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Active catalysts are typically metastable, and their surface state depends on
the gas-phase chemical potential and reaction kinetics. To gain relevant
insights into structure-performance relationships, it is essential to investigate
catalysts under their operational conditions. Here, we use operando TEM
combining real-time observations with online mass spectrometry (MS) to
study a Cu catalyst during ethylene oxidation. We identify three distinct
regimes characterized by varying structures and states that show different
selectivities with temperature, and elucidate the reaction pathways with the
aid of theoretical calculations. Our findings reveal that quasi-static Cu,O at low
temperatures is selective towards ethylene oxide (EO) and acetaldehyde (AcH)
via an oxometallacycle (OMC) pathway. In the dynamic Cu®/Cu,0 oscillation

regime at medium temperatures, partially reduced and strained oxides
decrease the activation energies associated with partial oxidation. At high
temperatures, the catalyst is predominantly Cu®, partially covered by a
monolayer Cu,0. While Cu® is extremely efficient in dehydrogenation and
eventual combustion, the monolayer oxide favors direct EO formation. These
results challenge conclusions drawn from ultra-high vacuum studies that
suggested metallic copper would be a selective epoxidation catalyst and
highlight the need for operando study under realistic conditions.

Electron microscopy has played a significant role in advancing our
understanding of catalysis'*. It guides the optimization of synthesis
protocols, delivers information about structure-performance rela-
tions, particle-support interactions and reaction-induced modifica-
tions that eventually lead to catalyst deactivation®*. Modern analytical
electron microscopes can reveal structural details at sub-Angstrom
resolution and deliver information about the composition and che-
mical state of atomic arrangements>‘. However, due to the strongly
interacting nature of electrons, conventional electron microscopes
require a good vacuum along the optical path of the beam to delivers
detailed information about a thermodynamic equilibrium state. This

state is, however, likely not an accurate representative of the active
phase. In view of the quest to uncover the nature of active structures/
sites, imaging must be done during operation.

Since the early attempts of Ernst Ruska in 19427, the instru-
mentation for in situ transmission electron microscopy (TEM) has
undergone significant development and improvement®™, In situ TEM
now allows for the study of gas-solid interactions, providing atomic-
scale insights into adsorbate-induced structural and chemical
changes”?. For example, the pioneering work of Hansen et al. on
copper nanoparticles has revealed the shape change of zinc oxide-
supported copper nanoparticles in response to changes in the
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surrounding atmospheres (H,, H,/H,0, and H,/CO) at low pressures®.
More recently, the use of sealed MEMS chips enabled in situ TEM
at elevated pressure in combination with on-line mass spectrometry
and thus, simultaneous imaging and detection of catalytic conversion,
and thus, the realization of operando experiments that provide
unparalleled insights into the structure-performance relationships
under working conditions”*?**. Our recent in situ TEM study on
titania-supported platinum particles has revealed that the often-
described encapsulated state of this prototype strong metal-support
interaction (SMSI) system® is lost when switching from a reducing or
oxidizing atmosphere to a reactive redox atmosphere (O, to H,/O,
mixture)™.

Building on earlier in situ electron microscopic studies on the
redox behavior of Cu under specific gases (H,, CO, or O,) and model
catalytic reactions™"****? this work is focused on investigating the
state evolution and dynamics of Cu in more complex partial oxi-
dation reactions, i.e., the ethylene (partial) oxidation by operando
TEM. The choice of this catalytic system is motivated by the fact that
Cu can be added to Ag-based catalysts to improve the selectivity in
ethylene epoxidation™. Moreover, Cu oxides alone have been shown
to be active in ethylene epoxidation, while metallic Cu has been
found to have a high selectivity in higher olefin epoxidation® . For
example, UHV studies of styrene partial oxidation show the Cu(111)
surface is 100 % selective to the epoxide®. The remarkable selec-
tivity of metallic Cu has been explained by its strong oxygen
bonding and relatively weak carbon bonding, favoring the path to
epoxide formation through an oxametallacycle (OMC)
intermediate®®. Nonetheless, due to its high oxygen affinity, Cu is
prone to oxidation under typical epoxidation conditions, resulting
in the formation of bulk oxides. Greiner et al. examined the selec-
tivity of CuO and Cu,O under ethylene epoxidation conditions and
found that both oxide phases exhibited low epoxide selectivity®.
Interestingly, they also found that adjusting the conditions to a low
0, chemical potential could maintain a metastable state close to the
phase transition from Cu,O to CuO, giving rise to a 20-fold increase
in selectivity compared to conditions far from the phase transition.
The enhanced selectivity was attributed to the presence of meta-
stable adsorbed oxygen species on Cu,0 at the onset of the Cu,0 to
CuO phase transition. Such phenomenon has been observed not
only in Cu but also in Pd and other transition metals”"’***°, where
enhanced reactivity is associated with metastable states at phase
boundaries***.

