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Phase Coexistence and Structural Dynamics of Redox
Metal Catalysts Revealed by Operando TEM
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Robert Schlogl, and Marc-Georg Willinger*

Metal catalysts play an important role in industrial redox reactions. Although
extensively studied, the state of these catalysts under operating conditions

is largely unknown, and assignments of active sites remain speculative.
Herein, an operando transmission electron microscopy study is presented,
which interrelates the structural dynamics of redox metal catalysts to their
activity. Using hydrogen oxidation on copper as an elementary redox reac-
tion, it is revealed how the interaction between metal and the surrounding
gas phase induces complex structural transformations and drives the system
from a thermodynamic equilibrium toward a state controlled by the chemical
dynamics. Direct imaging combined with the simultaneous detection of
catalytic activity provides unparalleled structure-activity insights that identify
distinct mechanisms for water formation and reveal the means by which the
system self-adjusts to changes of the gas-phase chemical potential. Density
functional theory calculations show that surface phase transitions are driven
by chemical dynamics even when the system is far from a thermodynamic
phase boundary. In a bottom-up approach, the dynamic behavior observed
here for an elementary reaction is finally extended to more relevant redox
reactions and other metal catalysts, which underlines the importance of
chemical dynamics for the formation and constant re-generation of transient

active sites during catalysis.

1. Introduction

The development of improved catalysts for resource-efficient
processes and a CO, neutral energy supply is vital for an

urgently needed transition to a more
sustainable society in general, and chemical
industry in particular.?l However, despite
intensive research, our present under-
standing of processes governing activation,
stable performance, aging, deactivation
and regeneration of catalysts is insuffi-
cient to cope with this challenge.> Con-
sequently, and regardless of our advances
in synthesis and characterization methods,
empirical discovery of new catalysts is
still the norm. This is a very inefficient,
time-consuming, and overall unsatisfying
endeavor. Claims about tailored design
of optimal catalysts can only be fulfilled
once an atomistic understanding of the
structure—activity correlation of working
catalysts is established. This requires that
we first understand how the chemical
potential of reactants influences the state
of a catalyst, and how these gas-phase- and
temperature-induced modifications feed
back into, or evolve during, the catalytic
process. In order to shed more light on
the interplay between catalyst and reactive
species and to follow processes that lead
to the emergence of catalytic activity, real-
space and real-time observation of the active catalyst at high
spatial resolution is required.[1>1¢]

Since the ground-breaking work of Ruska,” in situ trans-
mission electron microscopy (TEM) has transformed into a

Prof. X. Huang, Dr. M.-G. Willinger
Scientific Center for Optical and Electron Microscopy
ETH Zurich
Otto-Stern-Weg 3, Zurich 8093, Switzerland
E-mail: marc.willinger@scopem.ethz.ch
Prof. X. Huang
College of Chemistry
Fuzhou University
Fuzhou 350116, P. R. China
E-mail: xinghuang@fzu.edu.cn
The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202101772.
© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

DOI: 10.1002/adma.202101772

Adv. Mater. 2021, 2101772 2101772 (10f T1)

Prof. X. Huang, Prof. C. Copéret

Department of Chemistry and Applied Biosciences
ETH Zurich

Vladimir-Prelog-Weg 1-5, Zurich 8093, Switzerland
Prof. X. Huang, Dr. T. Jones, Dr. R. Farra, Prof. R. Schlégl,
Dr. M.-G. Willinger

Fritz-Haber Institute of Max-Planck Society
Faradayweg 4-6, 14195 Berlin, Germany

Dr. A. Fedorov

Department of Mechanical and Process Engineering
ETH Zurich

Leonhardstrasse 21, 8092 Zurich, Switzerland

Prof. R. Schlsgl

Department Heterogeneous Reactions

Max Planck Institute for Chemical Energy Conversion
45470 Miilheim an der Ruhr, Germany

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202101772&domain=pdf&date_stamp=2021-06-12

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

powerful method for the investigation of gas—solid interactions,
delivering valuable insights about adsorbent-induced surface
structuring, 2! particle shape reconstruction,?>?¥l and phase
changes.[?>?°] The recent development of nanoreactors with
silicon-based  micro-electromechanical  systems (MEMS)
technology has further enabled in situ TEM studies of catalysts
at pressures up to =1 bar and temperatures up to 1000 °C.[%28]
This bridges the pressure gap for many relevant reactions and
enables a transformative shift from imaging of quasiequi-
librium states to observation of nonequilibrium dynamics.
Through the combination of real-time imaging with on-line
mass spectrometry (MS) it is then possible to relate reaction
induced dynamics to variations in gas-phase composition and
catalytic activity. Thus, structure—property correlations can be
investigated while a catalyst is in its working state.[??!

