CTFs dis-
cussed here can be subdivided into A-CTFs and Z-CTFs dependending on
their synthesis route and corresponding structural characteristics. While
the A-CTFs were synthesized via a low-temperature polycondensation
(amidine-route) method, the Z-CTFs were synthesized via a high-
temperature ionothermal (ZnCly-route) method. Consequently, A-CTFs
represent non-carbonized CTFs while Z-CTFs represent carbonized CTFs.
Based on earlier studies it is known that A-CTFs are characterized by a
higher nitrogen content indicating the less pronounced degree of
carbonization compared with Z-CTFs. Furthermore, the lower degree of
carbonization due to the avoidance of high temperatures and the
avoidance of ZnCl, during the synthesis process results in CTFs with a
more ordered framework but an ill-defined pore network [44]. The XRD
data of the A-CTF resembles the data published on the CTF synthesized
by Kuhn et al. (Fig. S4) [50]. The CTF described in their work is
distinguished by its markedly low surface area and reflections that
closely resemble those of the idealized structure, which exhibits hex-
agonal AAA packing and layered aromatic sheets. Due to the increased
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Table 1
Support materials abbreviations and material information.

Abbreviation ~ Support material information

ECN Exfoliated graphitic carbon nitride

Z-CTF High-T, ionothermal ZnCl,-route based, carbonized covalent triazine
framework

A-CTF Low-T, polycondensation amidine-route based, non-carbonized
covalent triazine framework

P1 Polyphosphine L1+B1

P3 Polyphosphine L1+B2

P4 Polyphosphine L2+B2

Table 2

Catalyst sample abbreviations and material information.

Abbreviation Catalyst information
ECN-Pd-0.5-SA- 0.5 wt% Pd single-atoms @ ECN, Pd-Precursor: Pd
NO3 (NH3)4(NO3)2
ECN-Pd-0.5-SA-Cl 0.5 wt% Pd single-atoms @ ECN, Pd-Precursor: KoPdCly
ECN-Pd-0.9-SA- 0.9 wt% Pd @ ECN, Pd-Precursor: Pd(NH3)4(NO3),
NO3
ECN-Pd-1.3-SA- 1.3 wt% Pd @ ECN, Pd-Precursor: PA(NH3)4(NO3)o
NO3
ECN-Pd-0.5-NP 0.5 wt% Pd nanoparticles @ ECN, Pd-Precursor: KoPdCly
P4-Ru-0.4-SA 0.4 wt% Ru single-atoms @ P4, Ru-Precursor: (Dichloro(p-
cymene)ruthenium(II))
P4-Ru-12.6 12.6 wt% Ru @ P4, Ru Precursor: (Dichloro(p-cymene)

ruthenium(II))

degree of carbonization in the Z-CTFs it is known that these materials
deviate from an idealized structure (Fig. 1b) and contain lower amounts
of nitrogen [22,49,50]. Furthermore, it was reported that CTF synthe-
sized via the ZnCly-route show a well-defined mesoporosity and a very
high surface area [51]. Another class of support materials for
single-atom catalysts are phosphorous containing polymeric supports
[45-48]. The polyphosphines were prepared using different linkers and
different bridges connecting the phosphorous anchoring sites (Fig. 1).
They can also be subdivided depending on the type of linker (L) and
polyphosphine bridge (B) that was used during their synthesis and
resulted in the polyphosphines P1, P3 and P4. Table 1 summarizes the

c)
| I
AN J J
Y
L1 L2
\:"p\/ P\: ‘P/\/P::
B1 B2

QK
vts

Fig. 1. Schematic structure units of the polymeric support materials exfoliated graphitic carbon nitride (ECN) (a), covalent triazine frameworks (CTF) (b) and
polyphosphines (c) including a representation for a potential coordination environment of the atomically dispersed metal species. For the polyphosphines, L refers to
linker while B refers to bridge. The repeating structure unit of each polyphosphine consists of one bridge and four linkers.
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discussed support materials, their abbreviations and
information.

The different support materials were loaded with varying amounts of
different late transition metals to result in the catalyst samples. Table 2
contains the sample abbreviations for the catalyst samples used through
this work, including sample information. The catalyst samples con-
taining SA (single-atom) in their abbreviations are assumed to contain
isolated metal sites, while NP (nanoparticle) describes a as-synthesized
nanoparticle catalyst. In the work of Vennewald et al., Pd immobilized
on ECN was tested as a catalyst for the hydrogenation of ethylene [14]. It
was found that Pd in the catalyst is in oxidation state two and therefore
has to have two X and two L ligands. If Pd(NH3)4(NO3), was used as a Pd
precursor, NO3 was assumed as X ligand whereas when KoPdCly was
used, Cl~ was assumed instead. Based on those two systems, in this work
we refer to the samples ECN-Pd-0.5-SA-NO3 and ECN-Pd-0.5-SA-Cl,
respectively, each containing 0.5 wt% Pd. Additionally, a sample con-
taining 0.5 wt% Pd nanoparticles was synthesized (ECN-Pd-0.5-NP). The
catalytic activities of all catalysts were compared. It could be shown that
ECN-Pd-0.5-NP was immediately active while both ECN-Pd-0.5-SA-NO3
and ECN-Pd-0.5-SA-Cl only turned into active catalysts after being
exposed to 100 °C in a specific gas atmosphere during a temperature
program. Furthermore, ECN-Pd-0.5-NP functions as a reference for
Pd-Pd pair correlations in the PDF analysis. In addition to the compu-
tational studies, the local and electronic structure of Pd in these samples
have been analyzed via X-ray absorption spectroscopy (XAS) and ex situ
X-ray photoelectron spectroscopy [52]. To validate the significance of
small dPDF peaks, catalysts with higher Pd loading (0.9 and 1.3 wt%)
were also analyzed. Those samples are named ECN-Pd-0.9-SA-NO3 and
ECN-Pd-1.3-SA-NOs, respectively. Polyphosphine P4 was loaded with
0.4 wt% Ru, which is named P4-Ru-0.4-SA throughout this work. As a
comparison P4 was also loaded with 12.6 wt% Ru as a reference for clear
Ru-X pair correlations, which is abbreviated as P4-Ru-12.6.