While the CuO-Cu,O phase transition and its influence on
selectivity has been investigated”, the effects of the phase transi-
tion between Cu,0 and Cu, and the coexistence of metal and oxide,
on catalytic performance have not been well studied. This is parti-
cularly important as metallic Cu has demonstrated high selectivity
in catalyzing olefin epoxidation under UHV conditions®. Addition-
ally, the phase transition between Cu,O and Cu can lead to the
generation of adsorbed O, species®, which are thought to play a
crucial role in enhancing selectivity***% In this work, we conduct
operando TEM that combines real-time imaging with online MS
analysis to investigate the structures of a working Cu particle cat-
alyst during an O,-diluted ethylene oxidation reaction. A broad
temperature range (from 200 to 950 °C) is chosen for investigation
in order to fully explore the various possible states/structures of Cu
and their correlations with catalytic reactivity. By adjusting the
chemical potential of O,, we are able to study a regime in which Cu
and Cu,0 coexist within a specific temperature range. Beyond that,
in a high-temperature regime where the bulk metallic phase is
kinetically accessible due to the rapid reduction of the oxide by
ethylene, we observe total oxidation, i.e., the production of CO,
and water. Additionally, in a low-temperature regime where Cu,0
alone is present, the catalyst favors selective products, ie.,
AcH and EO.

Results

Morphological evolution

The initial Cu NPs with sizes in the range of 25 to 200 nm (Fig. S1) were
treated in a Hp/O, mixture at 500 °C using a gas-flow TEM holder
(Fig. S2). As we reported earlier”, it is possible to adjust the average
particle size through leverage between particle splitting, which mostly
affects larger partially oxidized particles during swift reduction pro-
cesses, and sintering of smaller reduced particles in a redox atmo-
sphere. Following this redox treatment that resulted in particles
ranging mainly from 10 nm to 100 nm (Fig. S3), the temperature was
dropped to 200 °C. Subsequently, H, was removed from the gas-flow
and replaced by a constant flow of C,H, to set oxygen-lean C,H4 oxi-
dation conditions (C;H4:0,=40:1).

In situ observation at 200 °C shows that the particles exhibited a
hollow structure (Figure S4), which is induced by the Kirkendall
effect*®** due to surface oxidation and Cu outward diffusion during
cooling after the initial redox treatment in H,/O, mixture at 500 °C. To
study how the shape, size, and dynamic behavior of Cu particles
depends on temperature under conditions of C,H, oxidation, we
conducted in situ observation across a broad temperature range from
200 to 900 °C (Fig. 1). We found that at a temperature range between
200°C and 300°C, the hollow structure remains stable with only
minimal changes observed (Fig. 1a; and a,). However, once the tem-
perature is raised to 400 °C and 500 °C, the hollow structures collapse
(Fig. 1a; and a4), which is indicative for partial reduction of the Cu
particles and thus, activation of C,H,. Holding the temperature at
500°C for a few minutes does not result in any further significant
changes in the overall shape of NPs (Fig. S5). Once the temperature is
increased to 600 °C, some of the larger Cu particles start to show
dynamic behavior (Fig. 1b, Supplementary Movie S1), including particle
reshaping and migration on the silicon nitride support (i.e., the win-
dow of the MEMS chip). Substantial increase in particle dynamics due
to particle fragmentation and morphological transformation into a
head-tail structure is observed when the temperature is increased
further from 600 °C to 700 °C. At 700 °C, the particles start to behave
highly dynamic, with particle splitting, sintering, migration, and
reshaping (Fig. 1c, Supplementary Movie S2). The observed redox
dynamics are reminiscent of the earlier reported behavior of Cu under
hydrogen oxidation reaction*. Further increasing the temperature to
800°C results in sintering and simultaneously, a morphological
change from elongated to spherical shapes (Fig. 1d, Supplementary
Movie S3). While dynamic behavior persists at 800 °C, it is less pro-
nounced compared to that at 700 °C. Additionally, it is noted that as
the temperature increases, the roughness of the SiN membrane sup-
port also increases. This rise in surface roughness is correlated with the
increased instability of the support at higher temperatures and the
formation of carbonaceous materials resulting from the decomposi-
tion of C,H,. Particularly in the latter case, some smaller particles get
trapped within the framework of the carbonaceous materials, thereby
restricting their mobility (Supplementary Movie S4). Moreover, some
of these particles may be contaminated by carbon species, resulting in
deactivation. When the temperature is finally increased to 900 and
950 °C (Fig. 1e and f, Supplementary Movies S5 and S6), the particle
dynamics are strongly inhibited, with most particles remaining static
or undergoing only stationary surface reconstruction. Additionally, the
sizes of particles increase due to sintering (Fig. 1c-f).

