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Operando X-ray Powder Diffraction Study of
Mechanochemical Activation Tested for the CO Oxidation
over Au@Fe,0; as Model Reaction

Hilke Petersen,” Jacopo De Bellis,”' Sebastian Leiting,”” Saurabh Mohan Das,”
Wolfgang Schmidt,” Ferdi Schiith,” and Claudia Weidenthaler*"!

Mechanochemistry has proven to be an excellent green syn-
thesis method for preparing organic, pharmaceutical, and
inorganic materials. Mechanocatalysis, inducing a catalytic
reaction by mechanical forces, is an emerging field because
neither external temperature nor pressure inputs are required.
Previous studies reported enhanced catalytic activity during the
mechanical treatment of supported gold catalysts for CO
oxidation. So far, the processes inside the milling vessel during
mechanocatalysis could not be monitored. In this work, the
results of high-energy operando X-ray powder diffraction
experiments and online gas analysis will be reported. A specific

Introduction

Mechanochemistry has become a very vivid research field in
recent years. One reason is its potential to develop processes,
which are not only more cost- and energy-efficient but also
environmentally friendly. In particular, the reduction or even
avoidance of solvents by the direct energy transfer of the
milling media to the reactants can increase the cost-efficiency
as well as environmental friendliness."! The use of solvents and
the associated recovery and purification processes are energeti-
cally costly and environmentally problematic*? Because of
these advantages, mechanochemical activation is used in the
synthesis of materials for various applications, including solid-
state hydrogen storage, catalysis, electrodes or electrolytes for
solid batteries, fuel cell materials, or functional ceramics.>® In
contrast to thermally induced processes where the energy is
provided globally, the energy transfer via the milling media is
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milling setup with a custom-made vessel and gas dosing system
was developed. To prove the feasibility of the experimental
setup for operando diffraction studies during mechanocatalysis,
the CO oxidation with Au@Fe,0; as a catalyst was selected as a
well-known model reaction. The operando studies enabled
monitoring morphology changes of the support as well as
changes in the crystallite size of the gold catalyst. The change
of the crystal size is directly correlated to changes in the active
surface area and thus to the CO, yield. The studies confirm the
successful implementation of the operando setup, and its
potential to be applied to other catalytic reactions.

strictly local.”’ This local mechanical energy transfer leads to
unique reaction pathways, an increase in activity, and often an
alteration of selectivities compared to thermally-induced and/or
solution-based reactions."®? The two most common theories to
describe the mechanical activation of inorganic solids are the
magma-plasma model and the hot-spot theory.?*! The magma-
plasma model considers mostly the direct impacts of the milling
media. At the collision point, temperatures above 10*°C can be
generated, accompanied by a transient plasma and ejection of
energetic species as electrons.?” On the other hand, the hot-
spot theory is based on the frictional processes with plastic
deformations, resulting in local {(~1 pm? temperatures above
10%°C for a short time (1073-107*5).! However, these models
fail to describe the formation mechanisms of molecular organic
compounds or metal-organic framework materials. For these
reactions, an extensive decomposition reaction would be
expected under the given conditions.*™ Still, some effects can
be considered for all solids, such as local heating and possible
eutectic melting.” The usage of milling media causes also rapid
and efficient mixing, even of insoluble reactants, in mechano-
chemical processes."" Through collision with the milling media
and the resulting frictional processes, new reactive surfaces and
defects are generated continuously. In addition, a crystallite size
reduction and changes in the solid morphology are
observed.l'*38 These effects were successfully implemented in
heterogeneous catalysis, not only for the preparation of
catalytic materials but also for activation of the materials during
catalysis."™ The use of mechanochemistry during a heteroge-
neously catalyzed reaction results in a lowering of the reaction
temperature, an increase in the reactive surface area, as well as
in the dispersion of a catalytically active species in a matrix,
thus boosting the catalytic activity."”" In one of the early
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studies, Mori et al. investigated the mechanochemical methana-
tion of CO, during milling NiFe- and Ru-based catalyst on a
MgO support using a vibration mill.”? The heatable reactor was
pressurized with CO, and H, at partial pressures of 100 and
500 Torr, respectively.” At a reactor temperature of 180°C, a
CH, yield of 96 % was found for a Ru-based catalyst, while under
thermal catalysis conditions only a yield of 31% CH, was
achieved.” A mechanochemical pretreatment of the catalyst
before the thermally driven reaction did not show any effect on
the activity.”? The continuous generation of new catalyst
surfaces, which prohibit the deactivation by deposition of
carbonaceous species, was suggested to be responsible for the
increased yield." A similar effect was observed for the
methanation of CO via ball milling with unsupported CosyFes,
and CoFe supported on TiO, as catalysts.® The catalytic activity
under milder conditions was attributed to the generation of
long-lasting and temporary defects created through the impact
of the milling media.®”’ Strongly increased activity was observed
for CO oxidation over Pt/Al,O;, NiO, or Cr,0; in a continuous
flow reactor.”’® A custom-made milling vessel with a gas in- and
outlet was designed and used under milling with 20-
50 mLmin~' flow of a reaction gas mixture (1% CO, 20% O,,
79% He). The product gas was analyzed with an online-infrared
(IR) spectrometer. In the case of the Cr,0; catalyst, an increase
in the activity by three orders of magnitude could be achieved
through milling.”¥ The enhanced activity was attributed partly
to transient defects in the crystal structure. In the study on the
mechanochemical synthesis of supported metal catalysts (Au,
Pt, Ag, Cu, Ni) on different supports (TiO,, Al,O;, Co;0,), which
was carried out under continuous flow of CO under oxidative
conditions (1% CO in air, 67 mLmin™"), all gold-containing
catalysts showed full conversion, as soon as the supported
metal was sufficiently well dispersed on the support.”®® Very
recently, one of the most challenging heterogeneously cata-
lyzed reactions, ammonia synthesis, was found to be possible at
room temperature and atmospheric pressure over alkali metal-
doped iron catalysts in a continuously operated shaker mill."
In recent years, the number of in situ mechanochemical
studies on the synthesis mechanism and the nature of
mechanochemical activation has substantially increased."”
Mostly, the soft matter was investigated in rather soft
poly(methyl methacrylate) (PMMA) vessels."'™¥ However, the
in situ investigation of hard materials is an especially demand-
ing task because the milling of such materials requires
substantial modifications of the milling vessels concerning
material hardness and the mill itself to meet the energy input
requirements of the reactions. Besides, under the required high
energy input, the soft PMMA decomposes, forming methyl
methacrylate (MMA) and CO,, which interfere with the monitor-
ing of gaseous products."? For in situ studies of hard materials,
the inner surface of the milling vessels was made of stainless
steel, and the modified vessel holders do not only place the
vessel in the X-ray beam but also keep the path length of the
vessel on the orbital movement more or less identical to that in
the commercial milling setup as reported by Rathmann et al."'¢
Despite the growing interest, fundamental insight into the
relevant processes, in particular the reasons for the
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enhancement of the catalytic activity in heterogeneous catalysis
under milling conditions, is missing.