The details on the materials synthesis are given in the supporting
information.

sample

3. X-ray total scattering and pair distribution function analysis

The aim of X-ray total scattering (XRTS) experiments is to extract
local structure information from the sample, often by applying a sub-
sequent pair distribution function (PDF) analysis. PDF analysis requires
TS data that were acquired to high Q-values, where Q = 4x sin(0) /A
with good measurement statistics. In the equation, @ is the scattering
angle and A is the wavelength of the X-ray radiation. While laboratory
devices have been traditionally utilized and can provide sufficient
quality data in various cases [53], the use of high-energy, high-flux
synchrotron radiation with 2D data collection is recommended espe-
cially for weakly scattering systems and dilute species [54]. The
significantly lower X-ray flux from laboratory anodes poses a huge
challenge when studying components with very weak signals. The low
scattering intensity of the target materials is due to several reasons,
including the low scattering power of the elements in the polymer
backbone (N, C, P), the low overall density of the material, the dilute
concentration of the catalyst sites loaded into the support, and the
overall disordered structuring of the support material. These issues
typically result in a much higher ratio of background scattering from air
and capillary material, and make the accurate extraction and normali-
zation of the high-Q structure function far more challenging. The X-ray
total scattering patterns for the support materials are given in Fig. S1. It
is visible that only the ECN shows pronounced Bragg reflections while
these are absent for the Z-CTF and the polyphosphine. This indicates that
the Z-CTF and the polyphosphine lack a 3D lattice periodicity. Fig. 2
provides an illustrative example of the dominance of the scattering in-
tensity of the support material in single-atom catalysts. The XRTS data of
the pure ECN and the ECN-Pd-0.5-SA catalyst are compared. No in-
dications for additional scattering intensities of the immobilized metal
can be found. By comparison with ECN-Pd-0.5-NP [14] small additional
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Fig. 2. X-ray total scattering data of the support material ECN (black), the ECN
loaded with 0.5 wt% Pd single-atoms (red) and the ECN loaded with 0.5 wt% Pd
nanoparticles (blue). The cutout shows a zoom into the Q-range between 2.3
and 7 A? containing Bragg reflections stemming from bulk Pd in ECN-Pd-
0.5-NP.

reflections (e.g. at 2.8 A~!) indicating the presence of Pd crystallites can
be seen. The simulation of the diffraction pattern is based on a Pd crystal
structure obtained from the ICSD-database (ICSD-77885) [55].

The X-ray total scattering data of P4 before and after loading with
0.4 wt% Ru (P4-Ru-0.4-SA) are shown in Fig. S2 and are virtually
indistinguishable.

For all single-atom systems studied, after impregnation with a metal
precursor, the X-ray diffraction data show no clear difference compared
to the unloaded polymer. This finding supports the assumption of highly
dispersed metal sites in the different single-atom catalysts. This com-
parison highlights the necessity of being able to study minor differences
in the local structure of single-atom catalysts. Atomic pair distribution
function (PDF) analysis can be performed by Fourier transformation of
total scattering data. Its development regarding the analysis of molec-
ular materials has made great advances, especially in recent years. A
detailed description of the data processing and underlying theories can
be found elsewhere [28,56-58]. PDFGetX3 is a recommended data
reduction package for extracting relevant information from the inte-
grated X-ray total scattering data [59]. Correction for experimental
aberration, removing residual, unwanted scattering contributions,
normalization and Fourier transformation are included in its ad hoc
methodology [60]. This results in a relative scaling and arbitrary abso-
lute intensities of the PDF, which should be considered depending on the
goal of the analysis.

Generally, a PDF analysis reveals direct structural information
intuitively as it represents a weighted histogram of interatomic distances
in real space. Therefore, insights such as the presence of particular bond
distances, their distribution and probability, and extent of structural
coherence can be extracted [28]. Determinations of structural co-
herences can be achieved by the analysis of the amplitude of the PDF
signal, as evidenced in the plot. Fig. 3a shows the structural coherence of
the different polymeric support materials. It can be seen that poly-
phosphines and CTFs show a similar coherence. However, the pair
correlations in the Z-CTF remain sharper. This indicates a higher
structural rigidity of the layers compared to the polyphosphines. The
polyphosphines might have more conformational possibilities and
therefore a broader distribution of interatomic distances resulting in
broader PDF peaks. Only the PDF of ECN indicates extended coherence
seen as an oscillation in the atomic density up to ~60 A, which is due to
the interlayer stacking. For a detailed PDF analysis of graphitic carbon
nitride, the reader is directed to other publications [61-63].

The zoom-in to the higher r-range of the polyphosphines and the Z-



L. Kappel et al.

a) = b)

1.5
' x10

j.ﬂ | ’ mew.wﬂ.-’;ﬁ

1 ————

LI B B B B B B |
15 20 25 30 35 40 45 S50

1.0 4

0.0

T T 1

5 10 15 20
r/A r/A

Fig. 3. PDFs of the polymeric support materials in a r-range between 0 and 20
A (a) and between 13 and 50 A (b). Curves are plotted with an offset.

CTF in Fig. 3b shows slight oscillations in the PDF data of the Z-CTF. This
may be indicative of the existence of an ordered porosity in the Z-CTF,
which is not present in the polyphosphines. In all cases the well-defined
PDF peaks at short distances are in good agreement with the structural
motifs the polymers consist of such as benzene, triazine and 1,2-Bis
(diphenylphosphino)ethan (DPPE). This can be confirmed by a com-
parison with the simulated PDFs based on crystallographic data of
benzene (CCDC-1843297), triazine (CCDC- 1275718) [64] and DPPE
(CCDC-2065417) extracted from the Cambridge Crystallographic Data
Center CCDC (Fig. S3). The different compositions result in different
frequencies of certain atom-pairs, so the peak positions observed in the
low r-range PDF are modified accordingly. This allows to distinguish
between C-N (1.36 /0\) bond distances present in ECN, the C-C (1.45 A)
distance of the benzyl rings or C-P (1.87 A) distances in the poly-
phosphine. The bond correlations for the Z-CTF structure that is
composed of both triazine and benzyl are found in between. It is difficult
to resolve contributions between, e.g., C-N versus C—=C due to their
overlapping distributions. Nevertheless, the overall width of the peak
and often even peak asymmetry help to indicate changes due to varying
contributions [65]. A feature at ~1.8 A is also found in the PDF of ECN
and Z-CTF despite an absence of C-P — this is a termination ripple due to
the limitation in the Q-range (here Qmax = 17 Z\’l). A variation of the
Qmax value allows to distinguish real pair correlations from termination
ripples. In Fig. S3c the PDFs of the polymer building blocks were
simulated at a Qmax of 100 /?\’1, eliminating potential termination rip-
ples and confirming a C-P pair correlation at ~1.8 A in DPPE which is
absent for benzene and triazine.

Besides bond distance distributions, relative molecular rigidity, and
interlayer stacking properties, structural refinements against the PDF
can give further information about differences in structural coherence
and relative ordered vs. disordered contents in semi-crystalline poly-
mers. This was demonstrated for polyamides produced via different
synthetic procedures [66]. Structural differences due to varying syn-
thetic procedures can also be observed in the material class of the CTFs.
Therefore, the PDFs of the carbonized Z-CTF and the non-carbonized
A-CTF are compared in Fig. 4. Fig. 4a shows the short-r range PDFs of
the CTFs and it can be seen that the first three real pair correlations are
slightly shifted towards higher distances in the Z-CTF. This is due to the
increased presence of benzyl rings compared to triazine rings in the
carbonized CFT, i.e. more C-C bonds than C-N bonds. This is in agree-
ment with the finding that a higher synthesis temperature leads to a loss
of nitrogen (up to 10 wt%) in the CTF framework as it was shown by
elemental analysis [22,44].