Phase analysis by in situ electron diffraction

To gain insights into the structure and phase composition of particles
at different temperatures, in situ selected-area electron diffraction
(SAED) was conducted (Fig. 2a-f). The line profiles derived from the
electron diffraction patterns are shown in the right panels of Fig. 2g-I.
Analysis of the diffraction data reveals that in the temperature range of
300 to 500 °C, the particles exhibit a Cu,O phase (Fig. 2a, b and g, h).
The d-spacing of Cu(111) (2.09 A) is very similar to that of Cu,0 (2.13 A),
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Fig. 1| Morphological evolution. (a;-a4, bi-by, ¢;-c4, di-ds, €r-ey, fi-f4) In situ TEM observations at different temperatures (total pressure: 708 mbar; po, =4.27 mbar,

Pcana =170.6 mbar). (as, bs, cs, ds, es, fs) Difference between image 1 and image 4.

causing an overlap of the respective peaks when both phases are
present. This can be observed in the intensity profile at 600 °C, where
the Cu,0(200) peak is slightly shifted to a higher value of 1/nm
(Fig. 2c, i), indicating the presence of a minor portion of Cu(111). This
shift is more obvious in the intensity profile recorded at 700 °C
(Fig. 2d, j). Furthermore, the Cu(200) peak is present, confirming the
coexistence of Cu and Cu,O at 700 °C. In situ observation at 700 °C
shows that the diffraction spots (attributed to Cu and Cu,O phases)
change over time (Supplementary Movie S7), corroborating structural
dynamics and interconversion at the Cu/Cu,O phase boundary. A
similar phase coexistence is observed at 800 °C (Fig. 2e and k, Sup-
plementary Movie S8), although the portion of the Cu,O phase has
decreased significantly compared to that at 700 °C, as evidenced by
the reduced intensity of the Cu,0O(111) peak. At 900 °C (and 950 °C, see
Figure S6), the Cu,0 phase diminishes, leading to the predominance of
the metallic Cu phase (Fig. 2f, I).

Overall, real-time observations unveil that the particle size, shape,
and phase composition are strongly depending on the chemical
potential of the gas phase. Within the temperature range of 600 °C to
800 °C, the particles exhibit dynamic behavior characterized by
oscillatory phase transitions between Cu and Cu,0, whereas below
600 °C and 800 °C, the particles primarily exist respectively as Cu,O

and Cu, a decrease in the level of or even a complete cessation of
structural dynamics are observed.

Structure-performance relationships

Following the identification of three distinct states of the Cu catalyst at
different temperature ranges, we performed further operando TEM,
which combined in situ high-resolution observations with on-line MS
to explore atomic-level structures and the correlations between
structures and catalytic reactivity (Fig. 3a). At 400 °C, TEM and HRTEM
images show only the Cu,O phase (Fig. 3b, c), consistent with in situ
electron diffraction results. In contrast, at 700 °C, HRTEM images
reveal both Cu® and Cu,0 phases within dynamic particles, where each
particle has a metallic head connected to a Cu,O tail (Fig. 3d, e, Fig-
ure S7, and Supplementary Movie S9). The volumes of the head and tail
change oppositely due to an oscillatory phase transition, with the
metallic portion increasing at the expense of the Cu,0 portion during
the reducing half-cycle, and vice versa during re-oxidation - however,
neither reduction nor oxidation complete. The different lattice con-
stant between Cu® and Cu,O results in interfacial strain. Structural
analysis reveals that the lattice d-spacing of Cu,O(111) is constrained by
1.3% at the Cu/Cu,0 interface compared to the region away from the
interface (Fig. 3e, f). Moreover, due to the constant oscillatory phase
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Fig. 2 | Phase analysis based on in situ SAED. a-f In situ recorded SAED patterns and (g-1) azimuthal average (100 frames, 10 s) and time-integrated 2D diffraction
patterns of Cu particles recorded at different temperatures in the gas mixture of C,H4, O, and He (total pressure: 708 mbar; po, = 4.27 mbar, pcons =170.6 mbar).

transitions between Cu® and Cu,0, partially reduced Cu,O (with oxy-
gen vacancies), may transiently exist. This hypothesis is further
strengthened by the detection of partially reduced PdO via in situ XPS
during oscillatory phase transitions between Pd° and PdO in our pre-
vious study, albeit in a different system”. Finally, at 900 °C, the parti-
cles exhibit a quasi-static state with metallic Cu decorated by a
monolayer of Cu,O (Fig. 3g, h). However, the corners and some specific
facets of particles are not fully covered and reveal Cu metallic surfaces
(Fig. 3h), demonstrating that both Cu® and Cu,O monolayer expose to
the gas atmosphere at 900 °C. A similar thin oxide surface layer, along
with partially exposed metallic Cu, was also observed on Cu particles
during hydrogen oxidation at high temperatures®.