Industrial redox catalysis typically relies on transition metals,
in particular copper, which is used as an active component in
catalysts for CO, reduction,>?-3! ethylene epoxidation,*°!
methanol oxidation,?>%} and the water gas shift reaction.?*3]
However, an atomistic description of the state of copper under
redox conditions in these catalysts is still unavailable, although
integral spectroscopic data obtained under low-pressure condi-
tions indicate that more than one phase is often present in the
active catalyst.[13:32:30]

Building on earlier electron microscopy investigations on
oxidation and reduction of copper,’’* we present a detailed
study of the working state of several redox catalysts and redox
reactions in the following sections. First, we focus on a high-
resolution study of Cu during the hydrogen oxidation reaction
(HOR) revealing fundamentals of catalyst dynamics under reac-
tive conditions. Yielding only water as a product, the complexity
related to possible electron-beam-induced processes, especially
at high magnification and relatively high electron beam dose
rates, is reduced considerably when studying HOR. Therefore,
this reaction offers the opportunity to gain detailed atomistic
insights into the interaction between the catalyst and the gas
phase. Our study assessed systematically the effects of tempera-
ture and gas-phase conditions, and revealed how the chemical
potential of the gas phase defines the phase, size, and shape
of catalyst particles, driving the system into a nonequilibrium
dynamic state during catalysis. Due to the simultaneous detec-
tion of catalytic conversion, we are able to relate directly the
observed dynamics and surface structures to catalytic activity.
Density functional theory (DFT) calculations were performed
to rationalize further the observed phase transitions and coex-
istence of phases, which are driven by chemical dynamics that
occur under conditions far from the thermodynamic equi-
librium. The described phase transformations are the basis
for oscillatory behavior, which has been observed in several
Cu-catalyzed reactions and emerges when transformations are
spatially coupled.’®4 Finally, we extend these observations
to other redox reactions and metal catalysts by demonstrating
that copper and palladium show similar redox dynamics in the
active state during methanol oxidation and methane oxidation
reactions, respectively. Thus, the structural dynamics, revealed
fully in the in situ movies accompanying this paper, is a funda-
mental feature of redox catalysis with major general implica-
tions for mechanistic and structural studies of heterogeneous
catalysts.
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2. Results and Discussion
2.1. Hydrogen Oxidation Reaction on Copper

Copper nanoparticles of 50-200 nm (Figure S1, Supporting
Information) were loaded in the in situ gas-flow reactor
(DENSsolutions Climate system; Figure S2, Supporting Infor-
mation). At the beginning of each in situ experiment, the Cu
particles were reduced in hydrogen (see Figures S3 and S4 in
the Supporting Information for details).

2.1.1. Structural Changes of Cu® in a Redox Atmosphere

Starting with fully reduced Cu particles, we first studied the
response of Cu when the conditions change from reducing to
redox. This was done by slowly adding oxygen to a gas flow
of 20% H, and 80% He until a set ratio of 2% O,, 20% H,,
and 78% He was reached (O, = 5.7 mbar, "H, = 57 mbar).
Throughout the process, the temperature of the sample was
held constant, depending on the experiment, either at 400 or
500 °C. Images were recorded at low magnification in order to
prevent electron-beam-induced artifacts (see the Experimental
Section in the Supporting Information for details regarding pre-
vention of electron beam artifacts). As can be seen in Figure 1
and in Movies S1 and S2 (Supporting Information), the addi-
tion of oxygen induces fragmentation of the reduced Cu parti-
cles. The process, which shows similarities to metal dusting,*!
starts at the surface and progressively propagates into the bulk.
Note that the structural disintegration leads to particles of
a certain size regime, which implies that Cu particles do not
infinitely fragment into ever smaller particles (vide infra). Note
that a similar structural transformation was observed in con-
trol experiments in an environmental scanning electron micro-
scope (ESEM). The exposure of a polycrystalline Cu foil to the
10:1 H,/0O, gas feed ratio (O, + "H, = 0.2 mbar) at 400 °C leads
to the progressive fragmentation of the foil surface, resulting in
small particles with rich structural dynamics (Movie S3, Sup-
porting Information). Although the experiments in the ESEM
were performed at 0.2 mbar and thus, 4 orders of magnitude
lower than total pressure, it is apparent that the bulk Cu foil
shows a very similar behavior as the Cu nanoparticles.

