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ABSTRACT: We investigated Cu nanoparticles (NPs) on vicinal UHV Air, RT H,, 500K CO,, 500K

and basal ZnO supports to obtain an atomistic picture of the
catalyst’s structure under in situ oxidizing and reducing conditions.
The Cu/ZnO model catalysts were investigated at elevated gas
pressures by high energy grazing incidence X-ray diffraction and
ambient pressure X-ray photoelectron spectroscopy (AP-XPS). We
find that the Cu nanoparticles are fully oxidized to Cu,O under
atmospheric conditions at room temperature. As the nanoparticles
swell during oxidation, they maintain their epitaxy on basal ZnO
(000 + 1) surfaces, whereas on the vicinal ZnO (1014) surface, the
nanoparticles undergo a coherent tilt. We find that the oxidation
process is fully reversible under H, flow at 500 K, resulting in
predominantly well-aligned nanoparticles on the basal surfaces, whereas the orientation of Cu NPs on vicinal ZnO was only partially
restored. The analysis of the substrate crystal truncation rods evidences the stability of basal ZnO surfaces under all gas conditions.
No Cu—Zn bulk alloy formation is observed. Under CO, flow, no diffraction signal from the nanoparticles is detected, pointing to
their completely disordered state. The AP-XPS results are in line with the formation of CuQ. Scanning electron microscopy images
show that massive mass transport has set in, leading to the formation of larger agglomerates.

KEYWORDS: Cu/ZnO, methanol, model catalyst, vicinal, active sites, in situ, ambient pressure

H INTRODUCTION acts as a reducing agent to the catalyst. The CO content in the
mixture withdraws the water that is generated as a byproduct,
thus inhibiting the back-reaction from methanol to CO, and
H,, while also acting as a reducing agent to the catalyst. CO,
acts as both oxidizing and reducing agent, as the conversion to
methanol requires CO, to dissociate into CO and O species.

Cu/ZnO-based catalysts are utilized for CO, hydrogenation to
methanol,' methanol steam reforming,z’3 and the low-temper-
ature water-gas shift reaction’ and are researched for their
application in methanol dehydrogenation to formaldehyde®
and methyl formate.® The research of this specific and similar
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Figure 1. Effect of the ZnO substrate on the Cu particle morphology for equal UHV preparation conditions via thermal Cu evaporation. (a, d, g)

STM images obtained at V,,

=1.5-2.0 Vand I; = 0.1-0.5 nA.> (b, e, h) Schemes of prevalent Cu NPs on the respective ZnO surface. Note that

for (h) only a particle with ABCA stacking is shown. (c, f, i) Cross sections of the ZnO surfaces.

catalytic performance of these nanosized crystals.”*’ The
catalyst’s structural changes together with sintering and
agglomeration effects during oxidation—reduction processes
thus became a focal point in the controversy of the nature and
cycle stability of the active reaction sites.

Commercial Cu/ZnO-based powder catalysts feature a
mixture of NP facets and facet interactions. In 2013, Zheng
et al.>* showed the formation of vicinal ZnO(1014) facets from
a ZnO(0001) single crystal surface. Despite its stepped nature,
these facets were found to be very stable under UHV
conditions. Their presence and the resulting consequences
for the application of Cu/ZnO-based catalysts were overseen
in the decade-long debate concerning the catalyst’s active sites.

In our earlier study,” we investigated the morphology of Cu
NPs grown on basal ZnO(0001), ZnO(0001), and vicinal
ZnO(1014) single crystals under UHV conditions. In brief, (i)
Cu NPs on ZnO(0001) show a bimodal growth with flat
hexagonal islands (H = 3.9 nm, D = 27.1 nm) and smaller
tetrahedral NPs (H = 7.1 nm, D = 14.5 nm,) which both are
(111) oriented; (ii) Cu NPs on ZnO(0001) are round (H =
2.4 nm, D = 9.0 nm) and also show a (111) orientation; (iii)
Cu NPs on ZnO(1014) are elongated parallel to the surface
steps (about H = S nm, D = 10 nm, L = 50 nm) and show a
25.6° tilt to align the Cu(111) planes parallel to the (0001)
planes of the ZnO(1014) substrate. This results in the
formation of Cu NPs with an 85:15 ratio of ABCA and
ACBA stacking of (111) layers and a morphology that presents
large facets of densely spaced Cu surface steps (Figure 1).
These facets thus expose low-coordinated Cu sites that are
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suspected to be beneficial for the catalytic performance during
methanol synthesis,"* which is seen as one explanation for the
decrease in activity for methanol synthesis for NP sizes below 8
nm.* It is of great importance to investigate the behavior of
densely stepped Cu NPs at the relevant temperatures and
pressures under reducing and oxidizing atmospheres to garner
insight into the stability of these low coordinated sites.
Generally, Cu NPs show lower kinetic barriers for oxidation
in comparison to bulk Cu as the oxidation rate depends on
Pozl/" with n > 4 for Cu bulk’” and n ~ 1.5 for Cu NPs.*® At

