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Heterogeneous catalysts are often undergoing subtle structural changes in both the nanoparticles and

the support phase under operating conditions. Catalytic cycling in in situ experiments between catalysis

and dropout conditions allows for exploiting the power of modulation excitation (ME) experiments. While

phase-sensitive detection (PSD) of ME experiments has been showcased for infrared and X-ray absorption

spectroscopy in the past, here we present its first application to pair distribution function (PDF) analysis.

We have performed in situ X-ray total scattering studies on two alumina-supported nickel (Ni@alumina)

catalysts under methanation and hydrogen dropout conditions and showcased how PSD analysis of the

modulation excitation pair distribution function (ME-PDF) data improves the signal-to-noise ratio in the

phase-resolved PDF data, enabling us to detect otherwise hidden structural changes. We identify a
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1. Introduction

Identifying subtle structural changes that occur on the surface
of nanoparticle (NP)-based catalysts during reaction conditions
is still a considerable challenge in the field of heterogeneous
catalysis.” Catalytically active NPs can interact with adsorbed
and reactive gas molecules as well as with the support. Both
interactions are accompanied by surface reconstruction pro-
cesses, impacting bond distances, bond angles, and possibly
even modifying NP shape and faceting.” These structural
changes vary with the gas atmosphere composition and can be
of transient, reversible or irreversible nature, with the latter
resulting in catalyst degradation.’”> Furthermore, the support
structure can also be affected by structural changes, forming
interfacial phases at the support surface or contributing to
strong metal support interaction phenomena.®’ Therefore, a
deep structural understanding of both the NPs and support
involved in the reaction is crucial in order to understand the
final properties of the catalyst.>™' Experimental techniques
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particles during unstable H, supply.

metal-support interaction of the Ni nanoparticles with the y-Al,O3z support when choosing the depo-
sition—precipitation method for catalyst preparation. By way of contrast, an industrial catalyst with com-
parable catalytic performance and nanoparticle diameter showed dynamic surface oxidation of Ni nano-

are required, which allow us to probe the catalyst structure
under in situ and operando conditions with high sensitivity for
such insight.

Among the different catalysts for CO, methanation, Ni-
based materials are the most widely used for industrial appli-
cations due to their high conversion and selectivity towards
methane, being a non-critical raw material too. From an indus-
trial point of view, Ni@y-Al,O; catalysts are the most important
systems because of the high longevity of alumina supports.
However, several open questions remain regarding the role of
the support surface in the catalytic activity and the structural
changes of the NPs (surface reconstruction and interfacial
oxide formation) during catalysis."> Moreover, with the tran-
sition from fossil to renewable energies, unsteady supply of
feedstock or energy needs to be considered when planning
industrial processes and designing catalysts.* Fluctuations in
operation conditions can provoke structural changes, for
instance, due to surface redox reactions,"® and the occurrence
of transient interfacial structures due to surface reconstruction
processes.” For the methanation process converting renewable
H, with CO, to water and methane, in situ studies can readily
address an unsteady H, supply by switching in experiments
between catalysis conditions and hydrogen-poor or hydrogen-
free dropout conditions. Different techniques have been
gaining attention in recent years to measure these dynamic
changes. Structure-sensitive techniques such as powder X-ray
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diffraction (PXRD),'* X-ray absorption spectroscopy (XAS)'® or
X-ray total scattering with pair distribution function (PDF)*®'”
analysis are able to provide detailed structural insight into the
sample with sub-second resolution at modern synchrotron
facilities.®

Among all these techniques, the PDF is important for study-
ing disordered and nanostructured materials yielding infor-
mation about the short-range order and, in the case of NPs,
their average size. The PDF is a histogram of interatomic dis-
tances in the sample and is accessed by Fourier transform-
ation of PXRD data over a wide angular range; see ref. 19 for
an introduction to the PDF technique for disordered
materials.