In situ TEM images of Cu nanoparticles recorded at inter-
mediate magnification reveal that the resulting smaller
particles show rich structural dynamics, which are associated
with reconstruction and random motion, as well as particle
sintering and splitting (Figure 2A-L; Movie S4, Supporting
Information). For the identification of the involved phases, we
performed in situ selected-area electron diffraction (SAED),
which provides integral information at minimal beam expo-
sure. It showed dynamically appearing and disappearing dif-
fraction spots, and confirmed the presence of metallic copper
and Cu,0 as the sole oxide phase (see Figure 2M; Figure S5
and Movie S5, Supporting Information). This, together with
the structural dynamics and the occurrence of features with
light contrast, reflects the constant competition between oxide
growth and reduction. The structural dynamics are thus a con-
sequence of chemical dynamics, characterized by phase coex-
istence and constant interconversion between Cu® and Cu,O.

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Fragmentation of Cu® particles in a redox atmosphere. A-H) In situ observation of structural changes during the addition of O, (2%) to a

flow of H, (20%) in He at 400 °C.

This is also confirmed by in situ high-resolution imaging
(Figure 2N), which was performed after verification that the
chosen imaging conditions do not interfere with the observed
dynamics (for more information, see the Experimental Section
in the Supporting Information). Real-time imaging shows that
the structural dynamics lead to the establishment of a certain
size regime (Figure S6, Supporting Information) that is deter-
mined by a balance between particle sintering and splitting.
At the lower end of the size distribution, particle sintering is
more prominent, whereas larger particles are more likely to
split. The latter seems to happen exclusively at the elongated
tail-like outgrowth during the reduction, when the reduction
process is too fast for an ordered retraction of the copper to the
main particle (Movie S6, Supporting Information). This results
in a fragmentation of the tail-like outgrowth and formation of
one or more smaller metallic nanoparticles. Interestingly, parti-
cles are not fully converted to Cu,O during the oxidizing phase
of the oscillatory redox dynamics. Even at the turning point
between oxidation and reduction, there is always a metallic frac-
tion remaining, suggesting that the metal and/or metal-oxide
interfaces play an important role in the activation of reactants.
Overall, the resulting size regime and phase composition
depend on the chemical potential of the gas phase, as will be
shown in the following.

2.1.2. Effect of the Chemical Potential

Effect of Temperature: To study the effect of temperature
(300-750 °C) on the observed redox dynamics, we first
decreased the temperature from 500 to 300 °C ("H, = 57 mbar,
PO, = 5.7 mbar). During the temperature decrease, we observed
the growth of oxide dendrites, which reflects the increasing
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oxidation potential. At the same time, owing to the slower
kinetics of the redox reaction at lower temperatures, a reduc-
tion of the structural dynamics was observed (Movie S7, Sup-
porting Information). Note that the changes observed during
cooling suggest that ex situ, postcatalytic characterization of
catalyst can give misleading results concerning the working
state of a catalyst. During heating from 300 to 750 °C, the
system passes through a regime of increased dynamics (550 °C)
that are characterized by translational motion and restructuring
due to oxide growth and reduction until it finally reaches a state
that is less dynamic and dominated by metallic copper at 750 °C
(Figure 3A-D; Movie S8, Supporting Information). With
increasing relative fraction of the metallic phase, particle
sintering gradually overtakes particle splitting. As a conse-
quence, the average particle size grows. Lattice fringe imaging
confirms the high portion of Cu,O at low temperature and
the predominance of metallic copper at high temperature (see
Figure 3E,F and Figure S7 in the Supporting Information,
respectively). Phase analysis by integral SAED reveals the rela-
tion between phase composition and temperature. As shown in
Figure 3G,H, the relative fraction of the oxide phase decreases
with increasing temperature. However, there is a clear local
maximum in the oxide content at around 550 °C, which coin-
cides with the regime of highest structural dynamics and, as
will be shown later, with high catalytic activity. Thus, although
the trend in the oxide content reflects the decreasing chemical
potential of oxygen with increasing temperature,**? we observe
an interesting exception of this general trend at the tempera-
ture around 550 °C (for the chosen H,/O, ratio of 10:1).