room temperature, Cu NPs oxidize in a two-stage process, first
linear and then with a direct-logarithmic rate law. The
oxidation process is thus self-limited to an oxide layer of 2
nm thickness.”® In contrast, single-29 or polycrystalline30 Cu
shows an inverse-logarithmic oxidation rate. The onset of the
formation of the monoclinic CuO phase under ambient
temperature and air pressure is expected to occur after weeks
or even months of native oxidation.>"**

In this study, we investigate the oxidation and reduction
behavior of Cu NPs on Zn-terminated ZnO(0001), O-
terminated ZnO(0001), and vicinal ZnO(1014) (termed Zn-
bZnO, O-bZnO, and vZnO in the following). This comparison
provides direct insight into the differences in the oxidation and
reduction mechanisms dependent on the NPs facets, which are
directly influenced by the ZnO substrate’s termination.”*>***
We employ a multitude of methods, such as in situ ambient
pressure high energy grazing incidence X-ray diffraction (HE-
GIXRD), X-ray reflectometry (XRR), UHV and ambient
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Figure 2. H—L maps of the NPs on Zn-bZnO. (a) After native oxidation. (b) After increasing the temperature to 500 K. (c) After reduction. (d)
After oxidation. (e) After rereduction. Gas feeds: 1 bar, 100 mL/min, (4:1) ratio of mixtures if applicable. Symbols represent Bragg peaks while
their orientation emphasizes the stacking order (ABCA or ACBA): ZnO (white stars), Cu,O NPs (green squares), and Cu NPs (orange squares)
with (1) (111), (2) (11T)*B¢A, (3) (002)2“®4, and (4) (220)*BC~. Red triangles indicate Bragg peaks of Cu NPs with varied orientation (see text)
with (8) (111), (6) (111) or (111), and (7) (200) or (020). The intensity peaks on a line along g, arise from substrate crystal truncation rods. The
H—L maps of the O-bZnO are shown in Figure S3, and extracted data are tabulated in Table S2 for both samples. Unspecified ring-like features are

due to the polycrystalline Be dome of the experimental chamber.

pressure X-ray photoelectron spectroscopy (XPS), scanning
tunneling microscopy (STM), and scanning electron micros-
copy (SEM). The experiments were performed to follow a
cycle of native oxidation, reduction, interaction with CO,, and
subsequent rereduction, which is discussed for Cu/bZnO
samples in the first part and for Cu/vZnO in the second part of
this article.

B METHODS

The sample preparation was performed at the DESY Nanolab®® at the
Centre for X-ray and Nano Science, for which an ultrahigh vacuum
(UHV) system with a base pressure better than 3 X 107! mbar was
utilized. The ZnO samples were cleaned by cycles of Ar sputtering at
p(Ar) = § X 107 mbar with U, = 500 V and subsequent annealing at
920 + 50 K until LEED measurements showed sharp substrate
diffraction reflexes.”> Copper was evaporated from a molybdenum
crucible onto the sample with a growth rate of 0.1 A /min while the
sample was at 570 = 30 K, resulting in a formal Cu layer thickness of
about 2 nm. These preparation conditions are identical with our
previous work,>” in which we investigated the growth and morphology
of the Cu NPs on ZnO (0001), (0001), and (1014) surfaces (see
Figure 1).

