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Abstract: Extensive research has been conducted in the past on the crystallographic characteristics of
v-Al,O3 support materials due to their advantageous properties in heterogeneous catalysis. While
their structure is most commonly described as spinel, their intrinsic disorder and nanostructure
have prompted alternative models involving tetragonal space groups, supercells, or occupancy of
non-spinel positions. X-ray pair distribution function (PDF) analysis has further postulated the
existence of short-range order domains with structural remnants from boehmite precursors from
which y-Al, O3 is commonly prepared via calcination. In this PDF study, we now show that a recently
theoretically found monoclinic §5-Al,O3 phase is, in fact, best suited for describing the structure
of different commercial Al,O3 supports, as well as a self-prepared and an industrial Ni/Al,O3
methanation catalyst. Furthermore, in situ experiments under catalytic cycling in the methanation
reaction demonstrate that the nanoscale structure of this 5 phase is preserved during cycling,
pointing towards the high stability of the therein-represented disorder. A complete description of
the disordered Al,O3 support structure is crucial in the field of heterogeneous catalysis in order to
distinguish disorder within the bulk support from additional interfacial restructuring processes such
as surface oxidation or spinel formation due to nanoparticle-support interactions during catalytic
cycling in in situ scattering experiments.
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1. Introduction

In the quest for efficient heterogeneous catalysts, nanostructured y-Al,O3 has garnered
considerable attention as a highly stable support material. Its high industrial relevance
is reflected in its usage across various catalytic processes [1-3]. While «-Al,Oj is the
thermodynamically most stable modification, its comparably small specific surface of
ca. 5to20 m2/ g prevents its widespread application [4]. In contrast, y-Al,O3 features a
significantly higher surface area of about 150 to 200 m? /g, while being stable in temperature
ranges of room temperature up to 700 °C, in which many heterogeneously catalyzed
reactions can be run [5-7]. Due to this high surface area stemming from the micro- and
mesoporosity of y-Al,Os, catalytically active metal and metal oxide nanoparticles can be
stabilized in a well-dispersed state without significant sintering for long periods of time in
industrial applications such as the methanation reaction running on Ni/y-Al,O3 [8,9].

Despite its wide usage, the crystal structure of y-Al,Ojs is still posing a challenge to
structural refinements [10-13]. Originally, a cubic spinel structure with partial occupancies
of the AI** cations (see Figure 1b) has been proposed based on the Rietveld analysis of
powder X-ray diffraction (PXRD) and neutron diffraction supported by density functional
theory (DFT) calculations [14-17]. Yet, the partial occupancies implemented in an average
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crystallographic model using a typically sized spinel unit cell (7.9 A) [18] could not satisfac-
torily describe the disordered crystal structure of y-Al,O3 [19]. To account for remaining
misfits to the experimental data, tetragonal distortions [20,21] or non-spinel occupancies
have been considered [18]. Furthermore, models employing supercells were created, which
contained different stacking faults or antiphase boundaries [17]. An alternate description
of the y-Al,Oj3 structure was then suggested using a c-symmetry-based tetragonal model
in space group 14;/amd; see Figure 1la [22]. Since y-Al,Oj is prepared from boehmite
precursors via calcination, various studies have additionally pointed out that the actual
v-Aly O3 structure is highly dependent on the precursor structure and the history of thermal
treatment [19,23].

wou
o220e20,

(b) (c)

Figure 1. Crystal structures of the (a) tetragonal, (b) spinel, and (c) 65 phases of Al;O3 (from left to
right), shown as projections into the ac plane. Oxygen atoms in red, aluminum atoms in blue, with
partial occupancies indicated with partially filled blue circles.

With the rise of the pair distribution function (PDF) analysis of high-energy X-ray
scattering data in the field of nanostructured materials [24], the structure of y-Al,O3 has
been revisited. The PDEF, labeled G(r), can be understood as a histogram of the interatomic
distances r;; between the atoms i and j in the sample and is thus highly suited for structurally
characterizing disordered materials:

fz(Q)f]( )
(F(Q)?