The challenge in refining the experimental PDF data of
heterogeneous catalysts is to properly account for subtle struc-
tural changes of the NPs or restructuring of the catalyst
support. If the support does not restructure, difference PDFs
(d-PDFs) can be calculated by subtracting the scattering contri-
bution of the unloaded support, thus leaving the experimental
PDF of the NPs only.?® If the support restructures but still
allows for an adequate d-PDF calculation, one may achieve
additional insight into the support restructuring from the
d-PDF. This was, for example, shown for distortions of the
MOF NU-1000 framework.>" Such d-PDF calculations can also
be applied to PDFs calculated from neutron®? or electron diffr-
action data.”® In order to track co-existing species during the
catalytic reaction, such as spectator and active species, non-
negative matrix factorization (NMF)** and principal com-
ponent analysis (PCA)*®> have been applied. Using these math-
ematical approaches, it is possible to extract information from
individual components of a multi-component system and
analyse them individually. For example, Geddes et al. demon-
strated the possibility of extracting the interface correlations in
the PDF data of an Fe||Fe;0, system using NMF analysis.**

In many situations, though, the support structure changes.
For a metal on alumina catalysts, interfacial restructuring
between the NPs and the Al,O; support is known. Such restruc-
turing of disordered supports often results in a combination
of slight shifts of Bragg reflections, slight changes of their line
shapes and intensities, and the occurrence of additional
phases because of the solid solutions formed at the interfaces.
Such complex interfacial restructuring prevents the straight-
forward calculation of d-PDFs. In some cases, this may result
in either the presence of support-related signals in the final
data, or an over-subtraction of these signals from the support
in the d-PDF, complicating or preventing structural refine-
ments of catalytically active species from d-PDF data.>®

By applying modulation excitation (ME) conditions in the
experiment, richer structural insight into dynamic changes
can be gained as demonstrated for infrared (IR) spectroscopy,
XAS and XRD experiments.”” >° A ME experiment is based on
modifying a single variable in the system (temperature 7, pH,
or concentration, in this case, H, concentration) and measur-
ing the reaction of the sample to this modulation as a function
of time.>® The modulation could follow different sinusoidal
profiles, but for experimental simplicity, usually a square wave
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profile of the modulation is applied by just opening and
closing gas valves in catalytic experiments. The square wave
profile can be described by an infinite sum of sinusoidal func-
tions and can undergo the same quantitative and qualitative
analysis as a sinusoidal profile.**

If the system is reversibly changing during the ME experi-
ment, it is possible to perform a phase-sensitive detection
(PSD) analysis of the time-resolved measuring signal.>”*' The
PSD is a mathematical treatment that increases the sensitivity
and signal-to-noise ratio of an average response A(¢) by con-
verting time-resolved information into phase-sensitive infor-
mation; see eqn (1):>%%!

Ae(p°) = %JTA(L‘) sin (kot + ¢°°)de (1)
0

where Ax(¢75P) = species response in the phase domain, A(t) =
total response in the time domain, T = length of the period,
= demodulation index, w = stimulation frequency, and ¢}°
demodulation phase angle.

It follows from eqn (1) that any spectator species that does
not change during the modulation will not contribute to the
final response Ax¢"P). All contributions that change ran-
domly without following the modulation also do not contrib-
ute to the final response. This means that in the PSD-trans-
formed data, only signals of active species are present. In this
way, the signal-to-noise ratio is improved. For more details on
the mathematical derivation, see Baurecht et al.>’ and for a
supportive illustration of the mathematics of the PSD principle
as applied to the IR data of heterogeneous catalysts, see
Urakawa et al.*!

Here, for the first time to our knowledge, we exploit modu-
lation excitation PDF experiments (ME-PDF) and showcase the
increased sensitivity compared to d-PDF analysis for two
Ni@Al,O; methanation catalysts with alternating catalysis
cycles and full H, dropouts. Combining these with the simul-
taneous monitoring of the catalytic reaction using a mass
spectrometer (MS), we obtain information about the involve-
ment of the support in the catalytic process, as well as on the
metal-support interactions and the redox dynamics of Ni
nanoparticles.