Considering the region between 3.5 A and 5.5 A, the pair correlations
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Fig. 4. PDFs of the differently synthesized CTFs. A-CTF represents a non-
carbonized CTF that was synthesized via a low-T synthesis method while Z-
CTF represents a carbonized CTF, which was synthesized at high temperatures.
For better visualization, the PDFs are shown offset in b).

for the A-CTF appear broader and less defined. This indicates a higher
degree of disorder and/or a broader distribution of the corresponding
interatomic distances. A potential explanation would be that the Z-CTF
shows a thermodynamically favored and therefore more defined local
structure due to the high synthesis temperatures. The lower temperature
synthesis of the A-CTF might result in the presence of different possible
conformations in the short-range order. Fig. 4b shows the intermediate
and long r-range of the two CTFs. Considering the range between 10 and
22 A, the trend changes and the pair correlations of the A-CTF remain
more defined. This might be due to the more ordered hexagonally
packed layers in the A-CTF. However, local offsets between neighbour-
ing layer have been directly shown in 2D COFs [67]. In a range between
23 and 50 A broad low-wavelength oscillations in the PDF of the Z-CTF
can be seen. As previously stated, this phenomenon may be attributed to
the presence of a well-defined mesoporosity in the Z-CTF, which is not
observed in the A-CTF. This is in line with the findings of Kuhn et al. who
described the material as a polymer scaffold with well-defined meso-
porosity and thus a very high surface area, which however does not
exhibit regular arrangement [51]. Also in the material class of poly-
phosphines structural differences depending on the synthesis procedure
can be observed by PDF analysis. P3 and P4 are examples for poly-
phosphines containing different linkers with different amounts of C-C
bonds. The corresponding PDFs and detailed explanation can be found
in Figs. S5 and S6.

4. Local structure analysis of single-atom catalysts via dPDF
analysis

Similar to the case of the X-ray diffraction patterns, where the total
signals are dominated by the support contribution, it can be very diffi-
cult to extract structural information from any immobilized metal spe-
cies by assessment of the total PDF signals. Even for the ECN-Pd-NP
sample, contributions of the nanoparticles are difficult to identify as
potential pair correlations overlap with pair correlations related to the
support (Fig. S7). A very useful application when it comes to the analysis
of very dilute samples is the called difference atomic pair distribution
function analysis (dPDF). The principle of subtracting all unwanted
scattering contributions allows the isolation of tiny differences in scat-
tering intensity enabling the extraction of pair correlations related to the
component of interest only. Here, we measure the X-ray total scattering
contribution of the unloaded support material and use it as background,
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assuming that it represents the bulk of the single-atom catalyst except
for the immobilized metal centers.

Among the samples analyzed, ECN-Pd-0.5-NP was the most prom-
ising to give a clear dPDF, as evidence for bulk Pd could already be found
in the total scattering data in the form of small matching Bragg re-
flections (Fig. 2) [14]. Difference signals from even small nanoclusters
embedded in microporous supports can often be extracted and quanti-
tatively analyzed to determine both structuring and crystallite size dis-
tributions [68]. The Pd-Pd bond distances of the nanoparticles were
successfully isolated and the respective dPDF fitted with a known fcc Pd
structure (ICSD-77885) and a spherical nanoparticle model in
Diffpy-CMI following Juhas et al. [69,70]. The dPDF fit of
ECN-Pd-0.5-NP is shown in Fig. S8. The difference curve contains
oscillation-like features. Such long wavelength oscillations in the dif-
ference curve hint at differences in interlayer correlations. One potential
explanation could be that the presence of nanoparticles induces strain
onto the layers for example by altering the interlayer connectivity.

To obtain a significant dPDF of the single-atom catalyst samples, it
was essential to ensure that the quality of the data was of a high standard
and to exercise caution during the data processing stage. The consider-
able impact of the data quality on the resulting dPDF is illustrated in
Fig. 10, with a comprehensive account provided in the section on
Measurement and data processing considerations. The dPDF of sample
ECN-Pd-0.5-SA-NOs is shown in blue in Fig. 5 and is compared to the
dPDFs of the higher loaded Pd catalyst samples ECN-Pd-0.9-SA-NO3 and
ECN-Pd-1.3-SA-NOg, respectively. It can be seen hat the pair correlation
at 2.02 A increases with an increase in the loading of palladium. This
confirms that the pair correlation correlates to Pd-X. The additional
comparison with the dPDF of ECN-Pd-0.5-NP in Fig. 5 demonstrates the
absence of Pd-Pd pair correlations in the single-atom catalyst samples. It
indicates the successful isolation of the metal sites even at a Pd loading
of 1.3 wt%.

In order to gain insights into the local bonding environment of single-
atom catalysts, it is of significant value to corroborate the findings with a
PDF analysis of reference materials. This allows to get an overview on
possible bond distances related to differently coordinated Pd species and
in different formal oxidation states. Fig. S9 shows the PDF fitting of
reference samples K;PdCl, (ICSD-27522) [71], KoPdClg (ICSD-73723)
[72], PAO (ICSD-24692) [73], Pd(NH3)4Cl, (ICSD-15990) [74], and
Pd-phen-Cl, (CCDC-766662) [75] including a visualization of the crystal

ECN-Pd-1.3-SA-NO,
ECN-Pd-0.9-SA-NO,

ECN-Pd-0.5-SA-NO,

Z
o pd-pd ECN-Pd-0.5-NP
Pd-Pd
0 1 2 3 4 5 6
r/A

Fig. 5. dPDF analysis of the ECN-Pd-SA samples containing 0.5 (blue), 0.9 (red)
and 1.3 (green) wt.% Pd loading. The figure includes the dPDF of the ECN-Pd-
0.5-NP sample showing Pd-Pd pair correlations (shown with offset). Pair cor-
relations in the very small r-range (<1 A) are considered unreliable based on
XRTS data and are marked by grey shading.
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structures. It is possible to evaluate and compare how the positions and
intensities of the pair correlations associated with Pd are affected. More
details about the PDF analysis of the reference materials is provided in
the SI. The PDF analysis of the reference materials revealed that the Pd-X
pair correlation at 2.02 A in the dPDFs of the single-atom catalysts can
be attributed to either Pd-N or Pd-O.

In order to ascertain the impact of the Pd precursor on the local
structure of the single-atom samples, the dPDFs of ECN-Pd-0.5-SA-NOsg
and ECN-Pd-0.5-SA-Cl were subjected to a comparative analysis, as
illustrated in Fig. 6. This indicates that the Pd-X bond distances and,
consequently, the coordination environments are different depending on
the choice of the Pd precursor. A peak at 2.3 A can be identified in the
dPDF of ECN-Pd-0.5-SA-Cl, which can be attributed to Pd—Cl based on a
comparison with the PDFs of the reference structures.

Furthermore, computational studies offer the possibility to gain
complementary structural insights especially for complex and dilute
samples. They are not a guarantee of a particular real structure, but they
can exclude certain conformations. In the work of Vennewald et al., they
calculated binding energies for Pd core levels and the Gibbs energy of
formation in accordance with ECN-Pd-0.5-SA-NO3 and ECN-Pd-0.5-SA-
Cl [14]. The DFT-optimized structures for these two cases are shown
in Fig. S10. On the one hand, the structure models obtained from such
calculations can be used to access bond distances in certain coordination
environments. The bond distances are in line with the values extracted
from the PDF analysis of the reference materials. On the other hand, they
can be in theory used to simulate PDFs and dPDFs. Those can then be
compared and fitted to the experimental data [33]. Fig. S11 shows the
theoretical dPDFs based on the DFT-optimized model structures. It can
be seen that for both systems, there is a good agreement between the
first nearest neighbor atomic pair correlation of the simulated dPDFs
and the experimental data. Based on these results it can be concluded
that the first coordination shells of sample ECN-Pd-0.5-SA-NO3 and
ECN-Pd-0.5-SA-Cl, contain Pd-N and/or Pd-O pair correlations and
Pd-Cl pair correlations, respectively. However, such a comparison is
only reasonable if the proposed structure comes close to a realistic
bonding environment and should be backed up with experimental data.
However, it should be kept in mind that the proposed structures do not
properly account for a layered material or the energetics of a condensed
bulk structure.