The online MS analysis clearly shows a rise in oxygen consump-
tion and water formation as the temperature is increased from 400 to
950 °C (Fig. 3i). More importantly, it detects the mass signals of 44 and
43 m/z, which are associated with CO,, EO, and AcH. Thus, in situ MS

data ambitiously confirm that the catalyst is active in the partial oxi-
dation of C,H,4. Typically, this reaction can yield selective oxidation
products (EO and AcH), along with the full oxidation product, CO,.
Since these chemicals share the same atomic weight of 44 amu, they
would all contribute to a mass signal of 44 m/z in the mass spectrum if
present. Acetaldehyde and ethylene oxide could additionally generate
a mass signal at 43 m/z, which can be used to verify their presence*.
However, due to their identical mass and fragments, AcH and EO
cannot be differentiated by MS*2.

If we hypothesize that the mass 43 is solely attributed to the EO,
we can estimate the relative generation rate of CO, (after deducting
the contribution of ethylene oxide from the mass 44 signal) with
temperature, and provide qualitative insights into the selectivity
towards partial or full oxidation products (Fig. 3j, Table S1). In short,
our result suggests that in the temperature range between RT and
500 °C, where the catalyst is Cu,0 and no structural dynamics (due to
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Fig. 3 | Structure-performance relationships. (a) Schematic illustration of oper-
ando TEM technique. (b-e, g, h) In situ HRTEM observations and (i, j) online MS
study of Cu catalysts at different temperatures under conditions of the O,-diluted

C,H,4 oxidation reaction (total pressure: 708 mbar; po, =4.27 mbar,
Pcana =170.6 mbar). f Lattice distance profiles for Cu,0 measured at the Cu/Cu,O
interface and in the central region of the Cu,O portion.

an oscillatory phase transition) are present, the selective oxidation
products are dominant (inset of Fig. 3j). In contrast, in the temperature
range of 600 to 800 °C, where the catalyst undergoes oscillatory phase
transitions between Cu and Cu,0, there is a significant increase in CO,
formation rate, indicating a shift towards the dominance of full oxi-
dation (Fig. 3i). As the temperature exceeds 900 °C, metallic Cu (with a
mono-layer of Cu,0) becomes the main phase and the oscillatory

phase transition was suppressed. In such a state, the formation of
selective oxidation products drops, while the one of full oxidation
products further increases. A similar picture is obtained when
assuming that the mass signal of 43 m/z originates solely from acet-
aldehyde (refer to Fig. S8 and Table S2 for more details). It should be
mentioned that EO and AcH are unstable under the applied high-
temperature reaction conditions and would be decomposed* ™,
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Fig. 4 | Investigation of reaction intermediates/products. In situ DRIFTS spectra
were recorded from Cu NPs in pure C,H, and a mixture of C,H4 and O, at elevated
temperatures.

which can lead to a reduction in intensity of 43 m/z. Overall, the
combination of in situ observations with on-line MS reveals three
distinct regimes. They show different selectivity towards partial- and
full oxidation, coinciding with three different states of catalysts.

In situ diffuse reflectance infrared Fourier-transformed
spectroscopy (DRIFTS) study

In situ DRIFTS measurements were carried out to gain a further
understanding of the ethylene oxidation process on Cu particles
(Fig. 4). To overcome the possible low signal due to the dark color of
copper powder, SiO, was added and mixed with the copper powder to
create a grayish brown color. The in situ DRIFTS experiment involved
introducing ethylene into the reaction cell at 200 °C for 45 minutes,
followed by the addition of oxygen at the same temperature for
another 45 minutes. The temperature was then incrementally raised to
500 °C in 50 °C intervals, with each temperature being maintained for
45 minutes. The in situ DRIFTS spectrum obtained at 200 °C under
pure ethylene gas reveals the presence of multiple vibration bands of
gas-phase C;H, at 3150-2900 cm™ (v9, v11, v2 +v12), 1900-1800 cm™
(V7 +v8), 1500-1400 cm™ (v12), and 1006 cm™ (v7)*°, respectively.
Upon the introduction of oxygen at 200 °C, the intensities of these
bands decrease, primarily due to a reduction in partial pressure. With
increasing temperature to 250 °C, two weak bands emerge at 1282 cm™
and 1101 cm™, corresponding to C-O-C stretching vibration and C-O
stretching vibration of EO, respectively”. Moreover, a band at
1080 cm™ appear, which can be assigned to AcH, formed probably
from the EO isomerization®. Simultaneously, the bands originating
from gas-phase C,H, weaken, indicating the occurrence of the epox-
idation reaction at this temperature. It is important to note that no
signals from water or CO, (2330 cm™, 0=C=0 symmetric stretching)**
are detected, indicating that full oxidation was still hindered. Upon
raising the temperature to 300 °C, a weak broad band near 3715 cm™
appears, which can be assigned to O-H stretching vibration®,