=

2. Experimental procedure
2a. Catalyst synthesis

The support materials of nominally y-Al,O; structure called
SBal50 were provided by Sasol, Germany. These support
materials were used without further purification or treatment
for the preparation of Ni@y-Al,O; catalysts following a urea
deposition-precipitation method."*** Briefly, to a 25 mL Ni
(NO3), water solution, urea was added under constant stirring
at room temperature (molar ratio, urea:Ni = 4:1). When a
clear green solution was obtained, an Al,O; suspension (1.8 g
of Al,O3 in 50 mL of ultrapure water) was added and the reac-
tion was performed for 48 h at 90 °C, while constantly stirring.
The green precipitate was washed with water and dried over-

This journal is © The Royal Society of Chemistry 2025
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night in an oven at 90 °C and the resulting powder was cal-
cined at 400 °C for 3 h. The sample (named Ni@SBa150)
showed a total amount of Ni of 8.7 + 0.2 wt% by inductively
coupled plasma optical emission spectroscopy (ICP-OES) ana-
lysis. An industrially employed catalyst called SPP2080-IMRC,
provided by the SPP2080 priority program ‘catalysts and reac-
tors under dynamic conditions for energy storage and conver-
sion’, funded by the German Research Foundation, was used
as a reference due to its similarity in composition to the syn-
thesized one and had a total Ni content of 8.6 wt%.>

2b. Modulation excitation (ME) catalytic experiment

5 mg of the sample were placed in a quartz glass capillary with
an internal diameter of 1.5 mm (wall thickness: 0.1 mm) and
held in place with glass wool. During the activation process, a
temperature of 450 °C was reached with a temperature ramp of
10 °C min™" under a pure H, atmosphere (a flow rate of 24 mL
min~" controlled by Alicat mass flow controllers). Once the
temperature was reached, the activation process was per-
formed for 1 h. ME experiment with a square-wave profile was
performed by switching between two conditions within one
cycle:

+ Methanation conditions with a gas composition equal to
the stoichiometric ratio of H, and CO, of 4:1 in the methana-
tion reaction. The total flow was 24 mL min™* (Hy:CO,:He =
4:1:1);

« Full H, dropout in which all H, was replaced with He for
keeping the gas flow constant at 24 mL min™" (i.e., CO,: He =
1:5).

The two conditions were alternated every 30 minutes for a
total of 6 cycles, i.e., 6 methanation and 6 dropout conditions.

The gas outlet of the quartz capillary was connected to a
HAS-301-1239A mass spectrometer (MS) (Hiden Analytical
QGA), a schematic description of the setup can be found in
Fig. S1.7 During the experiments, the MS was collecting con-
tinuously the mass-to-charge ratio (m/z) in a range from 1 to
100 with a time resolution of 3 seconds. The CO, methanation
reaction was followed by tracking the signals of the MS at a
value of m/z 13 for CH, and 44 for CO, (Fig. S2t). The selection
of the peak at m/z = 13 was made since the molecular peak of
CH, at m/z = 16 and the peak at m/z = 15 could be influenced
by other compounds such as water and oxygen.>*

2c. Modulated excitation PDF (ME-PDF) experiments

Synchrotron total scattering data were collected at beamline
115-1 at the Diamond Light Source in Didcot, Oxford, UK, with
an X-ray energy of 76.69 keV (0.162 Ajwith the X-ray beam
placed in the corner of the PerkinElmer XRD 4343 CT detector
in order to achieve a momentum transfer range of 0.8-25 A™"
with a time resolution of 30 seconds. All experiments were
carried out in a quartz capillary reactor (see subsection 2b and
Fig. S17) with heating coils on top and below the capillary. A
gas dosing system of Alicat mass flow controllers was used to
create the ME conditions. Radial integration of the total scat-
tering data was performed using the software DAWN,**> PDF
calculations were performed using PDFgetX3® and PDF mod-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

elling was performed using Diffpy-CML>*” All the PDF data
were processed by using an Ry, value equal to 0.9. The instru-
ment parameters Qgamp and Qproaq Were obtained by measur-
ing a LaBe standard and resulted in Qgamp = 0.0098 A" and
Obroaa = 0.012 A™*. The goodness of fit, Ry, is defined by eqn
(2), where Gops(r) and Geqc(r) are the observed and calculated
PDFs, w(r;) is the weighting factor of each data point i, and s is
the scale factor of the model to the data.*®

1

S w(ri)[Gos(71) — $Geate (1)) (ri)* *

S () G0 ®

RW:

3. Results and discussion
3a. Catalytic measurements

The catalytic results were obtained for each point in the
dataset, and Table 1 shows the average results with the stan-
dard deviation.