Effect of the Gas-Phase Composition: To study the influence
of the gas-phase composition on the structural dynamics, we
gradually decreased the H,/O, ratio from 10/1 ("H, = 57 mbar,
PO, = 5.7 mbar) to 5/1 ("H, = 31.7 mbar, YO, = 6.3 mbar) at

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Redox dynamics and structural analysis of Cu. A-L) In situ TEM observations of catalyst reshaping (A-D), sintering (E-H), and splitting (I-L)
at a H,/O, ratio of 10/1 (PH, = 57 mbar, PO, = 5.7 mbar) and at 500 °C (A-D)/550 °C (E-L) (electron dose rate: 1.5-6.5 x 10 ¢ nm~2 s7"). M) Integrated
SAED pattern and corresponding radial intensity profile. N) In situ high-resolution TEM (HRTEM) image of a nanoparticle containing a metallic head
coherently interfacing with an oxide tail (electron dose rate: 1.4 X 10° e nm=2 s7).

500 °C. The relative increase of the oxygen partial pressure
leads to a transformation of initially spherical nanoparticles
into elongated particles with a head—tail structure (Figure 3I-L;
Movie S9, Supporting Information). At the same time, the
average particle size declines due to an increased rate of particle
splitting, until a new size regime and dynamic equilibrium is
established. The resulting elongated particles show a higher
fraction of Cu,O (Figures S8 and S9, Supporting Information)
and rich structural dynamics which are described in more
details in Figures S10-S12 and Movies S10-S12 (Supporting
Information).

We then investigated the effect of temperature under the 5:1
ratio in order to confirm that an increase of the oxygen partial
pressure shifts the regime of structural dynamics to higher
temperature (Figure S13 and Movie S13, Supporting Informa-
tion). Indeed, the static state of metallic copper nanoparticles
was observed at =850 °C for a 5:1 ratio (compared to 750 °C at a
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10:1 H,/O, ratio). Consequently, the radial profiles of integrated
SAED patterns display a similar trend for the Cu,O (111)/Cu
(111) peak ratios as found in the case of the 10:1 ratio, but with
a shift of the local maximum in the Cu,O fraction to higher
temperature (Figure S14, Supporting Information).

Real-time observations under varying gas-phase composition
and temperature show a clear effect of the gas-phase chemical
potential on the average particle size. Since sintering generally
occurs between metallic parts of colliding particles (Figures S11
and S12, and Movies S11 and S12, Supporting Information), we
observe more sintering and, hence, larger particles at higher
hydrogen concentration (at a given temperature). On the other
hand, since particle splitting occurs at the oxide outgrowth,
particle fragmentation and reduction of the average particle
size are observed at increased oxygen chemical potential
(compare Figure 31 with Figure 3L). We reiterate these observa-
tions because sintering in catalysis is typically considered the

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Chemical potential versus structural dynamics of Cu. A-D) In situ TEM observation of dynamics at 300-750 °C and a H,/O, ratio of 10/1 (elec-
tron dose rate: 4 x 103 e nm™2 s7). E,F) Reconstructed HRTEM images taken at 300 and 750 °C (electron dose rates: 8.7 X 10* and 2.6 X 10° e nm=2 57,
respectively). G) Normalized radial profiles extracted from the integrated SAED patterns and H) radial intensity profile and the abstracted intensity
ratio of Cu,O (111)/Cu (117) as a function of temperature. I-L) In situ observation of copper dynamics during decreasing H,/O, ratio from 10/1 to 5/1

at 500 °C (electron dose rate: 2.5 x 10> ¢ nm=2 7).

characteristic of thermally induced processes.** Our in situ
observations show clearly that redox dynamics make particles
mobile and thereby increase substantially the rate of sintering
as compared to thermal sintering; yet the sintering under redox
conditions is balanced by particle splitting.

2.1.3. Relation between Structural Dynamics and Catalytic Processes

The key asset of in situ/operando tools in catalysis research
is their ability to reveal the correlation between gas-phase and
temperature-induced dynamic processes, and their relation
to catalytic function and activity. Having described how the
gas-phase chemical potential alters the initial copper particles,
we now turn to analysis of the MS data that were recorded
simultaneously with the observations of the structural dynamics
by connecting the outline flow of the in situ TEM holder to a
quadrupole MS. The collected MS data presented in Figure 4A