The interatomic distances are weighted by the scattering powers of the two contribut-
ing atoms, i.e., the X-ray atomic form factor f;(Q) for atom i, and the average scattering

G(r) = Nr ——L(r —rij) | —4mrpg (1)

length of all atoms (f(Q))?, taking into account the atomic number density py and the
total number of atoms N in the sample [25]. Experimentally, the PDF is gained by Fourier
transformation of PXRD data over very large scattering angles. Hereby, this technique
not only exploits the scattering from within the Bragg peaks but also exploits any diffuse
scattering in between and below the Bragg peaks, which contains further information
about the disorder. Using PDF analysis, Paglia et al. extended their previous tetragonal
model of the average structure of y-Al,O3 [22] by showing that the short-range structure of
v-Al,O3 deviates from the average one [19]. The local structure extends about 1 nm and
was explained by stacking faults in the oxygen sublattice, being a remnant of the precursor
structure boehmite [19,22].

Operando PXRD and PDF measurements of catalytic cycling are becoming increasingly
popular to derive structure-activity relationships since the PDF can be used to track
the structure and particle size of the catalyst particles, as well as simultaneously access
the structure of the support material—even with subsecond time resolution at modern
synchrotron radiation facilities [26-28]. Simultaneously, the detection and interpretation of
ever smaller signals and so-far non-described structural residuals in refinements become
ever more important for catalyst design in light of metal-support interactions, for instance.
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Various PDF refinements on different y-Al,Oj3 structures using the improved tetrag-
onal model achieved by Paglia et al. [19] feature different degrees of structural residuals
in the different curves of the fits. These residuals have been reasoned, for instance, with
slightly different y-Al,Os structures due to the different calcination procedures of boehmite
precursors or with interfacial restructuring of the y-Al,O3 [8,29]. Yet, so far, an improved
structural description has remained out of reach.

Very recently, for y-Al,O3, Kovarik et al. found co-existing spinel and 5-Al,O3 domains
in transmission electron microscopy (TEM) images, which supported previous ideas that
v-AlyO3 contains several crystallographic domains (twins, stacking faults, supercells) [30].
In earlier works, they had already investigated samples of 5-Al,O3 only and found them
to be an intricate intergrowth of closely related polymorphs within the 6-Al,O3 family.
These intergrowth structures had been visualized by scanning TEM (STEM) and called
81, 8, &3, and 64—complemented by a &5 phase obtained by DFT calculation [31-33].
Those phases feature differences in their symmetry (space groups P21212¢, P21, A2/n, P-1,
and A2, respectively), the number of atoms per unit cell, and the lattice parameters (see
Figure S1 and Table S4).

In this study, we now employed these 6 phases to refine experimental PDF data of
different y-Al,O3 supports and methanation catalysts. Herein, we show that, in many cases,
catalysts are assumed to be built upon the y-Al,O3 but feature a 55-crystal structure instead.

2. Results and Discussion
2.1. Improved Description of y-Al,O3 Materials with §5 Phase

To improve the structural description of Al,O3; materials in PDF refinements, we
compared the fit quality of different crystal structures to several Al,O3 materials, which
are commercially available as y-Al,Os: the most widely used spinel structure [18], the
tetragonal model [22], and the recently established five intergrowth & phases found by
Kovarik et al. [31]. Figure 2 shows the PDF refinements of the Al,O3 support labeled as
SBa200 by Sasol, Hamburg, Germany, being widely employed in catalysis for its high
surface area, and Figure S7 compares the experimental PXRD pattern of SBa200 with the
simulated PXRD patterns of these three crystallographic phases. The spinel phase describes
the Al O3 structure slightly better than the tetragonal phase in the PDF refinement, which
is evidenced by the lower goodness-of-fit parameter Ry, of 0.23 for the spinel compared
to 0.25 for the tetragonal phase (for details on R,, calculation, see Section 3). For both
phases, though, the short-range order for interatomic distances < 15 A is not well described
and shows higher residuals than the average noise level in the data in the difference
curves, which is highlighted in Figure 2 by the boxes with dashed lines in the difference
curves. The result values of all fit parameters for SBa200 are contained in Table S5, and the
corresponding refinements for the supports SBal50 and TH100-150 by Sasol are shown in
Figure S2 in the Supplementary Materials.