The conversion of CO, (Sco,) was calculated using eqn (S1)
in the ESI,1 while the selectivity towards methane formation
(Yc,) was calculated by following eqn (S2).f The evolution of
CH, as a function of time is presented in Fig. S2.t

The two catalysts showed similar results. Although the
SPP2080-IMRC reference catalyst showed higher CO, conver-
sion and selectivity, the results are comparable within errors.
It is important to point out that the catalytic experiments were
performed in a flow cell built in order to obtain suitable X-ray
total scattering data for PDF analysis and, for this reason, the
gas hourly space velocity (GHSV) during the in situ methana-
tion experiments was 160 000 h™'. This means that the contact
time between the gas species and the catalysts was short, but
the results are comparable to those reported by Weber et al.*?

3b. Fitting of time-resolved PDF data

In order to access which structural changes of the Ni@Al,O;
catalyst can be identified during the dynamic scenario of
methanation and dropout conditions, we compared the
common biphasic refinements of the time-resolved PDF data
in this subsection, with the qualitative interpretation of PSD-
transformed ME-PDF data in the next subsection (3c) and with
refinements of these PSD-transformed ME-PDF data in the
subsection (3d).

First, biphasic refinements of the time-resolved PDF data
were performed with a Nig.. phase and a §5-Al,O; phase, which
we just recently found to yield the best PDF fits to a range of

Table 1 CO, conversion and CH, selectivity calculated for the two
samples

Sample %CO, conversion %CH, selectivity

SPP2080-IMRC (57 +1) (74 + 12)

Ni@SBa150 (54 1) (72 £ 12)
Nanoscale
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PDF datasets of commercial y-Al,O3; supports, such as the
SBa150 employed here and the SPP2080-IMRC reference
catalyst.*>*° All PDF data collected are shown in Fig. S3.1 All
datasets were refined over an r range from 1 to 100 A. For each
phase, the scale value and the lattice parameters were refined
first, followed by the isotropic atomic displacement parameter
Biso and the parameter &, for the correlated atomic motion of
nearest neighbors. Then, the characteristic shape function for
spherical nanoparticles was used to fit the domain size of the
NPs. For the catalyst samples, we confirmed the good NP dis-
persion via scanning transmission electron microscopy
(STEM), showing that our crystallite diameters from PDF ana-
lysis align with particle diameters in STEM, see Fig. S6.t

Over an experimental duration of 7.5 hours, for all datasets,
the refined scale, lattice parameters and domain size concern-
ing the Al,O; support were constant as expected (see Fig. S5t)
and are thus not reported in the table of fit results in the ESI
(Table S1t). In contrast, the dynamics in the Ni lattice para-
meter a and the Ni particle size changed in synchrony with the
methanation and dropout cycles; see Fig. 1 and values in
Table S1.t The addition of NiO or NiAl,O, as additional
phases did not improve the refinements.

For the Ni lattice parameter, we observed an increase
during the H, dropout conditions and a decreases during the
methanation scenario for both samples, see Fig. 1a.*' Herein,
the different shapes of the curves are particularly interesting.
In the case of SPP2080-IMRC, the value of the lattice para-
meter a jumps as soon as the dropout starts and jumps back
to a low value during the methanation. Such a jump is charac-
teristic for zero-order kinetic processes.’” In contrast, for
Ni@SBa150, the lattice parameters increase during the first
two cycles quite strongly and increase more slowly thereafter,
following an exponential curve, usually describing a process
with first order kinetics.*>** In a zero-order process, the kine-
tics of the process is not affected by the change in the concen-
tration of any of the reactants, e.g., H, and Ni*" spices. In a
first-order process, the kinetics are influenced by the concen-
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tration of a species. Hence, in the case of the Ni@SBal50
sample, NP formation is influenced by the concentration of a
reactant, probably a surface species, e.g., surface OH groups
from Al,O; or interfacial NiAl,O, (not directly detectable from
the PDF data), describing an interaction and direct involve-
ment of this species in the methanation process.

