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Heterogeneous catalysts are dynamic materials that interact
with substances in the gas phase that are present in catalytic
reactions. Changes that may occur when a catalyst is in
contact with reactive molecules comprise adsorbate-induced
surface reconstruction,!! surface segregation,? inclusion of
foreign atoms from the gas phase into the sub-surface,”” and
compound formation in the bulk, such as formation of
oxides,® hydrides®! carbides” or nitrides® of a metal
catalyst. These modifications will affect the catalytic proper-
ties and depend on the chemical potential of the gas-phase
species. An extrapolation of experimental results obtained at
low pressure to pressure regimes of industrial relevance is
often not straightforward (the “pressure gap”).”! To better
understand the impact of dynamic catalyst changes, applica-
tion of in situ techniques® working at industrially relevant
conditions is desirable. Herein, we report on the potential of
neutron diffraction (ND) as a method for in situ analysis of
heterogeneous catalysts. ND studies have been carried out on
many inorganic materials in various sample environments.”!
Pioneering in situ ND studies of catalysts has been performed
by Turner etal’ and Walton etal.'!! Inelastic neutron
scattering was used for catalyst characterization, for example
by the groups of Albers, Lennon, and Parker."?

Similar to in situ XRD,™™ ND is complementary to other
in situ techniques used in catalysis research, such as ambient
pressure XPS[" XAFS™! or Raman spectroscopy.' Tt is
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uniquely suitable for in situ studies in thick-walled metallic
tubular reactors, which allow application of realistic reaction
conditions. No special pressure-tight windows or complex
reactor design is required if a wall material is chosen that
shows only minor absorption of neutrons and thus allows
sufficient penetration through the walls.'"”! ND is a bulk-
sensitive method that gives quantitative, average structural
(lattice parameter), and microstructural (domain size, lattice
strain, defects) information. In contrast to XRD, the scatter-
ing power is independent of the diffraction angle providing
diffraction peaks at higher angles with higher intensity. This is
in particular useful for the investigation of nanomaterials with
highly symmetric crystal structures that often suffer from few
and weak XRD peaks available for structural analysis.
Figure 1 compares exsitu ND with XRD data and shows
a TEM image of the Cu/ZnO/Al,O; catalyst used in this study.

Such catalysts are employed for the industrial synthesis of
methanol from syngas (H,/CO/CO,). While being used today
mainly as a base chemical and a feedstock for chemical
industry, methanol has interesting potential as a sustainable
synthetic fuel in a future energy scenario'® if produced from
anthropogenic CO, and regenerative H,. The exothermic
methanol formation is favored at low temperatures and high
pressures. In the industrial process it is conducted at 7=493-
573 K and P=3.5-10 MPa.l"’]

The nature of the active sites of Cu/ZnO/AlL,O; catalysts
and of the often observed “Cu-ZnO synergy” has been
actively debated.'”® For instance, a model emphasizing the
role of defects found in the active Cu phase after the
industrially applied synthesis® seems in apparent contra-
diction to a model focusing on the dynamic interaction of Cu
and ZnO leading to dynamic morphology changes of the Cu
particles.”"! The latter was related to metal-support inter-
actions and observed on supported model catalysts. Owing to
the high mobility of Cu according to this model, annealing of
structural defects can be expected under working conditions.
Based on a structure-activity correlation and DFT calcula-
tions, we have recently presented a model for the active site of
methanol synthesis that combines both views.”? Planar
defects have been shown to lead to changes in surface
faceting of the Cu nanoparticles associated with formation of
steps and kinks that represent high-energy surface sites of
special catalytic activity. For a series of Cu/ZnO-based
catalysts, a linear correlation of the defect concentration
with the intrinsic activity of the exposed Cu surface was
observed. Furthermore, surface decoration?® of Cu with
ZnO, by a strong metal-support interaction™! (SMSI) has
been confirmed by HRTEM and insitu XPS on a high-
performance catalyst.”
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Figure 1. a) Diffraction pattern of the freshly reduced Cu/Zn/Al,O,
catalyst acquired at room temperature with ND (black pattern) and
laboratory XRD (Cuy,, gray pattern). Peaks that are due to Cu are
indexed. Owing to different wavelengths used, the abscissa is given in
reciprocal space. b) High-resolution TEM image of a typical ellipsoidal
copper particle in the catalyst. Planar defects and the resulting thin
hcp domain are marked in the close-up.