Inducing a catalytic reaction via mechanical forces requires
neither external temperature nor pressure input. It has been
demonstrated that the mechanical impact alone provides
excellent catalytic performance. The constant impact provides
energy input to the system and also changes particle size and
shape of the catalyst. Even the surface of a catalyst may
constantly change as every impact could induce structural
defects extending to the particle surface. However, so far, direct
characterization of the catalyst within the stainless steel milling
vessels during the reaction was impossible and the catalysts
could only be characterized ex-situ after the reaction. Long
experience has shown that the state of a material is very often
not correctly represented by ex-situ characterization before and
after catalysis."” Taking a sample out from the catalytic reactor
and exposing it to ambient conditions can lead to many
reactions including re-oxidation, structural phase transforma-
tions, and morphology changes."™ Consequently, changes of
the catalyst structure, particle size, and defect concentrations
cannot get related to the catalytic performance with certainty if
not tracked directly by operando investigations. We therefore
developed milling equipment that allows inspection of mecha-
nocatalytic reactions directly by operando powder diffraction
analysis in combination with online gas analysis. Operando
mechanocatalytic studies are much more complicated than
following the crystallization of soft matter in polymeric milling
jars. Our studies are based on a stepwise development and
testing of equipment for operando X-ray powder diffraction
studies at synchrotron facilities. The setup consists of a
combination of a gas dosing system with a flow-through
sample cell and gas analysis. The first experiments failed
because the gas flow flushed the powder from the vessel
through the exhaust lines into the mass spectrometer or we
faced the problem of clogging. This required several technical
modifications to the gas supply before the setup worked
without problems which will be described in the following
sections. The major challenge of this work was to combine a
mechanocatalytic reaction performed in a continuous gas
stream with operando powder diffraction analysis. For this, the
grinding vessels, the gas dosing system, the gas analysis, and
the experimental conditions had to be designed and optimized.
We chose the CO oxidation on a Au@Fe,0; catalyst as a model
reaction because it is a well-studied reaction that allows
comparison of our results with those reported in literature. The
objective of our study was providing prove that operando
studies under milling conditions in steel jars are possible and
that such studies provide valid information on the catalyst
under working conditions.