The dPDF analysis was also applied to the polyphosphine based
single-atom catalyst P4-Ru-0.4-SA that was found to be active in CO,
hydrogenation [45-47]. Again, a sample with higher loading

Pd-N/O

dPDF ECN-Pd-0.5-SA-NG,

K,PdCl,

G/A2

[ ) Pd-Phen-Cl,

7 Pd(NH3)4C|2

i N \/

T * T * T * T x T %

1 2 3 4 5
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Fig. 6. A comparison of dPDFs of ECN-Pd-0.5-SA samples synthesized with

different precursors and PDFs of reference materials (shown in black). The data
were normalized and plotted with an offset.
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(P4-Ru-12.6) was analyzed for comparison to obtain a Ru-X signal with
high intensity. Furthermore, PDF analysis was performed for [Ru(dppe))
p-cym)CI]Cl (CCDC-254639) which is a representative material for the
expected coordination environment of the immobilized Ru in
P4-Ru-0.4-SA. To investigate the potential presence of Ru clusters or
nanoparticles, a theoretical PDF based on a bulk Ru structure
(ICSD-40354) [76] was simulated to provide Ru-Ru pair correlations for
comparison. The two experimental dPDFs are compared with the PDF of
the reference structure, the PDF of the p-cymene ligand and the simu-
lated PDF for bulk Ru in Fig. 7.

The dPDF of P4-Ru-12.6 shows a good agreement with the PDF of the
reference structure and suggests a successful metal loading and main-
tenance of isolated Ru sites. It can be seen that the main pair correlation
of the reference structure at 2.3 A, which originates from either Ru-P or
Ru-Cl, matches the most dominant peak in the dPDF. In this system
(dichloro(p-cymene)ruthenium(II)) was used as a Ru precursor. After
the impregnation with the precursor, the structure should not only
contain additional Ru-P and Ru-Cl bonds but also C=C pair correlations
due to the additional p-cymene ligand. In fact, a pair correlation at 1.4 A,
matching a C—=C bond distance, can also be clearly observed.

In comparison, the dPDF of P4-Ru-0.4-SA shows an overall much
lower magnitude difference indicative of the much lower Ru loading
content. Since the signal is more than an order of magnitude less than for
the dPDF of P4-Ru-12.6, as expected, we must be careful in assigning
feature here, as they are of a similar magnitude as the termination effects
in the data. Nevertheless, there do appear to be similar features at
approximately the distance of C=C and Ru-P/Cl. However the relative
intensity of C—=C peak is much higher in this case. This could suggest
that there is excess addition. There also appears to be increased intensity
at a slightly higher distance from the peak assigned to Ru-P/Cl. This
distance could be assigned to metallic Ru-Ru, however there is no evi-
dence of metallic Ru from XPS analysis conducted on both samples [48].
It is also not expected to have increased Ru-Ru with lower wt.% of Ru.
Alternatively, this peak could also coincide with the second nearest
neighbor distance in the ligand, which is consistent with the increased
relative intensity of C=C peak. We tested the reliability of the dPDF

dPDF 12.6 wt.% Ru@P4
dPDF 0.4 wt.% Ru@P4

Ru-P/Cl
c-C

2%

[Ru(dppe)(p-cym)CIICI

G/A?

p-cymene ligand

bulk Ru

r/A

Fig. 7. The coloured lines show the dPDF analysis of P4-Ru-0.4-SA (blue) and
P4-Ru-12.6 (green) which are compared with the PDFs of the reference struc-
ture [Ru(dppe)(p-cym)Cl1]Cl, the PDF of the p-cymene ligand and the simulated
PDF of bulk ruthenium. The dPDF of P4-Ru-0.4-SA is presented here at a 2x
magnification in order to enhance its visibility. The data of the reference ma-
terials were normalized and plotted with an offset.
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signals by processing the data with varying Qnax values as shown in
Fig. S12. It can be seen that the dPDF of P4-Ru-0.4-SA does appear to be
robust. However given the order of magnitude decrease in signal
compared to P4-Ru-12.6, the effects of other potential structural
changes not corresponding to the presence of Ru-complex, and no
metallic Ru observed by XPS, we should take care not to over-analyze
this feature. The correspondence of the C=C and Ru-P/Cl features
suggests that the limit of detection does appear to be at least or below
0.4 wt%, but the structural interpretation at this loading level remains
inconclusive. A more extensive discussion on the limitations of dPDF
analysis is given in section 5.

5. Limitations of the difference pair distribution function
analysis

What has to be acknowledged is the general assumption of the dPDF
method that the immobilization of the metal species causes a negligible
change in the structure of the support material. This means that if the
structure of the support is only slightly modified upon the metal
impregnation process, these differences will not be subtracted during
the background optimization. Potential differences could be conforma-
tional, chemical or other. Consequently, extra peaks will be found in the
dPDF, which cannot be solely explained by Pd-dPDF models. Similarly,
subtle differences in the support materials structure due to slight dif-
ferences during the synthesis of different batches can also cause such
effects. It is therefore essential to ensure that the support material,
which is loaded with the metal species, is from the same experimental
batch as the pure support material for subsequent XRTS measurements
with the aim of performing a dPDF analysis. It can be seen in Fig. 5 that
the samples containing 0.9 and 1.3 wt % Pd shows additional dPDF
features (between 2.8 and 5.0 A) compared with the 0.5 wt % sample.
Differences in metal loading could lead to density differences between
the support material and the higher loaded catalyst samples. While we
assume this density difference to be negligible between the support and
the low loaded catalyst sample it can not be excluded for the samples
containing increased load of Pd. Slight alterations in the chemistry,
attributable to increased Pd content, can alter the packing behaviour
and therefore the packing density of the material within the capillary.
The packing density has been demonstrated to influence the signal-to-
noise ratio of specific measurements, thereby generating termination
ripples and, consequently, potential additional features. Even minor
discrepancies in beam absorption between the catalyst sample, the
corresponding unloaded support material, and the background consti-
tute a significant challenge to the precise subtraction of the latter.
Additionally, it is also conceivable that the structure of the support
material is altered with increasing metal loading. The same applies to
the dPDF of ECN-Pd-0.5-SA-Cl, which shows additional peaks (at 1.6 A
and 3.1 A, Fig. 6) that could not be assigned to any explainable binding
environment of palladium. Due to the metal-support interaction, the
presence of a Pd-N bond correlation would be expected in the dPDF of
the single-atom catalysts independent of the precursor used. However,
no distinct peak was detected in the dPDF of ECN-Pd-0.5-SA-Cl. This
effect was also visible during the PDF analysis of the reference materials.
In Pd-phen-Cly, the Pd atom is coordinated to two pyridinic nitrogen
atoms and two Cl-ligands. Nevertheless, the dPDF shows only one pair
correlation at 2.29 A whereas the contribution from Pd-N (2.03 [o\)
bonds cannot be resolved (Fig. S9). This might be due to the higher
overall scattering intensity of the Pd—Cl bond. Distinguishing between
termination ripples and true dPDF signals is a challenge when inter-
preting the catalysts data. It is important to note that the termination
ripples are influenced by a number of factors: 1. The Qnax, the relative
amount of coherent scattering measured at Qpax (a function of the
scattering power of the elements in the sample and, potentially, their
atomic displacement factors), and the signal-to-noise ratio of the specific
measurement. The assessment of truncation errors typically involves the
comparison of data across a range of Quax values. It is notable that
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structural signal is relatively impervious to minor fluctuations in Qmax.
However, termination ripples demonstrate a pronounced sensitivity,
exhibiting substantial variation in response to changes in Quax. The
presence of significant fluctuations in the structural signal as a function
of Qmax is indicative of termination ripples or, at the very least, of their
strong influence on the signal. In the event of a robust structure model
and high-quality data being available, the termination effect can be
incorporated into the real-space refinement process and reproduced
with a reasonable degree of accuracy. However, given the questionable
validity of the model in this instance, the termination ripple assessment
cannot be as precise. This underscores the importance of reference
materials, such as Pd references or comparisons with higher loading, in
ensuring the reliability of the findings.