Therefore, ZnO rather than Cu seems to be the mobile
component in course of Cu-ZnO interaction, thus enabling
dynamic changes and a static Cu defect structure at the same
time. The predominating planar defects in the Cu particles are
twin boundaries and stacking faults that can be observed in
TEM images (Figure 1b) and quantitatively studied with
diffraction techniques.

In the present study, an industrial Cu/ZnO/Al,O; catalyst
with similar properties as the materials presented in refer-
ence [20] has been used for methanol synthesis and its
microstructure has been studied near industrial working
conditions using in situ ND. A typical syngas mixture was
applied at 523 K and 6 MPa in a continuous flow reactor,
which was described in detail elsewhere.'” Catalytic activity
studies in the laboratory at differential conditions confirmed
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stable methanol productivity in the range reported for state-
of-the-art Cu/ZnO/AlL,O; catalysts. During the ND experi-
ment the reaction was in thermodynamic equilibrium, simu-
lating the chemical potentials of the gas phase in an industrial
reactor near the very end of the catalyst bed and in the outlet.
At the same time, equilibrium guarantees a largely homoge-
neous and gradient-free catalyst bed for ND studies. Analo-
gous in situ diffraction studies were carried out in a high-flux
experiment with a time resolution of 5 min (ILL, Grenoble,
France)? and in an experiment with high instrumental
resolution (Bragg Institute, Lucas Heights, Australia).” The
catalyst was reduced in a D, stream in the reactor prior to the
catalytic reaction. During the in situ study, methanol was
detected at the outlet of the reactor by mass spectrometry.
Figure 2 shows the high-resolution neutron diffraction pat-
terns of the reduced catalyst in 0.1 MPa Ar at 523 K right
before the synthesis and during synthesis under 6 MPa of
syngas after 3 and 24 h time-on-stream (TOS).

The Rietveld fit of the fresh catalyst in Ar (Figure 2, top)
reveals the presence of fcc-Cu as the major phase, with a unit
cell length of a = (3.6268 +0.0008) A at 523 K (more results
of the Rietveld analysis are presented in the Supporting
Information). Additional weaker peaks of the catalyst are due
to the ZnO component (Figure 2, green profile). No major
changes of the Cu phase are obvious from a first comparison
of the three ND patterns recorded at different conditions, and
the lattice parameter of Cu does not vary significantly. Thus,
bulk inclusion of C or H species from the gas phase in the Cu
lattice of working catalysts can be readily excluded. Only
a slight sharpening of the Cu peaks can be detected, which
corresponds to an increase in crystalline domain size from
(59+0.1)nm to (6.4+0.1) nm with time and is due to
sintering of the Cu particles, which is a relevant deactivation
mechanism of methanol synthesis catalysts.”

Planar defects have been observed in a comparative TEM
and XRD study of similar Cu/ZnO/AlO; catalysts.*” Such
defects are expected to contribute to the anisotropic broad-
ening of the ND peaks, but line profile analysis turned out to
be complex and data analysis suffered from the nanostruc-
tured nature of the samples and the in situ conditions (for
details, see the Supporting Information). However, applica-
tion of a pattern decomposition method has been shown!™ to
allow qualitative confirmation of the presence of stacking
faults in the Cu nanoparticles. This evaluation is based on the
peak positions, which can be determined with higher precision
compared to the other peak profile parameters.

An ideal defect-free Cu is expected to show a ratio of the
distances between the (111) and (200) lattice planes of 2/v/3 =
1.1547. The presence of stacking faults causes a shift of the 111
and 200 peaks towards each other and lowers this ratio.*”)
Careful evaluation of the peak positions of the ex situ ND
data shown in Figure 1a revealed that such a shift is also
found for the catalyst under study herein. Furthermore,
a consistent opposite shift of the 222 and 400 reflection pair
was also observed (Figure 1a, inset), which also confirms the
presence of stacking faults. Furthermore, HRTEM observa-
tions provide further evidence for this type of planar defects
in the catalyst as shown in Figure 1b. The resulting deviation
from cubic symmetry can be used as a measure for the
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Figure 2. Rietveld fits of the catalyst before (0.1 MPa Ar, upper panel),
at the beginning (center) and after 24 h of methanol synthesis
(bottom) at 523 K and 6 MPa. Experimental data is shown in gray, and
the calculated pattern of the catalyst as a black line. The thin gray line
is the difference between experimental and calculated pattern. The
contribution of the Cu phase and ZnO is marked as red and green
lines with tick marks at the positions of Bragg reflections. Additional
strong peaks from the Al reactor wall were treated as peak-phase
during Rietveld analysis and are excluded from the overall calculated
profile shown here.