To the best of our knowledge, herein we present the first
operando study during milling of a mechanochemical heteroge-
neously catalyzed process. With the experimental setup, other
heterogeneously catalyzed reactions with unknown structure-
property relationships can be studied in the future.

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Results and Discussion

Sample notation. The samples and measurement series are
summarized in Table 1. In the series both the gas atmospheres
and the sample compositions were varied. The labeling of the
series will follow the notation in Table 1 hereafter.

All milling experiments (independently whether X-ray
diffraction data have been collected in situ or ex-situ) have
been performed with the modified milling jars shown in
Figure S1. The stainless steel jars have been modified in such a
way that windows are cut into the steel body which allows the
incoming X-rays and the diffracted X-rays to pass the jars. The
windows are covered by an X-ray transparent polymer ring
which is further stabilized by a 0.5 mm thick inner stainless steel

Table 1. Overview of the experimental conditions of all samples and

measurement series.

Sample Composition Sampling Time Gas

name range step atmosphere

lacl Fe,0, 10-60 min 10min  static

e Fe,0, 10-60 min 10min  CO/O, flow

)2l 5 wt% Au 10-60 min 10min  CO/O, flow
+Fe,05

[vied 5wt% Au 0-60 min 1 min Static
+Fe,04

Vb Fe,0, 0-60 min 1 min CO/0, flow

vied 5 wt% Au 0-60 min 1 min CO/0, flow
+Fe,05

VI 10 wt% Au 0-60 min 1 min CO/0, flow
+Fe,05

ITRS 20 wt% Au 0-60 min 1 min CO/0, flow
+Fe,04

[a] ex-situ series. [b] operando series. [c] inner steel inset. [d] inner amloy

inset.

inset or a 0.5 mm thick amorphous alloy (amloy) inset. The
results will show, that the choice of the window material is
decisive for a comprehensive data analysis. The gas outlet was
designed as a funnel, which prevents the sample from being
discharged with the gas flow. The results can be grouped into
three sections: (a) control experiments based on ex-situ studies
of samples milled for different times under reaction conditions.
From these samples, the microstructure properties of Fe,O; and
gold (crystal size and morphology) were determined and
related to the catalytic conversion measured for the samples at
different milling times. These data are the basis for comparison
to estimate how meaningful and accurate the results of the
operando data are. (b) operando study using a stainless steel
inset for the stabilization of the X-ray transparent PMMA
window, and (c) operando studies using an amorphous alloy
inset for the stabilization of the PMMA window.

Ex-situ studies: Microstructure changes of the Fe,0; support

For the structure refinements and morphology studies, the
crystal structure data of o-Fe,0; and Au were used.""'? In
Figure 1a the XRPD data of the untreated a-Fe,0; and a
simulated XRPD pattern of a-Fe,O; with an isotropic crystallite
size (VOLg) of 9 nm are shown. a-Fe,O; with isotropic crystal
size has its main reflection intensity on the (104) reflection,
while the main intensity in the measured data is found for the
(110) reflection. The intensity ratio of these reflections reflects a
different morphology of the a-Fe,O,-crystallites."” Sphere-like
crystallites show an intensity ratio similar to the simulated
pattern (Figure 1a). For rod- and sheet-like crystallites, this
intensity ratio is inverted as observed in the measured data.™
In addition, a significant decrease of the full width at half

25 g
measured —
- (@) E " (b) calculated * ***-
Pl difference
200 (104) % [ — simulation =™
i (110) TS 10 00246 rwe: 7-187%
: radius,/nm radius,/nm
15[ (012) (116)

(113) (024)

10

Intensity /100 counts

- uww’\ —

0 _‘W.n."nr

TN T T S N S S S S Y S SN T (NS SN N |
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Diffraction angle 20 (A=1.540596 A) /°

Figure 1. (a) Simulated XRPD data of a-Fe,0; calculated for an isotropic crystal size (Volg) of 9 nm (solid red line) and the Rietveld refinement of untreated,
commercial a-Fe,0,. The measured data (solid black line) are displayed along with the calculated pattern based on an anisotropic crystallite size model
(dashed green line) and the difference curve (grey). The refined anisotropic crystallite shape is shown as inset. (c+d) TEM micrographs of the untreated a-

Fe,0; shown in two different magnifications.
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maximum (FWHM) of the (110) reflection, as compared to the
(104) reflection, is observed in the measured data, implying an
elongated crystallite shape along (001). Consequently, an
anisotropic crystallite size with a cuboid shape with different
lengths along the three axes, of which the longest runs along
(001), was considered for the Rietveld analysis. For the
morphology study, a macro described by Ectors etal.!™
implemented in the Rietveld program TOPAS 6 was used.'® To
simulate a cuboid crystallite shape, the crystal structure was
transformed into P1. The Rietveld analysis results in a rod-like
crystallite shape with the dimensions 10.9 nm, 3.8 nm and
2.3 nm (Figure 1 b). These findings could be confirmed via TEM
micrographs where rod-like nanocrystallites are visible (Fig-
ure Tb+c). The mismatching intensities of the (113) and (116)
reflections are discussed in the literature as a common feature
of a-Fe,0; due to disorder in the iron sublattice.!'”!