6. Local structure analysis of a Pd single-atom catalyst under
reaction conditions

In the previous section it was illustrated that it is possible to extract
local structure information from single-atom catalysts via X-ray total
scattering and dPDF analysis. That the static ex situ measurements
proved invaluable in facilitating discussion on optimized sample prep-
aration and measurement conditions, as well as in demonstrating the
applicability of the method for the analysis of the materials discussed in
the context of this research project is later discussed in section 7.
Nevertheless, it has been demonstrated in numerous studies that it is of
crucial importance to monitor the structural evolution of active sites
under reaction conditions in order to establish the appropriate structure-
property relationships [19]. Especially, the avoidance of oxygen expo-
sure in order to exclude misleading conclusions was highlighted.

It has been shown in the work of Vennewald et al. that the Pd single-
atom catalyst on ECN showed a dynamic behaviour in the hydrogena-
tion of ethylene. Distinct activation profiles were observed for the single-
atom (ECN-Pd-0.5-SA-NO3) and the nanoparticle (ECN-Pd-0.5-NP)
catalyst [14]. The catalyst was characterized in consideration of
aberration-corrected scanning transmission electron microscopy, X-ray
photoelectron spectroscopy and X-ray absorption spectroscopy. It was
concluded that an initially inactive single-atom catalyst transforms into
an active material at 100 °C in a gas atmosphere containing each 2 vol %
ethylene and Hy in Argon due to the in situ formation of small Pd clusters.
Here, we performed in situ X-ray total scattering experiments under re-
action conditions to follow the local structure changes of ECN-Pd-0.5--
SA-NO3, which have initiated the reported activity at 100 °C. Special
attention was paid to the observation of Pd-Pd atomic pair correlations
in the dPDFs over the course of the reaction. The measurements were
carried out at P02.1, PETRA III, DESY, with a dedicated PDF flow cell
that allows to expose the sample to different gas atmospheres and
temperatures (see Fig. S13). The obtained dPDFs of the in situ experi-
ments are still overlaid by unresolved background scattering contribu-
tions due to the limitations of the data quality, and thus are not
comparable with the clearer ex situ data discussed in the previous sec-
tion. Nevertheless, some systematic changes could be observed. To
ensure the accuracy of the background subtraction process, the ECN
support was subjected to the same reaction conditions. Consequently, it
can be assumed that the observed systematic changes are due to changes
in the immobilized metal species over time.

Fig. 8 a) and b) show the normalized in situ dPDFs of Pd-0.5-SA-NO3
over the course of reaction. Fig. 8 a) shows a comparison of dPDFs ob-
tained after 15 min in each reaction step while Fig. 8 b) compares the
dPDFs after a holding time of 120 min at each temperature step. It is
known from the ex situ study shown in Fig. 5 that the dPDF of the Pd
nanoparticle catalyst ECN-Pd-0.5-NP shows two clear peaks at 2.75 and
4.78 A representing characteristic Pd-Pd bond distances. These areas are
highlighted in green in Fig. 8. After a holding time of 15 min it can be
seen in Fig. 8 b) that especially the dPDFs collected at 200 and 300 °C
show increasing intensity between 2.6 and 2.8 A and at 4.8 A. This trend
gets slightly more pronounced after a holding time of 120 min especially
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Fig. 8. In situ dPDFs of ECN-Pd-0.5-SA-NO3 at RT, at 50 °C in Ar and at 50 °C,
100 °C, 200 °C and 350 °C in an atmosphere containing each 2 vol% H, and
ethylene in argon after an reaction time of a) 15 min and b) after a total holding
time of 120 min. Fig. 8c) shows the in situ dPDFs at 350 °C over the 120 min
holding time in 15 min steps. Areas with noteworthy changes are marked in
light green.
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at 350 °C where the formation of Pd-Pd pair correlations can be clearly
detected. Fig. 8 c¢) shows the evolution of the sample’s local structure
over the 120 min holding time at 350 °C in 15 min intervals. It can be
seen that the peaks, which are associated with pair correlations of bulk
Pd systematically grow with increasing holding time. This confirms the
steady growth of the formed Pd nanoparticles at 350 °C with time and is
proof of the consistency of the obtained data despite the difficult
experimental conditions. After cooling to room temperature, the Pd-Pd
pair correlations remain present. Nevertheless, the lack of sufficient data
quality and the extremely low scattering contribution of the metal spe-
cies precludes the drawing of any conclusions based on this in situ dPDF
analysis alone.