After native oxidation for 3—5 days at ambient air pressure and
room temperature, the samples were mounted onto the heater of a
computer-controlled flow cell using boron nitride paste. The
temperature was calibrated under flow conditions, which has an
experimental error of +30 K. The experiments were performed at 420
and 500 K, i.e., just below and at temperatures utilized for methanol
synthesis." A beryllium dome acted as an X-ray window. The flow
rate, pressure, and composition (Ar, H,, and CO,; each 99.999%
purity) of the gas within the cell was regulated by mass flow and back-
pressure controllers. The HE-GIXRD and XRR measurements were
performed at DESY, PETRA III beamline P07 in Hamburg,
Germany,36 utilizing a beam energy of 73.4 keV. The diffraction
experiments were performed with a PerkinElmer XRD 1621 flat-panel
detector, whereas an FMB Oxford Ltd. CyberStar Nal detector was
utilized for the XRR investigations. The 2D diffraction images were
transformed from detector coordinates into reciprocal space and were
evaluated with the GIDVis software.”” For clarity, Bragg peaks are
always indexed in bulk coordinates while the conversion into surface
coordinates is shown in Table S1, with peak positions and error bars
listed in Tables S2—S4. The ZnO substrate crystal truncation rods
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(CTRs) were extracted from the data sets using home-written scripts
in Wavemetrics Igor Pro,*® to which a model is fitted utilizing the
ANAROD** package. The model allows surface relaxation in the
out-of-plane direction and assumes a Poisson distribution for the
interface roughness. The typical error in variance of +0.05 translates
to an error bar of +£0.02—0.03 layers (Figures S1 and $2).*! The XRR
data model was fitted with Fewlay,*>*> adjusting the layer thickness,
electron density, roughness, and absorption.

The HE-GIXRD and XRR experiments are supported by XPS and
SEM investigations of similarly prepared Cu/ZnO samples. XPS data
under UHV conditions were obtained at the Paul Scherrer Institute in
Switzerland at the PEARL beamline of the Swiss Light Source at
normal emission of electrons with an X-ray energy of hv = 1070 ev,*
whereas XPS data at 200 mbar (H,, CO,) were obtained at DESY,
PETRA III beamline P22 in Hamburg, Germany,45 utilizing the
POLARIS endstation*® with an X-ray incidence angle of 0.3° at hv =
4600 eV and an effective probe depth of 1.8 nm into the sample. The
SEM images were obtained at the DESY Nanolab®® using an field
emitter instrument to reveal the morphological changes after the
oxidation—reduction processes.

B RESULTS AND DISCUSSION

Cu/Zn-BZnO and Cu/O-BZnO Systems. HE-GIXRD
measurements were performed for Cu/Zn-bZnO and Cu/O-
bZnO after storage in air for 4 or 5 days respectively, to
investigate the crystal structure of the particles after native
oxidation. First, the samples were studied during heating to
420 K at 1 bar Ar in order to desorb water and other volatile
contaminants from the surface. The HE-GIXRD results
displayed in Figures 2 and S3 reveal that the Cu NPs on Zn-
bZnO and O-bZnO were fully oxidized to Cu,O during the
storage period. They maintained their crystallographic
orientation with respect to the underlying substrate as initiated
upon the growth of the metallic Cu particles under UHV
conditions.””*” The (111) planes were aligned parallel to the
basal ZnO surfaces, and Cu,O NPs with both ABCA and
ACBA stacking are observed. As both crystalline structures
were of face-centered cubic symmetry with bulk lattice
constants of 3.615 A for Cu™ and 4.267 A for Cu,0," the
integration of oxygen into the metallic Cu NPs caused the
lattice to “swell” without distortion from cubic symmetry. This

https://doi.org/10.1021/acsanm.3c01306
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Figure 3. Electron density profiles of the NP covered (a) Zn-bZnO and (b) O-bZnO surfaces at 1 bar under the respective gas atmosphere and
temperature. The profiles were calculated according to the XRR data and fits in Figure S4a,b for which structural parameters are summarized in

Tables S5 and S6.

effect was reported in the literature of other systems, e.sg., the
p(7 X 7) structure of Ag,0(111) formation on Ag(111). ® The
Cu,O NPs have an average diameter of D = 6.9 + 0.4 nm and a
height of H = 3.3 #+ 0.1 nm for Cu,0/Zn-bZnO as well as D =
44 + 02 nm and H = 29 + 0.1 nm for Cu,0/0O-bZnO
derived from the in-plane and out-of-plane widths Aq,,, of the
respective (002) Bragg peaks (Table S2). The ring-like
elongation around the Bragg peaks in Figure 2 indicates NPs
mosaicities Aw of 5°—9° (Table S4).

The fitting of the ZnO crystal truncation rod”' model,
according to the data measured by HE-GIXRD, reveals a root-
mean-square (RMS) roughness averaged over the illuminated
surface of 0.99 layers for the Zn-bZnO surface and 1.14 layers
for the O-bZnO surface (Figures Sla and S2b), where one
layer is half a ZnO unit cell in height representing the step
height of basal ZnO surfaces.>”