The “breathing” behavior was also detected in the Ni par-
ticle size, but with an opposite trend to the one found for the
lattice parameters. The average NP diameter, in the case of the
SPP2080-IMRC catalyst, increases during the methanation and
remains approximately constant during the dropout con-
ditions. On the other hand, the NP diameter of the
Ni@SBa150 sample increases strongly during the first metha-
nation cycle by almost a nanometer, but then the continued
growth due to NP breathing is less pronounced compared to
the SPP2080-IMRC sample (see Table S1f). We assume at
present that this behaviour results from surface reconstruction
which can commonly occur on the surface of transition metal-
based catalysts in contact with gases, but detailed studies are
still ongoing.® These observations for the Ni@SBa150 sample
lead to the possibility of an interaction between the nano-
particles and the support which reduces the Ni nanoparticles
reflected in the “breathing” in such a dynamic scenario. By
analyzing the in situ PDF data, though it was not possible to
identify any clear structural change associated with the inter-
action between the Ni NPs and the y-Al,O; surface.

3c. Qualitative analysis of the phase-resolved ME-PDF data

In order to increase the signal-to-noise ratio of the PDF data
and to potentially access interfacial restructuring indicative of
the interaction of Ni NPs with the support, we applied the PSD
transformation to our ME-PDF datasets. For the PSD trans-
formation, we used an open access python code and applied it
to our time-resolved G(r) datasets.*”> The square-wave modu-
lation of the H, concentration in between catalysis and drop-
outs made the dataset suitable for this transformation.*" To
study the first harmonic function, the demodulation factor k

40
b) 451
36
<L 34+
_g 32+
»
o 30
o i
.E 28
Q. 26+
24
20 T T T T T T T T T T T T T
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(a) Evolution of lattice parameters for the Ni@SBa150 (blue circle) and SPP2080-IMRC (orange crosses) catalysts during the experiment. The

H, flow is presented in red. (b) Evolution of the particle size for the two catalysts during methanation (gray area) and H, dropout (white area). The

values were obtained by PDF fitting.
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was set equal to 1 for both samples and the demodulation
angle ¢"°P was changed with a step size of 5° in the 0° < $"*P
< 360°range. This operation produces a new set of data, which,
in the case of a 5° step size, is made of 72 different G(r, $*°)
datasets.

The signal intensity of the new phase-resolved dataset
shows an oscillating behavior that can be analytically derived
from eqn (1) and described in eqn (3).>%**

G(r,¢™P) = A cos(p — ¢™P) (3)

where ¢ is the phase delay with respect to the stimulation
(phase lag). The intensity of the phase domain data follows
the oscillatory behaviour of a cosine function for each r value.
Hence, for each single point r, a maximum intensity can be
observed for G,(¢™*P) when cos(¢ — ¢™°") = 1. The angle ¢*",
at which this condition is fulfilled, is called the in-phase angle
and shows the maximum intensity. The angle ¢ at which the
intensity is at the minimum is found for cos(¢ — ¢#"*°) = -1
and it is called the anti-phase angle. From this mathematical
description, there is also a value of ¢ for which cos(¢p — ¢™5°) =
0 and the intensity goes to zero, representing the out-of-phase
angle. It is important to point out that from this mathematical
interpretation, the plot obtained after the PSD transformation
is specular around 0.

In Fig. 2a and b, the obtained phase-domain PDF data are
shown for both samples. In Fig. 2 panel ¢ and d, the peak
intensity associated with the Ni-Ni distance (2.48 A) is shown
as a function of the PSD angle ¢ for both samples. From this,
it was possible to find that the in-phase angles are 335° and 0°
for Ni@SBa150 and SPP2080-IMRC, respectively.

An important aspect of the PSD analysis is that this math-
ematical transformation extracts the dynamic changes occur-
ring during the ME experiment. In the case of ME-PDF, the
changes observed are related to the formation or dis-
appearance of atomic pairs.

By taking into account the G(r, ¢ = in-phase angle), see
Fig. 2a and b, it is possible to observe that the Ni¢.. peaks are
the most intense regardless the low loading. However, we
identified additional peaks in the curves of the in-phase angle
which is related to a metal-oxygen distance between 1.7 and
2.0 A with a strong negative intensity. In the case of
Ni@SBa150, the peak lies at 1.81 A, a typical Al-O distance for
tetrahedral coordination in the y-Al,O; structure, while for
SPP2080-IMRC, the peak is at 2.00 A, which can be attributed
to the Ni-O distance in the NiO structure. This observation is
further illustrated in Fig. 2c, in which the phase angular vari-
ation of the distance at 1.81 A is plotted for Ni@SBa150. The
signal of the Al-O peak is the anti-phase compared to the Ni-
Ni peak.