Adv. Mater. 2021, 2101772 2101772 (5 of 11)

clearly show the formation of water and simultaneous con-
sumption of oxygen, confirming the catalytic activity of copper.
Note that a control experiment using an empty nanoreactor at
otherwise identical conditions shows no O, consumption or H,0
production over the entire range of experimental temperatures
(Figure 4A). This result demonstrates the inertness of the
reaction cell and associates the oxygen consumption and
production of water with the Cu-based catalytic reaction. Impor-
tantly, the detection of water and the consumption of oxygen
start only above 400 °C, which coincide with the onset of the
redox dynamics. The notable increase in water production and
oxygen consumption is observed between 500 and 600 °C.
This temperature range coincides with the regime of intense
structural dynamics discussed earlier (Figure 3H; Figure S15,
Supporting Information). While it is clear that the MEMS-
based reaction cell of the in situ TEM holder, which contains
only minute amounts of catalyst, is not optimal for quantita-
tive kinetic studies, in the following we correlate observed

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Relation between structural dynamics of Cu and catalytic activity. A) In situ MS data collected from loaded and empty reaction cell at varied
temperatures. B-D) Sequential HRTEM images of particle reshaping/restructuring at 550 °C and a H,/O, ratio of 10/1. E,F) Enlarged HRTEM images
of the areas indicated by dashed rectangles in (B) and (D). G) HRTEM image, and H) enlarged HRTEM image of the area indicated by the dotted

rectangle in (G). (Electron dose rate: 1.3-4 x 10° e nm~2 s7).

structural features and dynamics to possible mechanisms of
water formation.

One pathway for the hydrogen oxidation reaction is the
reduction of bulk Cu,0 by H,. It occurs through adsorption
and dissociation of hydrogen on the oxide surface, followed
by the reaction with the lattice oxygen to form hydroxyls.[383
At this reaction temperature, dehydroxylation takes place,
forming water molecules that desorb from the surface. There-
fore, as long as the oscillatory redox phase transitions are
ongoing, water will be continuously formed via bulk oxide
reduction.***] The relevance of this process is indicated by
the coincidence of the high increase of water formation with
the regime of maximal structural dynamics. This reaction

Adv. Mater. 2021, 2101772 2101772 (6 of 11)

regime furthermore coincides with the local maxima in the
Cu,O content, which was assessed from the Cu,O (111)/Cu
(111) peak ratios in the integral SAED pattern (Figure 3G,H).
From these data, we eventually see an effect of the substantial
amount of water that is forming. Water can partially
decompose on the surface of Cu’ and contribute, with its
2:1 ratio of H, and O,, to changing locally the set 10:1 ratio
of H, and O, in the gas feed. Product decomposition thus
may promote oxide formation. However, since water forma-
tion is also observed at higher temperatures, i.e., beyond the
structural dynamics regime and stability of Cu,O, another
HOR mechanism(s) must be in play at these temperatures
(vide infra).

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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The high-resolution images recorded in the redox regime
provide atomic details of dynamic reconstructing of a Cu par-
ticle at a 10:1 ratio of H, and O, (Figure 4B-D; Movie S14,
Supporting Information). The interconversion between Cu’
and Cu,0 involves diffusion of copper and oxygen atoms and
dynamic reshaping of particles. An oxide monolayer is observed
on the surface of the metallic portion of the particles, as indi-
cated by the extended lattice spacing (Figure 4E,F). Due to the
relatively fast structural dynamics, capturing this thin layer is
challenging. It is only visible when seen edge on (that is, when
the oxide layer is parallel to the beam direction) and difficult to
detect because of the weak contrast and the blurring, which is
due to the diffuse electron scattering by the SiN, windows of
the MEMS chips and the gas phase. In this reaction regime,
constant refaceting and reshaping are accompanied by the
growth and reduction of bulk oxide structures (tail or islands)
at different locations on the surface of the Cu particles. Oxygen
atoms of this layer can either be harvested by hydrogen, toward
direct H,O formation, or serve as an oxygen reservoir or nuclea-
tion site for the Cu,0O growth. Thus, direct H,0 formation from
the oxygen monolayer is a competing route for HOR, along
with the bulk oxidation and Cu,O reduction pathway to water
formation. Constant reconstruction and reconfiguration reflect
the competition between the two pathways. The surface
oxide layer is observed even at 750 °C at a H,/O, ratio of 10/1
(Figures S15 and S16, Supporting Information). Under these con-
ditions, the bulk oxide growth no longer occurs (see Movie S15
in the Supporting Information) and therefore, the detected
activity in this temperature regime is related to the surface
oxide layer. The assessment by TEM of the atomistic processes
involved in this layer during catalysis is hampered due to fast
movement of individual atoms as well as the limited time
resolution and constraints related to the applicable beam dose
rate. However, structural features of the monolayer oxide can
be imaged on various facets (Figure 4G,H). Based on earlier
literature reports and acquired electron energy loss spectro-
scopy (EELS) data (Figure S17, Supporting Information), we
assign this monolayer oxide to a Cu,O-like surface struc-
turel¥’#% rather than to an oxygen-chemisorbed layer.’->1 Yet
the in-plane spacing deduced from the images indicates a com-
pressed state in the Cu,O-like surface structure as compared
to regular Cu,O. This is expected for an oxide lattice that is
larger than the metal lattice on which it is based.’”] Contrary
to earlier studies based on in situ X-ray techniques,23352 we
did not find any evidence for subsurface oxygen besides this
surface layer. Noteworthy, a similar surface oxide layer, referred
to as O,, was proposed for silver under conditions of methanol
oxidation, and is thought to be relevant for formaldehyde
formation.ll! Similar to the case of copper, the surface oxygen
O, species on silver are highly stable.l>’)