suggesting water formation. Additionally, an absorption band at
1580 cm™ attributed to the asymmetric stretching vibration of surface
carboxylates is detected™. With the increase of temperature to 400 °C,
the intensities of bands assigned to C,H, decrease further, and
simultaneously, the bands assigned to AcH and EO intensify. Interest-
ingly to note that CO, signal is observed at this temperature, sug-
gesting the onset of full oxidation. Further increasing the temperature
to 500 °C leads to a slight decrease in intensity of the gas phase C;H,,
due to further increase in conversion. Overall, in situ DRIFTS study
reveals that at lower temperatures partial oxidation favors whereas at
higher temperatures full oxidation gets enhanced, consistent with
operando TEM results.

Theoretical simulations

To gain insight into the kinetics of ethylene (partial) oxidation under
the conditions explored in this work, we performed density functional
theory (DFT) calculations on a series of Cu,0(110) surfaces at varying
degrees of reduction and on metallic Cu(111) with varying degrees of
in-plane strain. The oxide surface was modeled as the pristine oxide,
which is representative of the low-temperature catalyst. We then
explored the role of surface reduction by sequentially removing sub-
surface oxygen to represent the catalyst at higher temperatures. To
capture the behavior present at the highest temperatures, Cu,0(110)
surfaces were modeled with 1-5% compressive strain to capture the
effects of the interfacial strain between Cu,O/Cu observed in TEM. For
both the metal and the oxide we explored the well-known OMC
mechanism®***°, On the metallic surface, we also explored dehy-
drogenation of the OMC, which results in combustion®. On the oxide,
a direct path to EO was also considered™.

At low temperatures where the oxide is observed in TEM, we find
that both EO and AcH can be produced through the OMC mechanism
on the defect-free surface (Fig. 5), with activation energy (E,) of 0.6 eV
(state 4 in the figure) for OMC formation compared to 1.9 eV for direct
EO formation (state 2 in the figure). Once the OMC forms (state 5in the
figure), decomposition into AcH has a lower £, (1.0 eV) via state 8 in the
figure than into EO (1.5 eV) via state 6 in the figure. This result suggests
the pristine oxide will produce a significant fraction of AcH, which will
contribute to the m/z =43 signal** as AcH is not immediately burned on
Cu,0. At higher temperatures, the oxide begins to be reduced through
the consumption of oxygen on the active surface, which strongly
impacts the reaction kinetics in complex ways.

As the Cu,0 surface is reduced, the activation energy for direct EO
formation drops from 1.9 eV to 1.0 eV. This is shown by way of states 2’
and 2” in Fig. 5. State 2’ shows the activation energy for direct EO
formation from on the Cu,O surface with 1/8 ML adsorbed oxygen.
State 2” shows the activation energy for direct EO formation from on
the Cu,O surface with 1/8 ML adsorbed oxygen but no subsurface
oxygen. In comparison to the direct EO pathway, the apparent acti-
vation energy for both AcH and EO increases on the reduced surface.
From Fig. 5, the apparent activation energy for AcH (EO) formation on
the pristine oxide can be seen to be 1.4 eV (1.9 eV). While not shown,
the apparent activation energy for AcH (EO) formation on the Cu,0
surface with 1/8 ML adsorbed oxygen is 1.8eV (1.5eV), and on the
surface without subsurface oxygen the apparent activation energies
are 1.6eV (1.8eV), respectively. The metal/oxide interface shows
similar, albeit slightly higher, barriers for partial oxidation (Fig. S9).
These results suggest that the oxide surface can remain active in the
production of partial oxidation products even as it becomes non-
stochiometric and with the appearance of metal/oxide interfaces.
Notably, the activity of direct EO formation increases with (sub)surface
reduction, potentially making the non-stochiometric/partially reduced
oxide more selective in EO production than the pristine oxide or the
metal/oxide interface.

The increase in activity of the Cu,O surface with reduction will
result in the autocatalytic formation of metallic copper through a
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Fig. 5 | Computed ethylene (partial) oxidation pathways. State 1 corresponds to
adsorbed ethylene. State 2 is the direct transition state to EO on the pristine surface.
State 2’ is the direct transition state to EO on the surface with 1/8 ML surface
oxygen. State 2” is the direct transition state to EO on the surface 1/8 ML surface
oxygen but no subsurface oxygen. States 3, 3’, and 3” are the corresponding EO

products. State 4 is the transition state to an OMC (only shown for the pristine
surface). State 5 is the OMC. State 6 is the transition state from the OMC to EO; state
7is the product EO. State 8 is the transition state from the OMC to AcH; state 9 is the
product AcH.