In Figure 2a the ex-situ XRPD data of a-Fe,O; milled for 1 h
with a frequency of 25 Hz are shown. The quantification of the
XRPD data reveals ~1 wt% iron as an impurity (abrasion from
the steel during the milling process). In contrast to the
untreated a-Fe,0,;, the intensity ratio of the (104) and (110)
reflections of the milled sample is reversed and the observed
deviation of the FWHM of these reflections is no longer visible
after milling. For the Rietveld analysis, an ellipsoid shape with
two independent radii was supposed, resulting in an almost
spherical shape with radii 8.8 nm and 11.0 nm (Figure 2 inset).
The refined crystallite dimensions correspond to an increase in
crystallite sizes. The spherical shape and size are confirmed by
TEM micrographs (Figure 2b+c). Interestingly, the observed
mismatch in the intensities of the (113) and (116) reflections,
which would imply a disorder in the iron sublattice, seems to
decrease upon milling. Both, the increase in the crystallite size

and the ordering of the iron sublattice indicate a crystallization
and structure relaxation process. Usually, mechanical treatment
inflicts defects to the crystal structure and post-synthesis milling
is a common method to decrease the crystallite size. Here,
milling of a bulk a-Fe,0; sample with a planetary mill with a
sample to ball weight ratio of 1:10 and 250 rpm resulted in a
decrease of the crystallite size and an increase of internal
strain."® Prolonging the milling time caused an increase of the
lattice parameters, indicating an anisotropic lattice expansion.'®

In total, three ex-situ series were performed (Table 1):
milling of Fe,O; (Figure S2), Fe,O; in CO/O, flow (Figure S3), and
the mixture of 5wt% Au and Fe,0; in CO/O, flow (Figure 3a).
The Fe,0; phase shows a comparable behavior in all three
milling series. After 10 min of milling, all samples have
comparable intensity ratios as well as the deviation in the
FWHM of the (104) and (110) reflections to the untreated a-
Fe,0;, indicating a similar crystallite shape and size. After
30 min of milling, an increasing amount of iron impurity can be
observed due to abrasion from the milling vessel and balls for
all series. The quantification via Rietveld analysis shows an iron
content of approximately 1-2 wt% after 60 min milling. Where-
as in a closed milling vessel no formation of Fe;O, could be
observed (Figure S2+S3), in CO/O, flow, Fe;0, (Fe;04 ~2 wt%
sample Il) could be identified after 40 min. According to
previous reports, the phase transformation from a-Fe,O; to
Fe;O0, depends on the extent of iron impurity from abrasion
and the partial oxygen pressure. Below an oxygen partial
pressure of 77 Pa, a-Fe,0; is not stable and Fe;O, forms."s'”
The amount of iron abrasion is comparable in the three milling
series, and the used CO gas mixture contains 20% oxygen
which is similar to the averaged oxygen content in air. In CO
atmosphere, Fe,0; is reduced to Fe;0,.” In a control experi-

60
- (a) measured ———
55 calculated = ====-
50 10 | difference
. g £ 5| rwp: 6.863%
240 | 20
= - o
835 EIE [
o f 10 g\
£ 30 : 0 5 0 5 10 \00 o
> i (},\
£25F E radius,/nm @
520 :
' l i 3
10 8 it B E’
o lJi.=.+=-.‘:fsa i di
-“J“"‘} J";‘*JI‘-" (VRWY "n'"{"uw“ 'v\..»"‘\." J\JL R A ‘
0 [y, r-"-J..‘,u,.»-\\ { ande 4'2 T S Y S w—ww-‘*"“-— (c)

10 20 30 40 50
Diffraction angle 26 (A=0.7093 A) /°

60 70 80

Figure 2. (a) The Rietveld refinement of ex-situ XRD data of a-Fe,0; milled with 25 Hz for 1 h. The measured data (solid black line) are displayed along with
the calculated pattern of the model using an anisotropic crystallite size (dashed green line) and the difference curve (grey). The refined anisotropic crystallite
shape is shown as inset. The scattering contribution of iron abrasion from the milling media is marked with a cross (+) (b+c) TEM micrographs of the milled

a-Fe,0s.
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Figure 3. (a) Ex-situ XRPD data obtained from the milling of the mixture of 5%wt gold and Fe,0;, the gold reflections are marked with the red dashed lines,
the Fe,0; reflection positions are shown by the orange tick marks. The main reflection of Fe;0, is marked with a cross (+). (b) The radii of the Fe,O;-
crystallites, and (c) the phase fraction plus the column length of the gold nanoparticles determined via Rietveld analysis. (d) The correlation between the CO,
concentration and the surface area of the spherical gold nanocrystallites is shown in (d).