2.1.4. Computational Modeling

In order to elucidate the possible catalytic mechanism that
involves the above-described surface oxide layer, we performed
computational modeling based on DFT calculations (for details,
see the “Computational Methods” in the Supporting Informa-
tion). Cu,O and five surface structures on the Cu (111) surface
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were identified when the catalyst is under constrained equi-
librium with the gas phase, that is, when water is not formed
through the direct gas-phase reaction of H, and O, (see the
computed phase diagram in Figure S18 in the Supporting Infor-
mation). At high oxygen chemical potentials, Cu,O is thermo-
dynamically stable. As the oxygen chemical potential decreases,
the bulk oxide is no longer stable while a series of oxide-like
Cu (111) surfaces become stable. The considered phases have
a p (4 x 4) periodicity.*l The most oxidized of these, denoted
by p4-O.4s, can be visualized as hexagonal rings composed of
O—Cu—O0 motifs with oxygen adsorbed in the fcc hollow sites
(O,4s) inside the hexagonal rings (Figure S18, Supporting Infor-
mation). As the oxygen chemical potential is reduced, the O,y
is destabilized, leaving the bare p4 structure, which can further
loose oxygen from its surface, at even lower oxygen chemical
potentials, until the clean Cu (111) surface becomes stable.
However, at the oxygen chemical potentials used in this work,
only Cu,0 is predicted to be thermodynamically stable, in
agreement with literature data.>l

The thermodynamic stability of Cu,O appears to contradict
our experimental observation of formation of metallic copper.
However, this apparent discrepancy is likely a consequence of
chemical dynamics controlling the catalyst’s surface during
the catalytic reaction, in preference to thermodynamics. A
simple microkinetic model, taking into account the competi-
tion between catalyst oxidation and reduction, can rationalize
this experiment result (see Figures S19-S23 and discussions in
the Supporting Information) and generate a dynamic stability
diagram (Figure 5A). This stability diagram predicts a trans-
formation of Cu,O into the p4-O,4 phase at =550 °C and at a
H,/O, ratio of 10/1 into the p4 structure at 750 °C, in reason-
able agreement with the experiment. Moreover, the dynamic
stability diagram gives a qualitatively different picture than the
thermodynamic phase diagram, underlining the importance of
considering chemical dynamics during the catalytic operation.

The different surface terminations shown in Figure 5A
are also expected to exhibit different catalytic pathways. For
the p4-O,4, surface, our DFT calculations show that hydrogen
is oxidized on the oxide-like overlayer through a Langmuir—
Hinshelwood (LH)-like mechanism (Figure 5B, right). In this
case, additional O accumulates on the oxide-like layer as the
system is near the Cu/Cu,O dynamic transition (Figure 5C,D).
This O,4 is effective in activating adsorbed H, to produce
OH,q4s and H,q,, which can readily combine to produce water
(Figure S19, Supporting Information). The catalytic cycle is
closed by replacement of O,y lost for water formation by dis-
sociated O, (Figure S20, Supporting Information). As such, the
process competes with the growth of bulk Cu,0. Conversely, at
higher temperature, beyond the dynamic stability limit of bulk
Cu,0, the system does not accommodate the O,4, species active
in the LH-like mechanism. In this case, water can be produced
through a Mars—van Krevelen (MvK)-like mechanism, involving
lattice O in the oxide-like layer (Figure 5B, left). While this
oxide layer is ineffective in direct H, activation (Figure S22,
Supporting Information), we note that metallic Cu is present at
the particle edges (Figure SE,F). This metallic surface can acti-
vate H, and supply H,4, to the edges of the oxide-like overlayer
via spill over. Water can thus be produced through an MvK-like
mechanism at the interface between facets covered by O,y and