purely kinetic process; note the oxide is thermodynamically stable
under all oxygen chemical potentials used in this work®. Above
700 °C, SAED shows metallic Cu forms through such an autocatalytic
process (Fig. 2d, j). Under these conditions the coexistence of metallic
and oxide phases results in interfacial strain in the oxide at the oxide/
metal interface. This strain slightly perturbs the computed activation
energies to EO and AcH from the OMC on the oxide (see Fig. S10); the
former drops to 1.2eV and the latter stays constant at 1.0 eV at 5%
compressive strain. While the activation energy for OMC formation
remains unchanged, the alterations in £, are predicted to make the
strained oxide at the metal/oxide interface more selective towards EO
than the unstrained Cu,O surface; the strained surface is also predicted
to be more active than the unstrained oxide.

At higher temperatures, TEM shows metallic copper will even-
tually predominate. Moreover, TEM reveals the presence of a surface
oxide on the metallic catalyst surface. The pathway for ethylene partial
oxidation on such a surface oxide, modeled as a single layer of
Cu,0(110) on metallic Cu, is shown in Fig. 6. As before, the OMC
pathway is favored; direct EO formation (Fig. S11) is activated by 1.2 eV
as compared to the competing OMC formation that is activated by
0.7 eV. Inspection of the figure shows that once the OMC forms, it
selectively decomposes into EO by crossing a barrier of 0.9 eV com-
pared to 1.2 eV for AcH formation and 1.9 eV for 2-oxoethyl formation
(Fig. S12). Unlike the bulk oxide, this would make the single oxide layer
selective in EO formation through the OMC pathway, though gas phase
reactions will still cause EO decomposition at these high temperatures.
We also considered the metallic surface (Fig. S13), which is character-
ized by similar £;,’s as on the oxide surface. OMC formation has an £, of
0.6 eV, which can decompose into EO (AcH) with an £, of 1.1eV (1.3 eV)
or undergo rapid dehydrogenation with an E, of 0.6 eV. Unlike the
reaction on the oxide surface, the formation of the OMC on the metal is
strongly exothermic, leading to an apparent activation energy for
ethylene (partial) oxidation of 0.6 eV via dehydrogenation. As noted

above, the dehydrogenation pathway is expected to result in total
oxidation products”, thus high CO, production rates are predicted on
the metallic phase observed to form at high temperatures.

DFT then shows that at low 7 Cu,O is active in AcH/EO production.
As the temperature increases and the oxide becomes increasingly
reduced, the AcH:EO ratio is predicted to drop as the activation energy
associated with the direct formation of EO drops. This increased
activity of Cu,O at higher temperatures will eventually lead to the
autocatalytic reduction of Cu,O to metallic Cu, despite the fact that
Cu,0 is the thermodynamically favored phase under the oxygen che-
mical potentials used in this work®. The lower activation energies
associated with ethylene oxidation on the metallic surface can then
lead to runaway reduction and eventually phase oscillations where
kinetics drives the catalyst to a reduced state and thermodynamics
drives it back to Cu,0. At high enough temperatures, the runaway
reduction dominates and metallic copper is the principal phase. While
gas phase chemistry cannot be ignored at these high temperatures*’ ™,
the transformation to metallic copper is predicted to result in high
total oxidation activity due to OMC dehydrogenation, in line with the
experimental observations.

Discussion
Redox active metal catalysts typically undergo oxidation and/or
reduction under reaction conditions”****¢°, These redox processes
enable metal catalysts to actively participate in catalytic cycles and
play a crucial role in catalytic performance. Capturing and under-
standing the redox dynamics and structural evolution of metal cata-
lysts during catalytic reactions are essential for elucidating structure-
performance relationships and the underlying reaction mechanisms.
In this study, we carried out operando TEM to investigate the
structure-performance relationships of a working Cu catalyst during
ethylene partial and total oxidation at varied temperatures. Despite
being the subject of intensive research for two decades, spatially
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Fig. 6 | Computed ethylene (partial) oxidation pathways on a single layer of Cu,0 on Cu metal. State 1 shows adsorbed ethylene. State 3 is the OMC formed via state 2
with £,=0.7 eV. State 5 is EO formed via state 4 with £,=0.9 eV, and state 7 is AcH formed via state 6 with £,=1.2eV.

resolved information regarding the catalyst state and dynamic struc-
tural changes of Cu catalysts, to the best of our knowledge, has
remained unexplored. Inspired by previous UHV studies demonstrat-
ing the high selectivity of metallic copper surfaces in catalyzing styrene
epoxidation®, we conducted the experiments under an O,-diluted
condition to allow the formation of metallic Cu. However, the in situ
results indicate that even at a high C,H, to O, ratio of 40 to 1, the
metallic phase is not detected between 200 °C and 500 °C, consistent
with the findings by Greiner et al.*’. Therefore, under industrial con-
ditions with much higher O, chemical potential, the metallic surface/
phase is likely absent.