From the time-dependent ME-PDF data, we observed an
increase in intensity of the Ni-Ni peak at 2.48 A during the
methanation conditions, followed by its decrease during the
dropout conditions (Fig. S4F). For this reason, the appearance
of strong positive peaks in the phase domain ME-PDF data,
related to the Ni NPs, allows us to say that the in-phase angle

This journal is © The Royal Society of Chemistry 2025
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refers to the methanation conditions, while the anti-phase one
is attributed to the full H, dropout. From this consideration, it
appears that y-Al,O; undergoes structural changes during the
dropout conditions.

The phase domain ME-PDF data for the SPP2080-IMRC
sample show two interesting peaks that are not present in the
Ni@SBa150 sample. The two peaks are located at 2.00 and
2.97 A and can be attributed to the Ni-O and Ni—(O)-Ni dis-
tances for the NiO structure (see Fig. 2b). These peaks indicate
oxidation of the Ni NP surface and hence redox dynamics
during the ME experiment, which cannot be identified in the
time-dependent data in subsection 3b.

These observations are consistent with, but richer than,
what we observed in the time-dependent PDF data. An inter-
action of the support material with the Ni NPs exists for the
Ni@SBa150 sample as identified by Al-O peaks in the PSD-
transformed ME-PDF data. This interaction limits the liberty
of the Ni NPs to undergo surface reconstruction and sintering.
In contrast, for SPP2080-IMRC, the support interaction is less
pronounced as Al,O; peaks are not identified in the PSD data,
while the Ni NPs undergo oxidation during the dropout con-
ditions as indicated by Ni-O and Ni-(O)-Ni peaks in the
ME-PDF data.

3d. Fitting of the phase-resolved ME-PDF data

The data in the phase domain generated by the PSD transform-
ation are more complex to interpret than the normal PDF data
collected in the time domain. As explained in subsection 3c,
the intensity as a function of the phase angle of each peak
follows a cosine function. The maximum amplitude of this
cosine function reaches at different phase values ¢ for the Ni
and Al,O; contribution. This directly reflects that the
maximum amounts of Ni and restructured Al,O; are at
different points in time in reference to the starting time of the
hydrogen dropouts. Therefore, the PSD-transformed PDF for a
certain phase value ¢ consists, for instance, of the maximum
positive amplitude of one material phase, e.g., Nig. NPs, but
additionally features signals from the second material, e.g.,
Al,O3, which are not at their maximum positive or negative
amplitude, but somewhere in between. Another important
feature is that in the case a structure does not completely dis-
appear during the modulation, as in our case for Ni and Al,O3,
the PSD-transformed ME-PDF represents only the structural
changes happening during the experiment and not the com-
plete structure. From these considerations, the fit of these
datasets with crystal structures, as done for the PDF in subsec-
tion 3b, can be performed by taking into account the possi-
bility of negative scale values representing the anti-phase struc-
tures. Since, as observed in subsection 3b, the most intense
peak of the PSD-transformed ME-PDF data belongs to the Ni-
Ni distance, a single-phase fit procedure was performed on the
in-phase dataset with a Nig.. structure. For the SPP2080-IMRC
catalyst, a good fit quality with an Ry of 0.22 is achieved with
the Nig, structure (see Fig. 3b), while for the Ni@SBa150
sample, the fit gave an Ry value of 0.62 (see Fig. 3a). For the
Ni@SBa150 catalyst prepared via deposition-precipitation, we
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blue (155° for Ni@SBa150 and 180° for SPP2080-IMRC). For Ni@SBa150, in

(c), the variation of intensity for the peaks at 2.48 A (Ni—Ni distance in the

Ni¢ec structure) and 1.81 A (Al-O distance in the y-AlOj3 structure) is shown as a function of the PSD angle ¢. For SPP2080-IMRC, in (d), the variation
of intensity is shown for the peaks at 2.48 and 2.00 A, with the latter being attributed to the Ni—O distance in the NiO structure. The red triangles

represent the in-phase angles and the blue triangles the anti-phase angles.