Fitting of the XRR data of the basal ZnO samples (Figure
S4a,b) resulted in the electron density (p,) profiles depicted in
Figure 3ab, in which a bimodal height distribution can be
observed for both samples. The Zn-bZnO sample features
smaller NPs with a height of 1.3 nm and larger NPs whose
heights are more distributed up to 7 nm, similar to the STM
images of Cu/Zn-bZnO after growth in UHV depicted in
Figure la in which large flat NPs with individual heights up to
8 nm are surrounded by small grains of about 1 nm in height.
The Cu,O NPs on O-bZnO show a narrower distribution with
heights of 3.8 and 5.1 nm, similar to Figure 1d. The integrated
p. profile area is a measure of the amount of material on the
surface, which indicates that more than twice the amount of
Cu,O is present on O-bZnO compared to Zn-bZnO. We
suspect that the formation of a few high and voluminous NPs,
for which XRR is not sensitive, is accountable for the observed
difference although experimental errors like an off-center
evaporation geometry during the initial growth cannot
completely be ruled out. The ratio of p,/p>* at H = 0.5 nm
indicates a surface coverage of 63% on Zn-bZnO and 81% on
O-bZnO, which leaves the remaining area on the ZnO
substrate bare for interactions with the gas phase molecules.

Before investigating the influence of reactive gas feeds, the
temperature of the samples was raised from 420 to 500 K at 1
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bar Ar to obtain information on the sole influence of a realistic
temperature needed for methanol synthesis and CO, hydro-
genation reactions on the samples under investigation. The
HE-GIXRD data (Figures 2b and S3b, Table S2) reveal that
the Cu,O NPs on Zn-bZnO become 18% larger in average
height and diameter, whereas an average increase of 56% in
diameter and 16% in height for Cu,O/O-bZnO was observed.
We account NP sintering to be the predominant growth
mechanism at 500 K. Because of the higher surface coverage,
the NPs on O-bZnO are more closely packed on a two-
dimensional plane. This enhances the general probability of
sintering and increases the NPs’ average diameter rather their
height. Further evidence can be drawn from the decrease in
surface coverage from 81% to 74% as observed in the p,
profiles of O-bZnO, whereas it stays constant for Zn-bZnO
(Figure 3).

Contrary to the increase in NP size observed in HE-GIXRD
experiments, the integrated profile area of the electron density
decreases by 15% for Cu,0/Zn-bZnO and 29% for Cu,0/O-
bZnO. We doubt that diffusion of material into the ZnO bulk,
as reported for Cu/Zn-bZnO at 500 K under UHV,>” may lead
to a decrease to this extent. This is supported by the ZnO
crystal truncation rod model (CTRs, Figures S1 and S2) of the
HE-GIXRD data, in which negligible surface relaxation in the
out-of-plane direction with layer displacements below 2% and
slightly changing RMS roughnesses (from 0.99 to 0.97 layers
for Zn-bZnO and from 1.14 to 1.11 layers for O-bZnO) was
obtained, which points toward atomic-scale stability of the
support. We suspect the formation of significantly larger
particles during the sintering process to be the reason for the
observed decrease in the electron density profile area, as those
formations gather large amounts of material but are difficult to
detect by XRR.

In the next step, surface investigations were performed under
reducing conditions of 1 bar Ar/H, (4:1) at a flow rate of 100
mL/min at 500 K. The HE-GIXRD H—L maps in Figures 2¢
and S3c show that the Cu,O was reduced to metallic Cu. The
(111) orientation as well as the epitaxy of the NPs was mostly
maintained during the reduction; however, Debye—Scherrer
rings become visible, which show the loss of the ordered

https://doi.org/10.1021/acsanm.3c01306
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interface relationship of a fraction of the NPs to the ZnO
support. The NPs that remain (111) oriented change in
average size from D = 8.2 + 0.5 nm and H = 3.9 + 0.1 nm to D
=6.1 £ 0.3 nm and H = 3.1 + 0.1 nm for Zn-bZnO and from
D=69+04nmand H=33 +0.1 nmtoD =74+ 0.6 nm
and H = 41 + 0.2 nm for O-bZnO. Thus, the NP size
decreases for Zn-bZnO due to the reduction from the more
voluminous Cu,O unit cell to Cu (AV,, 7.0 = —56.4%
assuming V = 7n(D/2)*H compared to theoretical Vi, =
—40.3%); however, the NP size on O-bZnO increases
(AVo_pzmo = +39.9%), which points toward an enhanced
mass transport of Cu on the reduced surface. We consider the
O-terminated ZnO surface to be more vulnerable toward
reduction by H, in comparison to Zn-bZnO, which is
supported by HCI etching experiments,”* and speculate that
its partial reduction is the underlying reason for the enhanced
sintering of Cu NPs. Further evidence can be drawn from the
CTRs, which show only a slight increase in RMS roughness
from 0.97 to 1.00 layers for Zn-bZnO while it was more
pronounced for O-bZnO, increasing from 1.11 to 1.20 layers.
We conclude that the O-bZnO surface in our experiments
becomes partially reduced under the influence of H, at 500 K,
resulting in the formation of Zn adatoms and O vacancies that
lead to observed mass transport of the supported NPs. Zn
migration from ZnO onto the surface of the Cu NPs is
suspected to be the underlying reason for the strong metal—
support interaction that enhances the performance of the
catalyst, while it is debated if these decorations are present in
the form of metallic Zn,” partially positively charged Zn®*
located at Cu steps/defects,'’ or ZnO of wurtzite'*'® or
graphitic-like®” structure during the catalytic reaction.