In situ HRTEM and SAED analyses evidence that the catalyst has a
Cu,0 phase in the temperature range of 200-500 °C. A morphological
transition from hollow to solid NPs is observed with increasing tem-
perature within this temperature range, indicating partial reduction of
Cu,0, likely due to enhanced activation of C,H4. Both online MS and
in situ DRIFTS results demonstrate that the catalyst is active for partial
oxidation of ethylene in this temperature window. DFT calculations
suggest that both pristine Cu,0 and partially reduced Cu,O are active
in the selective oxidation of ethylene, with pristine Cu,O favoring the
OMC pathway for AcH/EO production, and reduced Cu,O (oxygen
vacancies in Cu,0) favoring direct EO formation (Fig. 5 and Figure S10).

Rasing the temperature further to a range of 600-800 °C leads to
anotable structural transformation from the relatively stable Cu,O NPs
to a highly dynamic state characterized by phase coexistence and
oscillatory phase transitions between metallic Cu and Cu,0. These
oscillations resemble observations from our previous study on Cu
during hydrogen oxidation (H,:0,=10:1, 400-600 °C). The phase
transitions observed during ethylene (partial) oxidation, particularly
the Cu,O to Cu transition, suggest that lattice O participates in the
catalytic process of the ethylene (partial) oxidation. The lattice O is
replenished later via metal oxidation, where gaseous O, is converted
into lattice O through dissociative adsorption. Such a redox cycle
allows for the regeneration of active sites/phases that are crucial for

the production of the selective products during the reaction"*, In

addition, phase oscillations lead to the formation of strained Cu,0O at
the metal/oxide interface and non-stochiometric/partially reduced
oxide, which are predicted to be more active and conductive for direct
EO formation by our calculations. Phase oscillations also lead to the
emergence of metallic Cu, which is shown to be favorable for CO,
production, as shown in Fig. 6 and discussed in more detail in the next
paragraph. Online MS data collected concurrently with in situ obser-
vations shows a substantial increase in signals for both selective pro-
ducts and full oxidation products (during increasing temperature from
600 to 800 °C), with the full oxidation products being dominant in this
temperature regime. This finding indicates that the dynamic state of
the catalyst (phase coexistence and oscillations) overall favors for the
formation of full oxidation products.

When the catalyst is operated at 900 and 950 °C, the preference
for full oxidation products is further amplified, leading to a decrease in
the selectivity of partial oxidation products. At such high tempera-
tures, the catalyst becomes less dynamic than it is at 600-800 °C. The
resulting surface is characterized by a quasi-static state composed of
Cu metal partially covered by a monolayer of Cu,O, with the metal
phase being predominant. The structure is again similar to that
observed on Cu during hydrogen oxidation (H,:0,=10:1,
700-750°C)", highlighting the existence of common structural fea-
tures for Cu catalysts under redox reactions. The low epoxide selec-
tivity under these conditions is at odds with previous UHV work on
styrene epoxidation® and highlights the need to work under operando
conditions and consideration of the chemical potential of the reactive
environment. Our DFT simulations attribute the increased total oxi-
dation to the high activity of the metal phase in promoting total oxi-
dation via OMC dehydrogenation. The reduced partial oxidation
activity can be linked to the diminished presence of the Cu,O phase at
higher temperatures. Although the single oxide layer is predicted to be
active in EO formation through the OMC pathway, the oxidative
decomposition of selective products via direct gas phase reaction at
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high temperatures cannot be ruled out, which could lead to the con-
sumption of these products and the generation of more CO,"*.

Finally, we have proposed the rationale for the presence of phase
coexistence and oscillatory phase transitions during the applied
ethylene oxidation conditions based on DFT calculations. While Cu,0O
is the thermodynamically stable phase, reaction kinetics drive the
autocatalytic reduction of Cu,0 to Cu metal. Thermodynamics, how-
ever, pushes the metal back to Cu,0 via activating O,, resulting in
phase coexistence and oscillatory phase transitions. Indeed, a similar
phenomenon has been reported in different catalytic systems, such as
hydrogen oxidation on Cu and Ni"****, as well as methane oxidation on
Pd"*, highlighting that the dynamic interplay between reaction
kinetics and thermodynamics may play a common mechanism for the
phase coexistence and oscillations in redox-active metals during redox
reactions.