ment, Fe,0; was milled in a synthetic airflow (50 mLmin™").
Here, also a Fe;O0, formation was observed (Figure S4). The
Fe;0, formation was observed in all flow experiments (Fig-
ure S3+ S4) but not in non-flow (static) experiments (Figure S2),
indicating a relation between the Fe;0, formation and the gas
flow. Upon milling, the intensity ratio and FWHMs of the (104)
and (110) reflections gradually change to the characteristic ratio
for a spherical crystallite. The crystallite radii of a-Fe,O;
determined for the three milling series show comparable trends
(compare Figures 3b+S2+S3). In Figure 3b, the evolution of
the Fe,0; radii over milling of the mixture of 5wt% gold and
Fe,0; is shown. Over the whole milling range, an increase in the

ChemCatChem 2022, 14, €202200703 (5 of 10)

radii is observed. From 10 min to 20 min of milling, a cuboid
model with three independent radii results in the best fit; two
radii have comparable values, while the one in the direction of
(001) is significantly elongated. Milling of the sample for 30 min
results in the formation of an irregular spherical crystallite with
two slightly different radii. Amini etal. observed a similar
behavior during the milling-induced alloying process in the
Cu—Al-Mn system: the particle morphology changed from a
plate-like to a semi-sphere shape with a smaller size
distribution.”” Gold catalysts with rod-shaped Fe,0; support
proved to be superior to spherical supports.*?? Here, the
morphology changed from a rod-like to a spherical shape, and
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still an increase in the CO, yield was observed, indicating the
gold phase as the major factor for the increased CO, yield (see
Figure S5).

Ex-situ studies: Microstructure analysis of the gold nano-
particles. The evolution of the phase fraction and the crystallite
diameter of the gold catalyst is shown in Figure 3c. The phase
fraction scatters around 4.5 wt %, showing that a stable reaction
mixture is measured. Because of the polydispersity of the gold
phase, its column length distribution was determined using the
whole powder pattern modeling (WPPM) approach assuming
spherical crystallites with a lognormal distribution of their
column length (Figure S6)?*. The volume-weighted crystallite
size (L) of gold can be calculated from equation 1

7,
Ly = 3,27 (1)

with the lognormal mean u and the variance o. L, of the gold
nanocrystallites decreases fast from ~25 nm to ~10 nm within
40 min of milling (Figure 3c). Thereafter, the crystallite size
decreases slower. The activity of gold catalysts is known to be
size-dependent. High catalytic activity in CO oxidation was
found specifically for gold crystallites with sizes of 0.5-3 nm.**
Via the mechanochemical treatment of supported gold cata-
lysts, the crystallite size of the supported active species and the
active surface area can be tuned.”**’

From L,,, the specific surface area of the gold catalysts
(Agoia) Was estimated with the equation 2

6
Agoid = m (2)

with the density p. The CO, yield increases strongly with an
increased Ay, up to a value of 25 m?g™" (Figure 3d). A further
increase of Ay, 4 shows no benefit for the CO, yield. To study an
additional influence of milling-induced short-lived defect sites
in gold, an operando study was performed.

TEM images shown in Figure S7a-c reveal the morphology
change of the Fe,0; nanoparticles from rod to spherical shape
being in good agreement with the XRD data (Figure 3b).
Corresponding STEM-HAADF images (Figure S7d-f) illustrate
the dispersion of Au during milling. Homogenous distribution
of Au particles can be seen with increasing milling time. After
60 min, the particle sizes of Au are in the range of 5-10 nm
which correlates well with the XRPD result.

Operando experiments: steel inset. A customized milling
vessel was used for the operando measurements.'? To
penetrate the milling jar with an X-ray beam a recess was drilled
into the jar body. The opening was covered with two ring
insets, an outer one made from PMMA and an inner one
consisting of a 0.5 mm thick steel inset. The use of the steel
inset causes the observation of typical steel reflections in
addition to the reflections from the powder. The broad inner
diameter of the milling vessel interferes with the diffraction
geometry. As the result, four reflection sets from the steel inset
can be identified (Figure S8). In addition, split iron reflections
from the milling balls are observed. In comparison to the
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intensity of reflections of the milling media (vessel plus balls),
the reflections of the milled powder are of lower intensity. Also,
the diffraction patterns of the milling media and the powder
are highly overlapping. As such, the main reflection of gold is
strongly overlapping with a steel reflection. Together, both the
low intensity of the sample reflections and the highly over-
lapping diffraction patterns complicate the evaluation of the
XRPD data.