Complementary to the in situ dPDF analysis, the electronic structure
of Pd on the surface of the catalyst was studied via quasi in situ X-ray
photoelectron spectroscopy (XPS). Usually, XPS measurements are
performed ex situ before and after catalysis. However, the special
experimental setup allows to apply reaction conditions to the sample
without exposing the sample to air between the XPS measurements. It
can be seen in Fig. 9 that the as prepared single-atom catalyst shows two
distinct Pd species with binding energies (BE) of the Pd 3ds,, photo-
peaks at 338.1 eV (i) and 336.3 eV (ii) related to different pd3* species.
Afterwards the sample was successively exposed to temperatures of
50 °C, 100 °C, 200° and 350 °C in an atmosphere containing each 2 vol%
H, and ethylene in Ar. Measurements were performed after each tem-
perature step and a holding time of 2 h resembling the conditions of the
in situ X-ray total scattering experiments. As shown in Fig. 9, the rise of
the temperature to 50 °C in a pure Ar atmosphere and the subsequent
change to the reductive atmosphere at the same temperature do not
affect the amount or the photoelectron peak position of the Pd species. A
change of the electronic structure of Pd upon the change of the gas
mixture to a reductive atmosphere could not be observed. However, the
two mentioned steps lead to a slight decrease in relative areas of Pd%* (i)
and an increase of Pd®" (ii) as shown in Table 3. This might be due to a
loss of oxygen/water as the sample was treated 4 h at 50 °C. Species
pd3* (ii) increases further when the sample is exposed to 100 °C. In
addition, the appearance of another Pd species at lower binding energy
(335.0 eV) could be detected. This binding energy is in line with values
reported in literature for metallic Pd [77].
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Fig. 9. Quasi in situ XPS spectra of sample ECN-Pd-0.5-SA-NOs. At 100 °C the
appearance of a third species could be detected, lying in the range of metallic
Pd. With increasing temperature the binding energy of this species shifts to
lower binding energies, indicating the growth of the formed nanoparticles.
Spectra are shown offset.
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When the temperature was further increased to 200 and 350 °C the
peak intensity of the Pd® species increases while the Pd?* species further
decrease. At 350 °C, the relative peak area of the metallic Pd species
dominates the Pd3d spectrum with 80.7 %. The peak position shifts to
lower binding energies (334.6 eV) indicating a further increase of the
electron density of Pd and therefore a growth of the formed Pd clusters/
nanoparticles with temperature [78]. This observation is in line with the
finding of the in situ dPDF analysis where Pd-Pd pair correlations could
be identified at 350 °C. The results of this experiment support the
assumption of Vennewald et al. that the emergence of catalytic activity
of this catalyst at 100 °C coincides with the formation of small Pd
clusters [14]. A change in the bonding state of Pd is also confirmed by
considering the valence region at each temperature step shown in
Fig. S14 [79].

It is challenging to make more specific statements on the nature of
the two Pd species due to the presence of multiple functional groups and
defects on the surface of the disordered support material. According to
M. Vennewald, the most likely explanation is that the species result from
different coordination environments based on the support. The obser-
vations made during the transition process of the quasi in situ treatment
may be indicative of ligand exchange or removal, a phenomenon that is
influenced by gas atmosphere and temperature changes. From 100 °C
onwards, an increase in electron density is observed in Pd, attributable
to an increase in the species at lower BE and the formation of a new
metallic one at even lower BE. One potential explanation for this phe-
nomenon might be the onset of NP or cluster formation, i.e. dimers or
trimers, which begins to contribute in that BE range.

Resuming what has been mentioned earlier in this section, the
avoidance of oxygen exposure by carrying out quasi in situ XPS mea-
surements was decisive for the detection of the small Pd° species at
100 °C. The experiments confirm the hypothesis of Vennewald et al. that
ultra-small Pd nanoparticles are the catalytically active species. This
important result would not have been accessible by standard ex situ XPS
measurements only. This study again highlights the importance of in situ
characterization of heterogeneous catalyst in order to being able to draw
the right scientific conclusions.

In comparison with the dPDF analysis of the sample ECN-Pd-0.5-SA-
NO3 where an average bulk local structure analysis cannot distinguish
between Pd-N or Pd-O bond distances due to too large similarity, the
XPS measurements can detect two electronically distinct Pd species on
the surface of the catalyst. However, both techniques show no in-
dications for metallic Pd in the initial SA catalyst but a dynamic
behaviour indicating the formation of Pd-Pd pair correlations and the
appearance of more electron rich Pd nanoparticles starting from 100 °C.

7. Measurement and data processing considerations

Throughout this research, we encountered several obstacles making
the extraction of pair correlations related to the immobilized metal
species in single-atom catalysts with low loadings and based on poly-
meric supports challenging. Therefore, we would like to systematically
guide the reader through considerations with respect to preparing and
performing the measurements. Furthermore, it will be explained ac-
cording to which considerations the data were subsequently processed.
It was found that X-ray total scattering data with optimized quality i.e.
high signal-to-noise ratio at increased Q-range are crucial especially
when aiming for subsequent dPDF analysis. As mentioned above, the
low X-ray flux of laboratory diffractometers limits the analysis of sam-
ples with low scattering intensities. Consequently, performing the X-ray
total scattering experiments at synchrotron facilities is of great impor-
tance. However, the access to synchrotron radiation alone does not
automatically guarantee the generation of useful data. In order to
extract minor but important scattering contributions it is necessary to
reduce unwanted scattering contributions for instance from air or
sample capillaries. It is also important to increase the counting statistics,
improve the signal-to-noise ratio, and perform an accurate and
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Fig. 10. a) Reduced total scattering structure functions of exfoliated graphitic carbon nitride depending on the capillary inner diameter, capillary filling and capillary
material in a synchrotron X-ray total scattering experiment. b) dPDFs of sample ECN-Pd-0.5-SA-NO3 depending on the data quality of the collected XRTS mea-
surements as shown in a). A Pd-X pair correlation in the dPDFs appears more distinct with increasing signal-to-noise ratio of the underlying reduced total scattering
structure functions as indicated by the green arrow. Data were normalized for easier comparison and are shown offset.

Table 3
Peak areas of Pd species relative to the total area of the Pd3ds,» signal for the
quasi in situ XPS experiment on sample ECN-Pd-0.5-SA-NO3,

AreaPd?' (i) [%]  AreaPd?' (ii) [%]  AreaPd° [%)]

before 85.7 14.3 /
50 °C, Ar (pretreatment) 82.7 17.3 /

50 °C 80.0 20.0 /
100 °C 51.5 42.0 6.5
200 °C 12.1 29.8 58.1
350 °C 9.5 9.8 80.7

systematic background subtraction with validation of the resulting sig-
nals by plausible structural models.

7.1. Reducing air scattering

All experiments were performed at the Powder Diffraction and Total
Scattering Beamline P02.1, PETRA III, DESY in Hamburg. In order to
minimize air scattering, the beamline is equipped with a lead tube sur-
rounding the incoming X-ray beam, which can be placed close to the
sample. To reduce air scattering after the sample, the beam stop is
moved as close to the sample as the setup allows. However, this limits
the Q-range covered on the low-Q side of the data, and care must be
taken to ensure that this does not truncate data containing structurally
important information.

7.2. Increasing counting statistics

Counting statistics is an additional factor to improve data quality. At
synchrotron sources, there are different measurement setups for X-ray
total scattering experiments available with respect to the position of the
area detector. Collecting full Debye scattering rings allows full
azimuthal integration and thus maximizing the cross section of the
Ewald sphere collected at once. However, this limits the maximum
possible magnitude of the scattering vector, (Qmax) in the present case,
which affects the resulting real space resolution. While not explored
here, this can be mitigated with using higher X-ray energies. This re-
duces the resulting Q-resolution, but is generally not an issue when
analyzing PDF data only over the first few angstroms. Oftentimes, the
detector is instead placed such that the scattered beam is measured with
only one quadrant of the detector. Thus, only one quarter of the full
Debye rings is collected enabling data collection up to larger Q-values.
However, this is at the expense of reduced data statistics as the
azimuthal integration is limited to a quarter of the Debye ring. Also, this
setup can exacerbate artefacts related to imperfect flat-field correction
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between different detector modules. High Qnax values are generally less
critical for soft materials and low-Z systems because the damping of the
X-ray form factors and larger Debye-Waller factor both lead to a
reduction of coherent scattering signals at high Q- values that may either
be insignificant or pragmatically inaccessible. For the materials
analyzed in the framework of this study, the detector was placed in favor
of increased data statistics.