Fitting the five different 5 phases to the experimental PDF of SBa200, phase 64 did not
describe the data at all. The phases 6; and b, fit the data slightly worse or had a similar
goodness of fit as the spinel and tetragonal structures, and 83 improves the fit quality
slightly. The monoclinic 85 phase described the PDF and, in particular, the short-range
order < 20 A the best and better than the spinel model, as shown in Figure 2c, yielding a
goodness-of-fit Ry, = 0.18. The 85 phase yielded the overall best-fit results for the supports
SBa150 and TH100-150, too. Comparing the resulting fit values for Bis,(O) and Biso(Al)
for the spinel, tetragonal, and 85 phase shows that the values are larger for the spinel and
tetragonal structure. Both static disorder and thermal disorder can contribute to peak
broadening in the PDF; the higher the disorder or thermal motion, the higher the Bjs, value.
Given the higher static disorder with off-centered atomic positions in the 85 phase, the Bigo
values for the spinel and tetragonal structure likely do not reflect higher thermal motion
but try to make up for structural disorder, which is not included in the crystal structure of
the spinel and tetragonal models.
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Figure 2. Refinements of the experimental PDF, G(r), for the Al,O3 support SBa200 by using the
(a) tetragonal, (b) spinel, and (c) 85 structures. Experimental PDF data, G(r) obs, in blue circles, fitted
calculated PDF, G(r) calc, as red line, and the difference curve in grey in offset, with the goodness-of-fit
Ry in each panel. Boxes in dashed lines around difference curves indicate the standard deviation of
data points over the short range up to 20 A and the medium range > 20 A.

The mismatch of the local structure with the spinel or tetragonal models was addressed
before in the PDF study by Paglia et al. [19], where they proposed fitting a P1 structure to
the local order from 1.2 to 8 A in addition to the average tetragonal structure. This P1 model
is highly parametrized, though. To prevent fits resulting in too-short bond lengths upon
refinement of the atomic xyz positions, we did not refine the xyz positions and employed
17 parameters. Those refinements shown in Figure S3 did not improve the fit quality
compared to fits using the 65 phase.

Hence, this comparison of different crystal structures to the experimental PDF data of
commercial y-Al, O3 suggests that the crystal structure of what is referred to as a commercial
v-AlyO3 is, in fact, a monoclinic 45 phase.

2.2. Supported Catalysts—Ni/Al,O3

The industrially employed Ni/Al,O3; methanation catalyst labeled SPP2080-IMRC has
recently been investigated in a multi-method approach to establish a holistic description, to
which we have contributed PDF characterization [8]. The PDF experiments were carried
out in situ during reducing conditions (i.e., during catalyst activation). After activation, the
nickel species exist as nanoparticles with face-centered cubic lattice (Ni¢..). To structurally
describe the experimental PDF, the fits consist of two phases: a Ni¢. phase with a refinable
particle diameter and an Al,O3 phase being either the tetragonal, the spinel, or the 65
phase, as shown in Figure 3a—c. For all three fits, the nanoparticle diameter and Nig, lattice
parameter were refined to similar values of 2.3 nm and 3.54 A. On the contrary, the fit
qualities differed for the three Al,O3 phases, which was again best described by the &5
phase. The residual curve of the 35 phase clearly shows less structural signal in Figure 3c.
For the catalyst before activation, the Nig.. phase was replaced by a NiO phase, but the 55
phase very robustly also gave the best-fit results there, as shown in Figure S4.

In the original publication on the characterization of the SPP2080-IMRC Ni/Al,O3
catalyst [8], the unknown Al,O3 phase was optimized starting from a spinel structure with
additional AI** ions on non-spinel positions to take into account some disorder. Yet, the
short-range order could not be well described, and the goodness of fit remained worse, at
Rw = 0.31, than that found here with the 65 phase.