For the Rietveld refinements (Figure 4), the XRPD data of
the empty milling vessel plus balls was subtracted from each
measured XRPD data set. As a result, the measuring ranges with
the main reflections of the milling media show high scattering
intensities and were excluded for the refinement. Since the
gold reflections are overlapping with the steel reflections of the
milling media, the precision of the refinement results is limited.
Therefore, the XRPD data of the gold will be discussed only
qualitatively. a-Fe,O; has non-overlapping reflections and can
be refined with good precision. Similar to the ex-situ series, the
structure of the rhombohedral hematite was transformed to P1
to allow for the consideration of a cuboid shape. Because of the
decreased resolution, caused by the highly overlapping reflec-
tions, only two independent radii could be refined stably. The
resulting crystallite radii for a-Fe,O0; are 5.12 nm and 2.38 nm
(Figure 4b). In the operando XRPD data (Figure 5), a gradual
change in the intensity ratio and the proportion of the FWHM
of the (104) and (110) reflections can be observed showing
morphology changes from a rod-like to a spherical crystallite.

The anisotropic crystal shape of Fe,O; was refined and the
resulting crystal radii are shown in Figure S9. All calculated radii
show a comparable progression: first, a strong increase up to
30 min of milling, followed by a plateau (Figure S9a+ b). Here,
the determined radii of each sample show comparable values
indicating the formation of spherical crystallite shapes. In
general, the shorter radii show a stronger increase. The main
gold reflection highly overlaps with the steel reflection (Fig-
ure S10, marked area). Upon milling the gold reflection seems

measured
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€30,
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radius, /nm
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Figure 4. Rietveld refinement of operando XRPD data of 5 wt% Au+ Fe,0;
milled for 1 min. The measured data are displayed in black, the calculated
pattern in green, and the difference curve in grey. The positions of the
reflection sets of a-Fe,0; (red, top row) and gold (orange, bottom row) are
marked by colored bars. The refined anisotropic crystallite shape is shown as
inset.
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to decrease and broaden, showing either that the gold might
stick to the vessel walls and thus be undetectable by XRPD, or
the gradual decrease of the crystallite size of gold. The samples
from the operando milling experiments were recovered and
analyzed via XRPD after the experiment. The sample with
5 wt% gold shows a log mean of column length distribution of
2.5(2) nm (L,,,;=9 nm) after the operando experiment, clearly
proving the reduction of the crystallite size. The original mass
spectrometry (MS) data of the measurement series V and VI are
shown in Figure S11. To determine the blind activity of the
milling setup, 1 g of poorly active Fe,O; was milled under CO
flow. The modified vessel design with the insets prohibits
successfully the decomposition of the PMMA inset and as such
the release of decomposition products into the effluent gas
stream.’¥ The blank measurement shows a minor amount of
CO, in the gas atmosphere after 10 min. A significantly higher
CO, concentration as compared to the blank curve is observed
with 5wt% Au (VI) on iron oxide. The CO, signal of the
measurement serie VI shows the start of the catalytic oxidation
of CO to CO, after ~5 min of milling. After 10 min of milling, a
strong increase in the CO, concentration is observed. The
catalyst reaches a plateau of activity after 30 min. In Figure 6,
the obtained CO, concentration determined in the laboratory
setup is shown together with the CO, signal measured in the
operando experiment. The values obtained during the oper-
ando measurement can not be quantified since neither an
internal standard was used nor calibration of the MS was
performed. Nevertheless, the comparable slopes of the data
series obtained in the operando and laboratory setup show a
comparable evolution, proving a successful implementation of
the gas atmosphere analysis in the experiment.

Operando experiments: amloy inset. As described above,
the use of an inner steel inset resulted in strong scattering
contributions of steel, overlapping with the gold reflections. To
reduce the scattering intensity of steel, the steel inset was
exchanged for a custom-made amorphous alloy (amloy) inset.
In total, two operando series (VI and VIIl) were conducted
(compare Table 1). In the XRPD data using the amloy inset,
three broad scattering features from the amloy can be observed
(Figure S12). These scattering features overlap with the main
reflection of the a-Fe,0O; affecting the accuracy of the individual
crystallite radii perpendicular and along the growth direction
(Figure S13). However, the determined radii of the experimental
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Time /min