stacking fault probability a. Based on the lower-order
reflection pair, which exhibits well-defined peaks even in
the in situ ND data, a is calculated according to a =8.3 x [(2/
V/3)—(d,11/dx)] 2" Figure 3 shows the evolution of d;,/ds, of
the Cu catalyst versus TOS during methanol synthesis.
Similar values are obtained in both the high-flux and the
high-resolution experiments that are significantly lower than
that observed for a macrocrystalline Cu reference powder
measured in the same reactor tube. The experimental values
of this defect-poor reference deviate from the theoretical
value expected for a perfect fcc lattice in both experiment
(compare right hand axis in Figure 3b). This situation is
attributed to systematic displacement errors of the complex
in situ cell at the beamline, which will lead to an offset-like
effect in d,;,/d,y and also causes the slight difference of this
parameter obtained from ex situ and in situ data of the same
catalyst as seen in Figure 1a and Figure 3. Thus, in contrast to
previously reported exsitu ND data,® ¢ is evaluated in
a semi-quantitatively fashion in this study and only the
consistent internal trends observed during the two in situ
experiments are discussed in the following. However, the
magnitude of deviation between catalyst and reference on the
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Figure 3. The diy;/dy ratio of Cu in the catalyst and reference sample
over TOS during methanol synthesis under industrially relevant
conditions in the high-resolution (a) and high-flux experiments (b).
This ratio is a measure for the defectiveness of Cu (see text). The
formally resulting stacking fault concentration a is shown on the right
axis of (b). The error bars are the standard deviations of the two
datasets neglecting systematic errors that are due for example to
wavelength and zero shift.

a scale corresponds to a few percent, which is in agreement
with previous studies of similar materials.**!

These results confirm that the Cu phase in the active
catalyst bears stacking faults. Furthermore, this data proves
that the planar defects in the Cu nanoparticles are relatively
stable under working conditions and do not disappear when
switching from Ar to syngas on a time scale proposed for Cu
morphology changes (< 30 min?'<l), but resist for 24 h TOS.
Annealing of the defects would lead to an approach toward
the reference value for d,,/d,y,, which is in both experiments
hardly significant in the investigated time interval.

Figure 3 reveals that the difference between the catalyti-
cally active copper phase and a bulk reference copper
material, which has been observed before® and ascribed to
the peculiar microstructure of the former,” is mostly
conserved under working conditions. This finding supports
the concept of a rather static Cu bulk phase, which maintains
its defect structure. No conclusion about dynamic surface
behavior, such as surface diffusion, surface reconstruction, or
re-crystallization, can be made based on these results
obtained by a bulk diffraction method. Such surface mobility
(and an effect of the gas atmosphere on it) seems to be even
very likely considering the low Hiittig temperature of Cu and
the beginning sintering of the nanoparticles observed in the
experiment.

However, the bulk stability of the Cu particles suggest that
the observed strong interactions between Cu and ZnO®
manifest themselves rather in form of mobile ZnO, than
mobile Cu in the industrial high performance catalyst. The
material under study herein exhibits relatively large Cu
nanoparticles and poorly crystalline ZnO, and the observa-
tions are not necessarily in contradiction with previous
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reports of a mobile Cu phase and static ZnO, which were
made on highly crystalline ZnO decorated with very small Cu
particles,?!! as such differences might be able to cause to
a switch of the mobile component during SMSI-induced
dynamics.

To study the response of the catalyst to higher 7' than
applied for methanol synthesis, the sample was heated after
the 24 h TOS experiment in a D, atmosphere to 603 K (high-
resolution experiment) and 653 K (high-flux experiment).
This is beyond the temperature limit of approximately 573 K,
which should not be exceeded in methanol synthesis to
suppress activity loss owing to sintering.”® At 603 K the Cu
crystallites have grown significantly to (9.4+0.2) nm, as
revealed by ND peak width analysis. At the same time, the
defects have also been annealed and « is at the same level as
the bulk reference (Figure 3a), showing the strong effect of
temperature on the bulk mobility of the Cu particles by
approaching the Tammann temperature. According to
a simple estimation, bulk re-crystallization is expected to
start at 0.5 T, which in case of Cu is at 679 K.