In summary, this study provides valuable insights into the
structure-performance relationships of a Cu catalyst in an O,-diluted
ethylene partial oxidation reaction through a combined study of
operando TEM, in situ DRIFTS, and DFT calculations. In particular, the
dynamic visualization of the evolving active structures and their cor-
respondingly varying catalytic functions with temperature under-
scores the importance of operando TEM in unveiling the dynamic
nature and catalytically relevant structures and processes of catalysts,
which are inaccessible through ex situ and post mortem characteriza-
tions. The findings of this study may also contribute to enhance our
understanding of how phase coexistence and oscillations influence
catalytic performance of redox-active metal catalysts in redox
reactions.

Methods

Operando TEM

The Cu particles used in this work were purchased from Sigma Aldrich
and were used as received. These Cu particles were dispersed in
chloroform and then drop-casted onto a MEMS-based heating chip.
Subsequently, the loaded chip was treated by O, plasma to remove
organic residues and was followed by assembly into DENSsolutions
gas-flow holder. The O, plasma was performed again on the assembled
holder to remove the remaining organic residues. Afterward, the gas-
flow holder was inserted into the chamber of an aberration-corrected
GrandARM 300 F with the inlet tube connected to the DENSsolutions
gas feeding system and the outlet connected to a quadrupole mass
spectrometer (JEOL JMS-Q1500GC). After evacuating and flushing the
gas-feeding system by He for 2 times, we added 20%H, and 2%0,
(balanced with He) into the nanoreactor and increased the tempera-
ture to 500 °C (flow rate: 0.14 ml/min, pressure: 285 mbar) to refine the
particle size via particle fragmentation. In the following, we decreased
the temperature to 200 °C, removed H, and replaced it with C,H, to
settle the C,H, oxidation condition (flow rate: 0.35ml/min, total
pressure: 708 mbar; po,=4.27 mbar, pcys=170.6 mbar). The tem-
perature was increased stepwise to 900 °C with 100 intervals and
finally to 950 °C. At each temperature, the morphology and structure
of the Cu NPs were characterized by means of TEM, HRTEM, and ED
using a Gatan OneView IS camera. On-line MS was recorded while real-
time imaging under reaction conditions to monitor the changes in the
gas phase.

In situ DRIFTS

In situ DRIFTS experiment was carried out on a Thermo Fisher Nicolet
iS50 Fourier Transform Infrared Spectrometer equipped with a Harrick
diffuse reflectance cell. After loading of a copper sample (mixed with
inert SiO,, to alter its color for enhanced signal), Ar gas (30 ml/min) was
then passed through the reactor for 1 hour to eliminate adsorbed water
molecules on the catalyst surface. Subsequently, the temperature was
raised from room temperature to 200 °C. A background signal was
recorded for later subtraction from the collected spectra. Following

the removal of Ar, 10%C,H, in Ar (30 ml/min) was introduced into the
reactor for 45 minutes, with in situ DRIFTS spectra being recorded
every 15 minutes under the applied condition. 0.25%0,/Ar (10 ml/min)
was then introduced into the ethylene flow (20 ml/min) at 200 °C, and
IR spectra were captured every 15 minutes over a 45-minute period.
The temperature was gradually increased in steps to 500 °C, with
intervals of 50 °C, and in situ DRIFTS spectra were recorded at each
temperature.

Image analysis

Image) software was utilized for image difference analysis, as illu-
strated in Fig. 1, with procedures detailed in our previous study".
Furthermore, ImageJ was utilized to create Movies from TEM images
recorded during in situ TEM experiments. Radial profiles of SAED
patterns were derived using the Image) plugin “Radial Profile Angle”.

DFT calculations

DFT simulations were performed at the PBE level®. with the Quantum
ESPRESSO package®. using pseudopotentials from the PSLibrary®>. A
plane wave basis with a kinetic energy cutoff of 35 Ry (350 Ry) was used
to expand the electronic wavefunctions (charge density). Metallic
surfaces were modeled as four-layer (4 x 4) (111) terminated surfaces
using a (3 x 3 x 1) k-point mesh employed along with Marzari-
Vanderbilt smearing using a smearing parameter of 0.02 Ry**. Oxide
surfaces were modeled as four-layer (4 x 2) (110) terminated surfaces
using a (3 x 3 x 1) k-point mesh employed along with Marzari-
Vanderbilt smearing using a smearing parameter of 0.02 Ry. In all cases
slabs were separated from their periodic images by ca. 15 A of vacuum.
Partially reduced structures were obtained by reducing the surface
oxygen coverage to 1/8 ML; the effect of removing subsurface oxygen
was also studied by removing the first, and then the second subsurface
oxygen layer while maintaining 1/8 ML adsorbed oxygen. Transition
states were located using the climbing image nudged elastic band
method®, where minimum energy paths were discretized into 8 ima-
ges with a single transition state. The forces were relaxed until the
force on the climbing image dropped below 0.05 eV/A.

Data availability

The data that support the findings of this study are included in the
published article and its Supplementary Information files. These data
are also available from the corresponding authors upon request.
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