Figure 6. Comparison of the CO, concentration obtained from the laboratory
experiment (black) and and the monitored ion current of the m;=44 u from
the operando experiment (red). For both experiments a 5wt %Au@Fe,0;
catalyst was milled in a gas (1% CO, 20% O,, 79% He) flow of 50 mLmin~".

series VII-VIIl show a comparable behavior to the series with
the steel inset (series V-VI; Figure S9). Both, the change of a
rod-like a-Fe,0; with two individual crystal radii to a spherical
morphology with one radius as well as the constant increase of
radii upon milling can be monitored. In addition, the scattering
contribution of steel is significantly reduced (compare Figure S8
and Figure S12). As a result, particularly the main reflections of
gold are now sufficiently resolved to perform structural
investigations. The microstructural analysis of the gold upon
milling was performed via the WPPM approach. From the
derived column length distributions, the average surface area of
the gold was calculated, similarly to the in detail described
procedure for the ex-situ serie lll. The obtained gold surface
area from the operando series (VIIl: 10 wt%Au@Fe,O; and VIII:
20 wt%Au@Fe,0;) are in good agreement with the results from
the ex-situ experiments with the mixture 5 wt%Au@Fe,0;,
validating the method (Figure 7).

Summary

Commercial Fe,0; has a rod-like crystallite shape. The aniso-
tropic crystallite size refinement results in two short dimensions
(23 nm, 3.8nm) and an elongated one along the (0071)
direction. Upon milling, the morphology of the Fe,O; is
gradually changing to a spherical shape. The analysis of the
operando XRPD data shows major changes in the first 30 min.
After milling for 30 min, the determined crystal dimensions of
Fe,0; are similar, indicating a spherical shape. Interestingly, also
the CO, concentration of the catalyst loaded with 5wt% Au
reaches a maximum at 30-40 min. However, studies of the
influence of morphology of the Fe,O; support on CO oxidation
activity of gold supported on iron oxide showed that a rod-like
shape is superior to a spherical shape.’?*® Thus, in our case, the
reason for the increase in CO, concentration must be related to
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40 ison of ex-situ diffraction data with the operando data
confirmed that the experimental setup is suitable to perform
35 operando mechanocatalytic experiments at synchrotron sour-
ces. Such types of experiments enable the monitoring of
30 p structural changes and correlate them directly to the catalytic
performance of a solid catalyst. The methodology we report can
« 25 be adapted to other reactions, as gas flow, catalyst composition,
= and online gas analysis can be easily changed. This opens the
£ 20 door widely for future experiments on mechanochemical and
lé mechanocatalytic reactions with hard solids that can now be
< 15 studied under working conditions in various gas atmospheres
and gas flows. We think that these prospects are of great

10 interest to readers working in the field of mechanochemistry.

5 O 10wt%Au@Fe,0,
= AP BT Fe Gl Experimental Section

0 - Milling-setup. All mechanical experiments were conducted with a

0 10 20 30 40 50 60
Time /min

Figure 7. Evolution of the gold surfaces of Au@Fe,0;-samples with different
Au concentrations obtained from operando milling experiments. The milling
vessel was equipped with an amorphous amloy inset. For comparison the
results from the ex-situ experiment milling 5 wt%@Fe,0; are included.