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Theoretical calculations. A) Computed p versus T phase diagram for the Cu (111) surface under Hj ;,; and O, g, at 62.7 mbar total pressure
computed with E, .., (see the Supporting Information for details). B) Reaction pathways of hydrogen oxidation on p4 covered Cu (111) surface following
the MvK-like mechanism (left) and LH-like mechanism (right) at different temperature regimes. C,D) In situ HRTEM images of a copper nanoparticle
recorded at 550 °C (electron dose rate: 3.6 x 10° e nm~2 s7). E,F) High-resolution annular bright-field scanning TEM (ABF-STEM) and annular dark-field

scanning TEM (ADF-STEM) images recorded at 750 °C (PH, = 57 mbar, PO, = 5.7 mbar).

uncovered (i.e., metallic) facets (Figure S23, Supporting Infor-
mation). In situ observations at 750 °C reveal a fluctuating lat-
eral movement of atoms in the overlayer, indicating ongoing
redox processes at the edge of the particle (Movie S16, Sup-
porting Information).

It should be noted that while the simulated dynamic stability
diagram is drawn with sharp boundaries between the phases,
these structures are controlled by surface dynamics with var-
ying coverages of oxygen and hydrogen reacting through the
LH- and MvK-like mechanisms. The variable coverages will
tend to broaden the dynamic transitions relative to sharp ther-
modynamic phase boundaries.l>” This behavior can be observed
in the phase coexistence seen experimentally, where both oxide
and metal exist under a much wider range of redox conditions
than expected for a system under pure thermodynamic control.

2.2. Fundamental Relevance of Redox Dynamics

Having demonstrated particle dynamics for hydrogen oxida-
tion on copper and in an earlier work also for the case of bulk
copper foils,* we set about to assess the generality of the
phenomena described above. First, we investigated the state
of copper under conditions of methanol oxidation, i.e., for a
catalytic reaction that is relevant to industrial synthesis of for-
maldehyde. Figure 6 shows in situ TEM images of Cu nano-
particles recorded at 600 and 500 °C (Figure 6A-C and 6E-G),
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respectively (pyeon = 7O, = 13.1 mbar). The dynamic behavior
observed is due to the oscillatory phase transition between
Cu® and Cu,0 that involves reshaping, sintering, and splitting
of particles (Movie S17, Supporting Information), similar to
what was observed in the case of hydrogen oxidation. As dis-
cussed above, these oscillations are due to chemical dynamics.
A shift to a more oxidized state with decreasing temperature
was observed and verified by in situ SAED (Figure 6D,H). The
redox dynamics are most pronounced at around 500 °C under
the chosen 1:1 ratio of MeOH and O,. A subtle increase in for-
maldehyde formation with increasing structural dynamics can
be discerned in collected MS data (Figure S24, Supporting
Information). Phase coexistence in the active regime agrees
with earlier studies in which, however, the associated structural
dynamics could not be observed directly.

Next, we investigated methane oxidation on Pd, i.e., a transi-
tion metal that is harder to oxidize than Cu (see Figure 7). As in
the case of copper, structural dynamics evolve when Pd is driven
toward the Pd/PdO phase boundary. As expected for a more noble
metal, this requires a higher partial pressure of oxygen. In an
~2:1 ratio of CH, and O, ("CH, = 50.5 mbar and ?O, = 22.4 mbar),
the catalyst remains relatively static at 350 °C and shows coex-
istence of Pd and PdO as evidenced by the in situ SAED. The
system evolves to a highly dynamic state at 550 °C (Movie S18,
Supporting Information). The MS data recorded simultaneously
with TEM observation reveal a pronounced formation of CO, and
consumption of CH, and O, under these conditions (Figure 7I).

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. Structural dynamics of Cu in methanol oxidation reaction. A-H) TEM images and SAED patterns of Cu recorded in situ during methanol
oxidation at 600 °C (A-D) and at 500 °C (E-H), respectively (electron dose rate = 103 to 10* e nm=2 s7'; pyjeon = 13.1 mar and PO, = 13.1 mar). The white

dots appearing in (A-C) and (E-G) are due to camera artifacts.