The evolution of the Cu lattice parameter over the full
temperature range is shown in Figure 4 (high-flux data). The
thermal expansion of the reference Cu powder as well as of
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Figure 4. Evolution of the lattice parameter of Cu in the Cu/ZnO/Al,O,
catalyst and of the Cu reference powder with temperature. The Cu
powder was heated in Ar at 0.1 MPa, while the calcined catalyst was
heated to 523 K in D, (0.1 MPa), then subjected to 12 h of methanol
synthesis at 523 K in the syngas feed (6 MPa), and finally heated in D,
(0.1 MPa) to 653 K. The heating rate was 1 Kmin~' and one ND
pattern corresponds to circa 5 K. The dashed square at 523 K marks
the period of 12 h synthesis. The right axis shows the lattice expansion
relative to the reference at 298 K.

the catalyst is linear at 7'< 523 K. Interestingly, the lattice
parameters at room temperature as well as the thermal
expansion coefficient of catalyst and reference differ. The
extrapolated Cu lattice parameter is (3.6114 & 0.0009) A for
the catalysts and thus 0.1 % smaller than that of the bulk
reference, which corresponds to the literature value. The
slightly lower value for the catalyst is in agreement with
ex situ results® and is ascribed to the complex microstructure
of the composite catalyst. Lattice contraction might be due to
the lower particles size as observed for many metals® or to
the effect of defects. However, as the metal particles in this
catalyst are relatively large and the effect of stacking faults on
the average lattice parameter is low, the most likely explan-
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ation is the interfacial contact with the oxide phase. Different
thermal expansion coefficients have also been previously
observed for nanomaterials compared to their bulk counter-
parts®” and are probably also influenced by the contact to the
oxide phase and the presence of defects.

The period of methanol synthesis over 12h (dashed
square in Figure 4) did not lead to any lattice expansion. Thus
the beginning formation of a-brass in the bulk of the Cu
particles by partial reduction of the ZnO component can be
safely excluded during methanol synthesis under industrial
conditions. Spencer™ reported a low diffusion coefficient of
zinc in copper at methanol synthesis condition of 523 K that
increased when increasing the temperature to 623 K. Accord-
ingly, brass formation is observed at higher temperature in D,
and causes a deviation from the linear behavior starting at
around 603 K. In this temperature regime, thermal expansion
is superimposed to the lattice expansion due to successive
substitution of Cu by larger Zn atoms in the newly formed
alloy as is evidenced by the continuing lattice expansion in the
isothermal regime at 653 K (Figure 4, inset). Based on the
results of Grazzi et al.,”? the concentration of Zn in the alloy
can be estimated to be (4.88+0.05) wt% after 100 min of
isothermal treatment at 653 K in 0.1 MPa D,.

In summary, the potential of insitu ND to study solid
catalysts in a realistic reactor under high-pressure conditions
that are relevant for applications has been demonstrated for
a Cu/ZnO/Al,O; methanol synthesis catalyst. The metallic Cu
component is nanostructured and has many and different
kinds of defects. The deviation from ideal bulk Cu is
manifested in a lattice contraction at room temperature and
an increased thermal expansion coefficient. Furthermore,
a high concentration of stacking faults has been detected in
the Cu nanoparticles. These bulk defects were stable upon
changing the gas atmosphere to partial pressures as applied in
industrial methanol synthesis. Also, the bulk inclusion of
reactive species from the gas phase as well as the formation of
brass during methanol synthesis can be excluded. The latter
alloying as well as the annealing of the bulk defects was
observed only at significantly higher temperatures than used
in the industrial process. Under the reaction conditions, the
bulk integrity of the nanoparticles as well as the non-ideal
nature of Cu was found to be relatively stable in industrial
catalysts. Thus, the results suggest that the interaction
between metal and oxide during methanol synthesis involves
dynamics of the poorly crystalline ZnO component rather
than of the entire bulk of the Cu particles and this affects only
the Cu surface. Future work using this method will aim at
correlation of the described structural properties with cata-
lytic performance and include information about the evolu-
tion of the microstructure with deactivation of the catalyst
over a longer TOS.

Experimental Section

The catalyst was provided by Clariant Produkte (Deutschland)
GmbH. The methanol synthesis reaction was done at 523 K and
6 MPa in thermodynamic equilibrium with a syngas mixture (CO,/
CO/D,/Ar=8:6:75:6) in a flow cell described previously.'”) Diffrac-
tion experiments were carried out on D1B (ILL, Grenoble, Fran-
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ce)? ! and on ECHIDNA (ANSTO, Lucas Heights, Australia).”!
Sieve fractions of the catalyst and the polycrystalline Cu reference
(99.8 %, Heraeus) were used (200-300 um). Rietveld refinement was
carried out with the Topas 4.2 software. Multiple peak fitting
during pattern decomposition was carried out with OriginPro 8.5
(OriginLab Corporation) peak analyzer. For more experimental
details, see the Supporting Information.
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