To investigate the phase stability of the 65 phase during catalytic operation conditions
as impinged by a renewable energy supply, we performed in situ methanation experiments
on a model Ni/Al,O3 catalyst at beamline ID15, ESRFE. This catalyst with 15 wt% Ni on the
5Ba200 support was cycled between catalysis (H:CO; = 4:1) and hydrogen dropouts at
425 °C four times over a total of 4 h in a flow cell reactor after activation in pure hydrogen
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(see Methods for details of in situ experiment). Hydrogen dropouts mimic the shortage of
hydrogen in an industrial scenario when hydrogen is produced from electrocatalytic water
splitting via renewable energies, which undergo fluctuations (sun, wind) [34]. The biphasic
PDF refinements of the Ni¢.. nanoparticle and the 85 phase revealed that the &5 phase is
structurally stable. The average domain size of the 65 phase increases only slightly during
the catalytic cycling by ca. 60 A to 69 A, as shown Figure S5a, which is insignificant growth
given the spread of data points and having an interatomic Al-O bond length of 1.82 A in
the tetrahedral sites and 1.90 A for the octahedral sites. This shows that the nanoscale
structure of the &5 phase is preserved under catalytic cycling, pointing towards the high
stability of the therein-represented nanostructured motifs and distortions.
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Figure 3. Refinement of experimental PDF data of an industrial methanation catalyst Ni/Al,O3
using two phases, with one phase being Ni¢.. nanoparticles and the second being the (a) tetragonal,
(b) spinel, and (c) 55 phases for describing Al,O3 support. Experimental PDF data, G(r) obs, in blue
circles, fitted calculated PDF, G(r) calc, as red line, and the difference curve in grey in offset, with the
goodness-of-fit Ry, in each panel. The contribution of the two phases to the total fit curve is shown in
the offset: in purple for Al,O3 and in brown for Nig.

3. Experimental Section
3.1. Synthesis of Ni/Al,O3

The support materials of the nominally y-Al,O3 structures called SBa200, SBa150,
and TH100-150 were provided by Sasol, Hamburg, Germany. These supports differ in
surface area and porosity; see Table S6 and Figure S8 in the Supplementary Materials. These
support materials were used without further purification or treatment for the preparation
of Ni/y-Al,Oj3 catalysts following a urea precipitation method according to Grunwaldt
et al. [9]: Urea was added under constant stirring into a Ni(NOj3), water solution to yield a
molar ratio of urea: Ni = 2:1 at room temperature. An Al,O3 water suspension (1.6 g Al,O3
in 50 mL water) was added, and the reaction was run for 48 h at 90 °C while constantly
stirring. The green precipitate was washed with water and dried overnight in an oven at
90 °C, and the resulting powder was calcined at 400 °C for 3 h.

3.2. Characterization

Surface area and porosity measurements of the three supports SBa200, SBa150, and
TH100-150 were performed with the BET-BJH method by adsorption of N, (assuming 16.2
A? as the area of a N, molecule) at the temperature of liquid nitrogen after outgassing the
samples at 400 °C for 2 h. The instrument used for this analysis was the 3P macro 200C, 3P
Instruments, Odelzhausen, Germany, and the results are shown in Figure S8.

The industrial methanation catalyst of the SPP2080, Ni/ Al,O3, labeled SPP2080-IMRC,
was previously thoroughly characterized by Weber et al. [8]. This catalyst features 8.6 wt% Ni.
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3.3. X-ray Total Scattering Experiments

Synchrotron: Total scattering data of the powder samples were acquired at the ID15A
beamline at the ESRF (Grenoble, France) with an X-ray energy of 65 keV (A = 0.1907 A)
and a beam size of 150 x 150 pm? in quartz capillaries with a diameter of 1 mm. Every
data set was collected for 1 s with a Pilatus CdTe 2M detector (DECTRIS, Baden-Daettwil,
Switzerland). Radial integration was performed with the software xpdtools, version
0.8 [35] and PDF calculation with PDFgetX3, version 2.2.1 [36] using a Qmax of 24 A1,
The instrumental resolution was determined from a LaBg standard with gqamp = 0.02 and
Jbroad = 0.009.

In situ catalysis experiment at synchrotron: These in situ experiments were carried out in a
custom-built quartz capillary reactor (outer diameter 1.5 mm, wall thickness 0.05 mm) with
heating coils for temperature control and a gas dosing system with mass flow controllers
(Bronkhorst, AK Ruurlo, The Netherlands) to adjust the gas flow of He, H,, and CO,, with
an overall gas flow of 10 mL min~?!, while using a catalyst amount of 7-10 mg. The catalytic
and dropout cycles were alternated every 30 min. Data were measured continuously with
1 s for each detector image and 29 s sleep time after each image to prevent ghosting issues
on the Pilatus CdTe 2M detector.