already identified strong anti-phase signals of Al-O intera-
tomic distances, as shown in Fig. 2a, which stem from the
interaction of the Ni NPs with y-Al,03. This necessitates a
biphasic refinement with alumina as the second phase with a
negative scale value. The two-phase fit yielded an Ry value of
0.29, with most of the structural features described (see
Fig. 3c). For the reference catalyst, the addition of y-Al,O3 did
not improve the fit quality. Since we had identified a clear
NiO-related signal in the qualitative interpretation of the data
in Fig. 2b, a biphasic fit was tried for SPP2080-IMRC using a
Ni phase and a NiO phase (Fig. 3d), which improved the fit
slightly.

Nanoscale

The resulting fit parameters of the biphasic refinements are
summarized in Table 2. From the NiO parameters obtained in
the SPP2080-IMRC sample, it was possible to observe that prob-
ably oxidation occurred only on the surface and produced a
single layer oxide with the dimension similar to the crystal lattice
parameters of the NiO cubic structure. Since during the dropout
conditions only CO, and He were flushing into the catalyst, the
oxygen for forming NiO probably comes from the dissociation of
CO,. This mechanism was demonstrated by C. Heine et al., who
studied CO, adsorption on the Ni(111) surface using ambient-
pressure X-ray photoelectron spectroscopy, observing a dis-
sociation process forming CO and NiO.*®

This journal is © The Royal Society of Chemistry 2025
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Table 2 PDF fit results for the PSD-transformed data

Parameters SPP2080-IMRC Ni@SBa150
Ni a/A 3.538 3.5203

Ni particle size/A 42.8 36.1

NiO a/A R 4.214 —

NiO particle size/A 4.6 —

In contrast, the absence of detectable surface oxidation of
Ni in the Ni@SBa150 sample suggests a different behavior,
likely influenced by the Al,O; support. During the dropout
conditions, the signals related to Al-O distances increase in
intensity and they appear in the PSD transformed data. This
suggests that the oxygen previously generated from CO, dis-
sociation does not oxidize the Ni nanoparticles, but can inter-
act with the alumina surface. The complex structure of y-Al,0;
may facilitate this interaction, allowing the oxygen to be incor-
porated into the alumina and contribute to surface reconstruc-
tion of the alumina support.

3e. Comparison between PSD-transformed ME-PDF and d-PDF
data

So far, in most in situ total scattering experiments, insight into
the supported species in heterogeneous catalysts is gained via
refinements of d-PDFs. The identification and main character-
istics of the NPs and support phase are captured reasonably
well by this approach, also here for the two samples
Ni@SBa150 and SPP2080-IMRC. However, the ME-PDF data
provide additional insight into subtle and reversible structural

This journal is © The Royal Society of Chemistry 2025

changes occurring during the change from catalysis to dropout
conditions. In Fig. 4, we compared the d-PDF for ¢ = 1.5 h
under methanation conditions (after subtraction of the bare
¥-Al,O; support) and the PSD-transformed ME-PDF G(r, ¢*°° =
0°). While in both PDFs, the signals from the Ni structure are
the most intense and well observed in all the r space, the
d-PDF features high ripples for r < 2 A and several small
ripples such as at 2.0 and 2.8 A, which are intensified only by

G(r)/a.u.

1 2 3 4 5 6 7 8 9 10
r/A

Fig. 4 Comparison between the d-PDF (black) and the PSD trans-
formed ME-PDF data at the in-phase angle #”*° = 0° (in red) for the
SPP2080-IMRC sample in the r range between 1 and 10 A. The d-PDF
pattern reported is from the first dataset right after the activation
process as soon the methanation starts (t = 1.5 h). The data shown are
normalized to the most intense peak (2.48 A) for better comparison.
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the subtraction of y-Al,0;. Moreover, the peak in the PSD data
at 3.55 A, which is related to interatomic distances of the
second coordination shell in the Nig., structure, splits into two
unphysically small peaks in the d-PDF data. Another important
difference is the negative peak at 3.0 A in the d-PDF plot, indi-
cating the introduction of errors in the subtraction. These
differences clearly show the superior signal-to-noise ratio of
the ME-PDF data, enabling a better fit quality compared to the
d-PDF.