Attention has been also paid to the data acquisition time of both the
single-atom catalysts as well as the corresponding backgrounds, i.e. the
empty capillary and the support material. Data were collected over pe-
riods of 30 min and then compared after summation at different time
intervals. No significant difference could be observed by comparing
resulting PDF or the dPDF after 15 and 30 min indicating that 15 min
data acquisition time is sufficient. Nevertheless, this clearly depends on
the analyzed materials and should be checked individually. It should be
noted that the laboratory-based measurement shown in Fig. 10 took
~2.5 days to achieve the given data quality. It is also important to rotate
the samples during the measurements to optimise orientation averaging
and to avoid the effects of material coarseness/preferred orientation.

7.3. Increasing the sample volume

A major improvement on the signal-to-noise ratio for this specific
class of materials was obtained by using capillaries with wider diameter
as that increases the amount of sample that is hit by the beam and
therefore the overall scattering intensity. This effect can be magnified by
additionally packing the samples as tightly as possible. This was ach-
ieved by manually compacting the powder in the capillary with a
straight metal wire slightly smaller than the capillary. It is important to
remember that the amount of sample required to fill a larger diameter
capillary will increase. Furthermore, one can also consider the capillary
material. Typically, borosilicate capillaries are used for ex situ X-ray
total scattering experiments. Using Kapton capillaries is a nice alterna-
tive for the measurement of weakly scattering materials as their own
scattering contribution is lower in comparison to borosilicate glass
capillaries. However, the usage of Kapton capillaries was carefully
considered for the analysis of amorphous polymers as it contains long
range ordering compared to borosilicate glass and has carbon bond
correlations that overlap with the sample contributions. Nevertheless,
errors from an imperfect background subtraction are small, especially
with larger capillary diameters. Fig. 10a) shows the reduced total scat-
tering structure functions of pure ECN that was measured (i) in capil-
laries with different inner diameters, (ii) with and without manually
compacting the powder within the capillary, (iii) in a borosilicate glass
and a Kapton capillary and (iv) based on laboratory and synchrotron X-
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ray sources.

The Fourier transform of the TS data from beamline P02.1 shown in
Fig. 10 was performed with the maximum magnitude of the scattering
vector (Qmax 22.5 A1) that could be achieved with the given mea-
surement setup. As the size of the capillary increases, the signal-to-noise
ratio increases strongly. In particular, the compaction of the powder
within the capillary leads to improved data quality. Fig. 10 illustrates
that the data which were collected in 1.45 mm Kapton capillaries and in
1.0 mm borosilicate glass capillaries have a comparable signal-to-noise
ratio. Given that the sample amount was limited, the material prepa-
ration strategy was set to utilize 1.0 mm borosilicate glass capillaries and
manually compacting the powder.

A Qmay value of 16.5 A~! was considered appropriate for the Fourier
transformation of the TS data in order to exclude data with a decreased
signal-to-noise ratio. The resulting PDFs can be seen in Fig. S15. In fact,
the influence of the improved signal-to-noise ratio due to powder
compaction and increase of capillary diameter seems negligible on the
resulting absolute PDFs. However, it could be shown that the dPDFs
strongly depend on the data quality and therefore the optimized sample
preparation as illustrated in Fig. 10b). It could be shown that powder
compaction is the most important factor in obtaining reliable dPDFs. For
the compacted samples, the increased capillary diameter leads to an
improved dPDF signal i.e., decreased noise and sharper features. Based
on the results of the optimized capillary preparation, a 1.0 mm com-
pacted borosilicate glass capillary was measured with a laboratory
diffractometer and Mo-Ka; radiation. The obtained F(Q) is compared to
the synchrotron-based data in Fig. 10. Even though the measurement
with the laboratory diffractometer allows only a Qpax of ~15 10\’1, the
features of the scattering pattern at low Q-values are comparable with
the synchrotron data. The signal-to-noise ratio, however, is lower even
at low Q-values. The laboratory-based dPDF of the sample ECN-Pd-0.5-
SA-NOs is shown in Fig. 10 (bottom). The dPDF result was ambiguous
even at lower Qpayx values (Fig. S16), highlighting the preference for
synchrotron radiation and large 2D area detectors for a reliable dPDF
analysis of such dilute systems.

Fig. S17 shows the F(Q) of the carbonized Z- CTF and the non-
carbonized A- CTF. The carbonized CTFs allow a better data quality i.
e. better signal-to-noise ratio with increasing Q-value. This observation
was made for both synchrotron as well as lab-based total scattering data.
A potential explanation could be the higher bulk density of the Z-CTF
compared with the A-CTF [80] leading to a denser packing of the ma-
terial within the capillaries and therefore a better signal-to-noise ratio
with increasing Q. Differences in structural flexibility and dynamics
might also play a role. In the very low-Q range, two relatively sharp
peaks can be found in the A-CTF while signals seem to become broad-
ened and less distinct compared to the Z-CTF with increasing Q. How-
ever, analyzing small differences in the PDFs based on data with
differing data quality needs to be done with caution. Very high scat-
tering intensities of crystalline materials bear the risk of causing trapped
states in CCD detectors that can remain and create peaks in subsequent
measurements, especially if the following sample is weakly scattering
[81]. Therefore, an appropriate cooling of the detector and sufficient
“cleaning” steps in between longer measurements are crucial. Addi-
tionally, this should be considered when setting up an experimental
plan. In order to prevent potential trapped states in the detector,
amorphous and weakly scattering materials should be measured before
the crystalline ones.

7.4. Background subtraction

The most important part of data processing for the dPDF analysis of
very dilute samples is accurate background subtraction. The term
’processing’ is used to denote the process of data reduction from TS data
to PDF data. This process involves the correction, normalization and
Fourier transformation of the integrated data to the PDFs. PDFgetX3 was
used for to correct, normalize and Fourier transform the F(Q) function to
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access the PDFs. Intuitively, the X-ray total scattering data of the
unloaded support materials were specified as the background in the
configuration files for the Fourier transformation of the single-atom
catalyst data. Even at 60 keV, very small differences in beam absorp-
tion between the measurements of background, reference, and target
sample mean that multi-background optimization is needed to extract
the weak sample signals as well as possible. The benefit of PDFgetX3 is
also that the polynomial correction further accounts for minute de-
viations in the high angle behavior. While PDFgetX3 offers the func-
tionality of multiple-background subtraction, hand optimization of
multiple backgrounds is tedious, inaccurate, prone to user bias, and not
easily reproducible.

For this study, a Python script was used which was developed to
subtract multiple background contributions in real space by optimizing
the scale factors for each component to minimize the least squares re-
sidual. The idea behind this is that the signals in the background should
not significantly correlate with the dPDF signal. Fig. S18 shows the
result of the fit including the PDF data of the catalyst sample, the PDFs of
the backgrounds used and the resulting difference curve. The figure il-
lustrates two important findings. First, the catalyst sample is clearly
dominated by contributions from the ECN support. Second, the resulting
difference curve is marginal. Only significant magnification allows to
identify a potential pair-correlation peak at 2.02 A. As the subtraction
was performed in real space, the prior Fourier transformation of all data
sets was conducted without considering any background file. For the
data processing the same chemical composition was assumed for the
expected immobilized metal species e.g. N2OgPd. It is advisable to
process the background PDF with the same final composition as the
sample data. The rationale behind this is that when the F(Q) function is
generated from I(Q), it is used to correct for the scattering cross section
of the constituent elements. Consequently, it is necessary to employ a
consistent composition to prevent systematic discrepancies in the
resulting PDFs (and, by extension, the resulting dPDFs).