Industrial methanation catalyst SPP2080-IMRC: For PDF data collection and processing
of the industrial methanation catalyst SPP2080-IMRC, see Weber et al. [8].

3.4. PDF Modeling

PDF refinements were conducted with Diffpy-CMI, version 3.0 [37]. All data sets were
fit over a range of 1-80 A for comparability of fit results between the different supports.
For all refinements, first, the lattice parameter(s) and scale were refined, then the domain
size and shape parameters of the characteristic functions for the spherical nanoparticles,
followed by the atomic isotropic atomic displacement parameter Bjs, and the parameter 2
for the correlated atomic motion of nearest neighbors. Finally, occupancies were freed, if
included in the model. The fractional atomic coordinates xyz were not fitted to prevent
overfitting and unphysical bond distances.

The goodness of fit is defined by Equation (2), where Gypg(r) and Geqic(r) are the
observed and modeled PDFs, w(r;) is the weighting factor of each data point I, and s is the
scale factor of the model to the data [38].

R = {zi (1) [Gups () ~ G r) }1/2 @

¥ w(r;) [ Gops (1))

For the spinel phase, 10 parameters were refined: lattice parameter 4, domain size,
scale, 62, and Big,(O). For the four Al sites, one occupancy was refined for each, while their
four Bjg, parameters were combined into a single parameter Biso(Al). The tetragonal phase
was refined with 10 parameters: lattice parameters a2 and ¢, domain size, scale, 62, and
Biso(O). Again, the B, of the three Al sites was combined. The oxygen occupancies were
not refined, but the three Al ones were. For both spinel and tetragonal models, the oxygen
occupancies were not refined, and the resulting elemental ratio Al:O was crosschecked to
be close to the nominal Al,O3 composition upon Al occupancy refinement.

The local structure, according to the Paglia model, was fitted with a P1 phase for
12<r<8A, refining lattice parameters a, b, and c; domain size; scale, 62; and individual
Biso(O) and B (Al) for each atom, resulting in 17 parameters.

For the 65 phase, 9 parameters were used: lattice parameters 4, b, and ¢; angle §;
domain size; scale; 62; Bjso(Al); and Biso(O). Since the 85 phase has 42 Wyckoff sites, we
used one B, value for all atom sites of one element. Partial occupancies and xyz positions
were not refined for any site.

For refining the in situ data, the fit results of one data set were used as the starting
point for the subsequent data set. Additionally, when fit results showed a phase to be <5%
of the summed scale, the fit of this data set was repeated without this phase. The value of
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5% was chosen because this was the threshold where the fit was able to describe the data,
and, for phase fractions < 5%, these phases merely fitted noise.

4. Conclusions

Understanding the structure of a disordered support material, such as y-Al,O3, is
essential for deducing structure-activity correlations and achieving ultimate insight into
particle-support interactions, for instance. In this study, the power of PDF analysis for
characterizing nanostructured materials was highlighted again in the field of heteroge-
neous catalysis. For different commercial Al,O3 supports, as well as a self-prepared and
an industrial Ni/ Al,O3 methanation catalyst, we obtained a superior structural descrip-
tion using a recently found monoclinic 85 phase compared to the established spinel and
tetragonal models. Furthermore, the 85 structure remained stable during catalytic cycling,
which proves the robustness of this nanostructure against restructuring. Although, pretty
commonly, various Al,O3 supports have been associated and labeled as being y-Al, O3,
this PDF study of their local structure revealed that the structure of a significant number
of Al,O3 supports is actually better described by the 85 phase and could, thus, better be
called 85-Al,O3 in the future. More importantly, though, in order to improve the structural
characterization of catalytic systems for enhanced structure-activity correlations, we hope
that this improved &5 structure finds its way into databanks and broad application across
communities soon. A complete description of the disordered Al,O3 support structure
is crucial to the field of heterogeneous catalysis in order to distinguish general disorder
within the bulk support from additional interfacial restructuring processes upon catalyst
loading or during catalyst cycling, such as surface oxidation or spinel formation due to
nanoparticle-support interactions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal14040238 /s1. Supplementary figures and tables for char-
acterization include tables of PDF fit results, graphs of PDF refinements, XRD, and BET curves.
References [18,19,31-33,37,39] are cited in the Supplementary Materials.
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