To demonstrate the power of PSD analysis and the better
signal-to-noise ratio of PSD-derived ME-PDF datasets, we fitted
both the d-PDF and the PSD-transformed ME-PDF data with a
Nig.. structure each; see Fig. 5. The high noise and structural
remnants of the Al,O; support in the d-PDF data result in a
low quality of fit with Ry = 0.55 and an underestimation of the
particle diameter because of dominating noise for r values
larger than about 25 A. In contrast, the ME-PDF accesses the
NP diameter more reliably with less noise over the entire r
range, with a significantly less noisy difference curve and a
better Ry, value of 0.22.

This comparison thus shows the advantages of PSD analysis
of ME-PDF datasets for the structural characterization of
samples with complex and structurally changing support
materials like y-Al,O; under operating conditions. PSD analysis
overcomes the need for d-PDF analysis for the subtraction of
an unloaded reference material, but isolates the signals from
the time-dependent measurements with the improved signal-
to-noise being more sensitive to subtle changes.

4. Conclusion

In this work, we have shown that phase-sensitive detection
(PSD) analysis can be successfully applied to modulation exci-
tation pair distribution function (ME-PDF) data. Two catalysts
prepared via different synthesis routes were compared, and
although their activity and selectivity were comparable, they
behaved differently from a structural point of view under
methanation and dropout conditions. From regular PDF ana-
lysis with biphasic refinements employing a Nig,. phase and
an alumina phase, the SPP2080-IMRC and Ni@SBal50 cata-
lysts showed some oscillatory trends of lattice parameters and
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particle size as a function of methanation and dropout con-
ditions. The nature of the jumps in lattice parameters when
switching from methanation to dropout conditions points
towards an interaction between the nanoparticles and the
support for the Ni@SBa150 catalyst prepared via deposition—-
precipitation.

In order to deepen the structural insight and improve the
signal-to-noise ratio of the PDF data, we applied the PSD trans-
formation to the time-dependent ME-PDF data. These phase-
resolved ME-PDF data then revealed additional structural
differences between the two catalysts.

First, the assumed nanoparticle-support interaction in the
Ni@SBa150 catalyst was consolidated, since y-Al,O; signals
were present in the phase-resolved data, indicating structural
reorganization of the support in the catalytic and dropout
process. From the analysis of the intensity of phase-resolved
PDFs as a function of phase angle, the structural changes in
the support were shown to be in the anti-phase with the
changes in the Ni nanoparticles, with the latter being involved
in the methanation scenario and the support under the
dropout conditions. Second, for the SPP2080-IMRC sample, an
interatomic distance was clearly identified at 2.97 A only in the
PSD data. This peak belongs to the Ni—(O)-Ni distance in the
NiO structure stemming from surface oxidation of the Ni NPs
during hydrogen dropouts, and it was completely invisible in
the time-dependent PDF data because of its low amount.

Hence, for both samples, the improved signal-to-noise ratio
of phase-resolved PDFs yielded additional insight into the
nanoparticle-support interaction and surface redox processes,
both of which were not identified in the regular PDF data.

The PSD data showed us how the synthetic route can
impact the structural response of a catalyst over the six metha-
nation-dropout cycles investigated despite similar catalytic
performance. For the Ni@SBa150 sample prepared via depo-
sition-precipitation, y-Al,O; is not an inert spectator but
experiences interfacial restructuring during catalytic cycling,
with further studies ongoing as to the structural mechanism.
The dynamic restructuring of the y-Al,O; support supposedly
helps in keeping the active Ni nanoparticles stable and pre-
venting their oxidation as opposed to the SPP2080-IMRC cata-
lyst, in which the Ni nanoparticles oxidize during the drop-
outs, while the support structure is unaffected by the reaction

This journal is © The Royal Society of Chemistry 2025
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conditions. To conclude, ME-PDF experiments present a
powerful tool to provide additional insight into the structure-
property relationships of heterogeneous catalysts, opening a
huge opportunity for studying disordered materials under
working conditions.
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