Overall, we have observed oscillatory redox dynamics on
the level of individual particles (Cu or Pd) and revealed details
of the interplay between coexisting phases. Our results cor-
roborate earlier studies based on integral spectroscopic
techniques.[332333¢] [n the absence of coupling between the
redox dynamics of individual particles, either through tempera-
ture (i.e., thermokinetic oscillations) or through the gas phase,
integral spectroscopic datal®3*3¢ or MS data (this work) do
not show signs of an oscillatory behavior. There are, however,
many reactions in which collective redox oscillation has been
detected.?*°%->% The emergence of a dynamic behavior even far
from a thermodynamic phase boundary, as a result of the inter-
play between reducing and oxidizing components in the gas
phase, is thus a general phenomenon that can occur in metal-
catalyzed redox reactions.

3. Conclusion

Using copper as a catalyst and hydrogen oxidation as the most
elementary redox reaction, our operando TEM study demon-
strates that even a relatively simple reaction can give rise to
very complex dynamics. Real-time imaging coupled with on-
line mass spectrometry revealed the relation between struc-
tural dynamics and associated catalytic activity. The observed
dynamics are a consequence of the complementary chemical
driving forces of simultaneously presented reducing and
oxidizing species. Depending on the chemical potential, different
regimes and dominating catalytic mechanisms have been iden-
tified. The working state results from the adjustment of the
catalyst to the operating conditions. Catalytic function emerges
as a consequence of the ongoing competition between reducing
and oxidizing potentials with respect to the phase stability of
metallic and oxidized portions of the catalyst. While oxidized
(i.e., Cu,0) catalyst shows low activity, structural dynamics
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are observed at intermediate temperatures (450-650 °C), in a
regime where bulk copper oxide and metallic copper coexist
and constantly interconvert owing to the competition between
reducing and oxidizing reactants. Oscillatory redox cycling
between Cu and Cu,O coincides with a substantial increase in
water formation, indicating oxide reduction as the dominant
mechanism for water formation in this regime. The associ-
ated structural dynamics involve particle reshaping, sintering,
and splitting, and are of importance with regard to our under-
standing of catalyst sintering. At higher temperatures, struc-
tural dynamics cease, except for surface reconstructions and
redox processes involving only a monolayer oxide. Supported
by DFT calculations, two regimes with dominating LH, and,
at even higher temperature, MvK-like mechanisms have been
identified. The latter emerges as the monolayer oxide becomes
the sole remaining oxygen source for HOR. Finally, the findings
obtained for copper in hydrogen oxidation have been extended
to other redox reactions such as industrially relevant methanol
oxidation on Cu or methane oxidation on Pd.

Overall, our study clearly demonstrates that the state of the
working catalyst and, thus, the dominant catalytic mechanism
depend strongly on the applied chemical potential. Descrip-
tion of static catalyst particles that can be designed with a
specific shape and exposed facets is thus oversimplified, at
least in redox reactions. Furthermore, operation of a catalyst
at the “sweet spot” is not necessarily achievable at the desired
stoichiometric ratio for a particular reaction. The observa-
tions also show that all active regimes are characterized by the
coexistence of metal and (surface) oxide, explaining the phase
coexistence that has been described in earlier studies. While the
oscillatory behavior has often been observed in metal-catalyzed
redox reactions, our study shows the associated dynamics at the
single particle level down to the atomic scale. The emerging
picture supports a description of an active catalyst in its sur-
rounding as a driven (redox) oscillator. This view provides a

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

I f=——CO, 350 °C 550 °C
g ; 1 ; 1 ; 1 . . l . I .
Pan)
= N\
‘.Q_J‘ o
£ . I ' l : I . : l A l .
O2
i l i l ; l J " l y l g
240 250 260 270 280 290 300 310
Time / min

Figure 7. Structural dynamics related to catalytic activity in methane oxidation on Pd. A-H) In situ TEM images and SAED patterns of
Pd recorded during methane oxidation (PCH4 = 50.5 mbar and PO, = 22.4 mbar) at 350 °C (A-D) and 550 °C (E-H), respectively (electron dose rate:
1.2-4 x 10 e nm™2 s7"). 1) MS data recorded during in situ TEM observation of Pd in methane oxidation.

convenient mechanism for the constant generation and recovery
of transient active sites in a system that can appear even far
from a thermodynamic phase boundary.
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