the gold. The determined phase fraction of gold is unchanged,
showing that a stable mixture is achieved. In the first 40 min, a
decrease in the crystallite size of gold from 16 nm to 3 nm is
observed. The CO, concentration increases strongly with the
increase of the specific gold surface area from 10 to 25 m?g™"
calculated from the size distribution obtained for gold. For a
further increase of the gold surface, no beneficial effect could
be observed. The comparability of the MS data obtained in the
laboratory and the operando setup proves the successful
modification of the milling setup, allowing to monitor the solid
catalyst during CO oxidation in a ball mill. In particular, the new
vessel design protects the PMMA inset from decomposition.
Substitution of the window material with similar mechanical
properties but lower scattering intensity will be advantageous
for further studies. In particular, to investigate the postulated
short-lived defects possible in the active gold phase induced by
collisions with the milling media, a substitution of the steel
inset is inevitable. With this work, we demonstrate that it is
possible to follow catalytic reactions within a ball-mill by
operando high-energy X-ray diffraction experiments coupled
with online gas analysis. So far, mechanocatalysis was kind of a
‘black-box’ with respect to insitu changes of the crystalline
catalysts. The successful modification of the milling setup and
the combination of XRD and online gas analysis opens the
option to monitor also complex catalytic reactions proceeding
in a ball-mill. With the modification of the milling setup, it was
possible for the first time to monitor how catalysts change
during a mechanocatalytic reaction. The combination of high-
energy X-ray diffraction and gas analysis enables a direct
correlation between catalytic activity and changes in the
microstructure and atomic structure of catalysts. The compar-
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RETSCH MM400 shaker mill (Retsch GmbH Haan, Germany). The mill
was equipped with modified holders to place the reaction vessel in
the X-ray beam on the diffraction setup on a synchrotron beamline.
The customized holders are designed to prohibit a decrease in
kinetic energy caused by geometrical changes in the shaker mill.!"'9
To enable the X-ray beam to penetrate through the stainless steel
vessel (V=25mL) has been modified as described by Rathmann
et al. (Figure S1a)."'¥ Two cutouts in the steel body were covered
with insets, the outer inset is made from poly(methylmethacrylate)
(PMMA). Two types of inner insets for the stabilization of PMMA
were tested: a 0.5 mm thick steel inset and a custom-made and an
amorphous amloy inset (Heraeus Holding GmbH, Deutschland),
respectively (Figure S1b). The amloy consists of 24 wt% Cu, 4 wt%
Al, 2 wt%, and Zr for the balance. In addition, in- and outlet lines
on the opposite ends of the vessel allowed for a constant gas flow
through the vessel (see Figure S1a). A funnel with a frit was
connected to the outlet to create turbulence in the gas stream and
prohibit the accumulation of powder in the gas line. For all milling
experiments, 1g of powder containing a-Fe,O; (Alfa Aesar; CAS:
1309-37-1) and 0 wt%, 5 wt%, 10 wt% or 20 wt% Au (Alfa Aesar;
CAS: 7440-57-5)) was loaded into the milling vessel. Two 15 mm
steel balls (m,,;=13-14 g) were used for each experiment. All
experiments were carried out with a frequency of 25 Hz. For the CO
oxidation experiments, a gas mixture with 1% CO, 20% O,, 79% He
was passed with a flow of 50 mLmin™' through the vessel. In the
ex-situ experiments, the setup was flushed with He before each
experiment. Then, the reaction gas was passed through the milling
jar. The flow was regulated via mass flow controllers (MFCs)
calibrated with a DryCalPro gas calibrator (Mesalabs). The gas
composition downstream from the milling capsule was continu-
ously analyzed using a non-dispersive IR spectrometer ABB EL 300
series with a URAS 26 calibrated up to a CO or CO, concentration of
about 2%. The data were analyzed using the computer program
LabVIEW RunTime (made in-house). The experiments were initiated
only after reaching stable CO values. During each experiment, the
gas flow was periodically checked via a bubble meter to ensure
continuous flow was maintained. For the operando measurement
series, a ThermoStar mass spectrometer equipped with a QME 200
analyzer (Pfeiffer Vacuum GmbH, ABlar, Germany) was connected
via a steel capillary to the gas outlet of the vessel to analyze the
gas atmosphere. Since no internal standard was used during the
recording of the MS data, the MS data can not be quantified.

X-ray powder diffraction (XRPD). XRPD patterns of the obtained
samples were collected with a Rigaku SmartLab diffractometer
(Tokyo, Japan) equipped with a 9 kW rotating anode using CuK,,
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radiation (AL=1.540596 A), a primary focusing optic (Johansson
monochromator), an incident slit 1/3° and a 5 mm mask. All XRPD
measurements were measured with 1°/min using the XRF-mode to
suppress fluorescence. The operando experiments were conducted
at beamline P02.1 (Petra Il DESY, Hamburg, Germany) using the
experimental setup as described above. The XRPD data were
collected with a Varex XRD 4343CT (150 % 150 um? pixel size, 2880 x
2880 pixel area) detector. For the data collection, a wavelength of
L=0.20741 A was used. Each XRPD pattern was recorded with 60 s
per frame. For the data integration, Dawn 2.6.0 (Diamond Light
Source Ltd, Oxfordshire, United Kingdom) was used.”” The
evaluation of the XRPD data was performed with TOPAS 6 (Bruker
AXS GmbH, Karlsruhe, Germany)."® The implemented fundamental
parameter approach was used to describe the profile of the
diffractometer; it was determined using a Si (NIST 640e) standard
reference material. The anisotropic crystallite sizes were determined
using the macro described by Ectors et al." The size of the gold
nanoparticles was evaluated with the whole powder pattern
modeling approach implemented in TOPAS 6.25-4%%

High-Resolution Transmission Electron Microscopy (HR-TEM). The
HR-TEM micrographs were recorded with a Hitachi HF2000 TEM
instrument equipped with a cold field-emission gun (FEG) and
operated with 200 keV acceleration voltage. The specimens for TEM
measurement were prepared and deposited on a Cu lacey-carbon
grid. High angle annular dark field images in scanning transmission
electron microscopy mode were acquired in JEOL JEM 2200FS
microscope operating at 200 keV voltage.
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