7.5. Specific considerations for in situ measurements

In comparison with the static ex situ measurements where the sample
preparation and measurement conditions could be systematically opti-
mized in order to increase the decisive data quality, the in situ mea-
surements are influenced by many more factors. The measurements
were performed in a dedicated flow cell in order to expose the powder to
different gas atmospheres (see Fig. S12). Accordingly, this required the
use of capillaries that are open on both sides. At the same time, the
capillaries need to have a certain stability to guarantee a gas-tight fix-
ation to the cell. In that respect we used borosilicate glass capillaries
with a diameter of 1 mm and a wall thickness of 0.1 mm. Correspond-
ingly, compared to the ex situ measurements, the contribution of scat-
tering from the borosilicate glass is higher by a factor of 10. This makes
the complex background subtraction even more challenging. Further
adding to additional background contributions, the setup contains a heat
blower located below the capillary to reach the desired temperatures.
The overall more bulky setup is prone to multiple scattering effects and
can cause artefacts on the detector that are not sample related. This also
requires more pronounced masking of the raw scattering data and leads
to a decrease in counting statistics. The counting statistic is even more
reduced due to the setup, as the capillary cannot be spun during the
measurements. Furthermore, the setup does not allow to move both the
shielding lead tube of the incoming beam as well as the beam stop as
close to the sample as possible for the ex situ measurements, which leads
to a lower reduction of air scattering. As a gas flow through the sample
capillary has to be ensured, it was necessary to press the powder into
small pellets (150-250 pm). Therefore, an optimized dense filling and
material compaction as it was obtained for the ex situ samples could not
be maintained. This also increases the risk of different material packing
and can cause density differences and related effects. The presence of the
gas atmosphere itself (Ar or Hy and ethylene in Ar) will also cause



L. Kappel et al.

additional scattering effects further diluting the scattering signal of the
immobilized metal species. As the temperature is increased, thermal
motion has to be considered another influencing factor.

It is demonstrated in Fig. S19 how the above mentioned factors in-
fluence the data quality of a RT measurement obtained from the in situ
setup with an Ar flow in comparison with an ex situ measurement of pure
ECN support material. The F(Q) of the in situ data clearly contains more
noise starting from lower Q-values (~12 1"\’1). In order to avoid data
with high levels of noise in the further data reduction procedure, the
total scattering data of the in situ measurements were truncated at a Qmax
of 13 A~ and a Quainst of 17 A~ L. This however comes at the cost of real
space resolution and has to be carefully considered during data
evaluation.

8. Conclusion

In order to be able to assign catalytic activity and selectivity to a
certain metal species and its chemical and geometrical surrounding, it is
inevitable to discover different tools for their detailed characterization
and the determination of atomic dispersion especially under reaction
conditions. Generally, high-energy synchrotron X-ray total scattering
(TS) and atomic (difference) pair distribution function (PDF) analysis
allows the extraction of structural information on different length scales
and with respect to multiple elements at the same time. This can be
particularly important as not only the metal species but also the struc-
ture of the carbonaceous support materials, which act as macroligands
are known to influence catalytic activity.

In this study, we demonstrate the applicability of high-energy syn-
chrotron TS and atomic (difference) pair distribution function analysis
(dPDF) for the local structure determination of low-loading single-atom
catalysts based on carbonaceous polymeric support materials. Infor-
mation on the first coordination shell of the immobilized metal species
can be obtained via this analysis method, as well as further coordination
shells when the complex with the support material is sufficiently well
defined. The presence, absence or shifts of certain atom pair correlation
peaks have the potential to contribute to the understanding of the cat-
alyst’s local bonding environment. Like XAS, X-ray TS is a bulk average
characterization method. However, it is not element specific, so the
dominating contribution from the support material must either be
modeled or removed to improve sensitivity to the complex structure
contribution of the catalyst. This can be reasonably achieved by differ-
ence PDF analysis. However, as the target signals are generally a very
small at operationally relevant loading, appropriate sample preparation,
data acquisition and processing procedure are decisive. The resulting
high quality data need to have a high signal-to-noise ratio and very good
counting statistics in order to enable an accurate background subtrac-
tion and reveal the desired structural information. Synchrotron radia-
tion while substantially better than laboratory anodes, still does not
automatically guarantee high-quality data. Nevertheless, it was shown
that high-energy synchrotron radiation is needed for the analysis of
these systems and that data obtained with laboratory instruments did
not lead to reliable dPDFs even with optimized capillary preparation.

The absence of metal-metal pair correlations in the dPDFs of the
single-atom catalyst samples indicated a successful dispersion of isolated
metal sites. This is in accordance with XPS analysis where no contri-
bution of metallic Pd could be detected. A change in the coordination
environment of the metal species depending on the precursor used could
be identified by the presence of characteristic pair correlations at only
0.5 wt% metal loading. Pair correlations based on highly scattering atom
pairs (metal-metal) will provide increased scattering contribution rela-
tive to the pair correlations based on metal-X or from within the support,
meaning that there should be enhanced sensitivity to agglomerated
particles. Furthermore, depending on the difference between scattering
intensities of the ligand-atoms and the atoms in the support material it is
challenging to distinguish their contributions in the dPDFs. The com-
parison with DFT-optimized model structures and the PDF
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measurements of reference materials representing different potential
coordination scenarios is of great value for the dPDF peak assignment.

This work is a demonstration of the importance of following the
structural evolution under reaction conditions in order to correctly
identify catalytically active sites. Especially, in consideration of poten-
tial sample contamination and air exposure to cover and alter the sen-
sitive local and electronic structure information of very dilute samples.
Quasi in situ XPS measurements revealed the formation of an additional
electron-rich Pd species (matching Pdo) after a treatment at 100 °C in a
reductive atmosphere, coinciding with the emergence of catalytic ac-
tivity as reported by Vennewald et al. [14]. With continuing course of
reaction the formed species grows and dominates the spectrum after an
exposure to 350 °C. The in situ dPDF analysis confirms the Pd nano-
particle formation via distinct Pd-Pd pair correlations that are visible at
350 °C. The consistent dPDF trends observed with temperature and time
are in line with findings of the XPS analysis.

This work aims at promoting the application of X-ray total scattering
and PDF analysis as a complementary method to an already well-
established portfolio for the characterization of heterogeneous cata-
lysts such as X-ray absorption spectroscopy or electron microscopy. The
studies demonstrate the enormous potentials of the method but also its
limitations, especially under the consideration of dPDF analysis. Results
from systematic studies of how sample preparation and measuring
strategies affect results are important for weak scattering polymeric
catalysts but also in general. We would like to support future potential
users of this method by providing measurement guidelines, so that they
can make full use of this method and contribute to the unravelling of
local structure information in high performance materials at ambient,
but more importantly, at working conditions.
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