In the following, we therefore address the Cu NP lattice
constants after H, reduction as an indicator for CuZn alloy
formation according to Vegard’s law.’® The generation of
CuZn bulk alloy was reported under severe reduction
conditions®” and is regarded as an irreversible and unfavored
state for efficient methanol catalysts.'” The Cu lattice constants
were derived in different crystallographic directions as
deformation and elastic strain can affect the unit cell. Cu
NPs grown under UHV show (111) orientation on basal ZnO
due to the optimization of surface energies as well as due to the
coincidence lattice between the two crystal systems.”>*’ Our
HE-GIXRD experiments reveal that the unit cell of the Cu NPs
is compressed along the out-of-plane [111] direction and
extended in the perpendicular in-plane directions for both
samples. The Cu/Zn-bZnO system shows, with aOC;lP =3.617 =
0.011 A and agu = 3.627 + 0.006 A, a similar strain compared
to the Cu/O-bZnO system, with ag:P = 3.618 + 0.007 A and
aif)u = 3.626 + 0.007 A. In comparison, bulk Cu has a lattice
parameter of 3.615 A® at room temperature and expands to
3.626 A*” at 500 K. The commensurable interface between Cu
(111) and ZnO (0001) planes with Saé:u/\/f ~ 4aozno has,
according to bulk values, a misfit of —1.72% at 500 K37 The
experimentally observed Cu lattice parameter after the
oxidation—reduction cycle is in good agreement with the
literature values with interface misfits of —1.69% for Cu/Zn-
bZnO and —1.72% for Cu/O-bZnO. Despite the distortion of
the unit cell, the observed lattice parameters are equal to or
lower than literature values for bulk Cu. Estimating the effect
of Vegard’s law at 500 K, the formation of a CuZn bulk alloy
with 5 wt % Zn would increase the lattice parameter to about
3.638 A.°" We can therefore exclude bulk alloying, i.e., the
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uptake of Zn from the ZnO lattice, under these reducing
conditions. The applied experimental conditions of 500 K at 1
bar represent an intermediate case in comparison to the
systematic study of Beck et al,,® in which the onset of CuZn
formation was observed between 470 and 570 K at 1 bar or
between 1 and 10 bar at 470 K.

The XRR investigations show that the p, profile area
continued decreasing under reducing conditions, i.e., by 36%
for the NPs on Zn-bZnO and 48% for the NPs on O-bZnO, of
which only 12% can be accounted to the loss of lattice O
during the reduction to metallic Cu. This, together with the
appearance of Debye—Scherrer rings, points toward the
agglomeration of individual NPs into larger formations of
randomly oriented grains. However, additional intensity
maxima located on the circumference of the Debye—Scherrer
rings can be identified for Cu/Zn-bZnO (red triangles in
Figure 2c) while no such signals are discernible in the case of
Cu/O-bZnO. These peaks correspond to features with a
smaller diameter D = 3.6 + 0.4 nm but a greater height H = 4.9
+ 1.3 nm, with a difference in lattice parameter of 0.2%
compared to the (111) oriented Cu NPs (Table S2). Those
features either may originate from internal NP twinning of
(111) planes or are due to the formation of Cu NPs with
altered orientation during mass transport.

Next, we will discuss the interactions of the reduced model
catalysts with CO,, as it is used in synthesis gas feeds during
methanol synthesis and reverse water-gas shift reactions, where
it acts as the carbon source.'*® It effectively acts as an
oxidizing and reducing agent simultaneously, as the reaction to
more complex products requires its dissociation into a CO and
an O species. Under 100 mL/min flow of Ar/CO, (4:1) at 1
bar, the HE-GIXRD investigations (Figure 2d) revealed
surprisingly a complete absence of any Bragg peaks and
Debye—Scherrer rings related to Cu or Cu,O nor to Zn or
CuZn alloy for the Cu/Zn-bZnO sample (no data were
recorded for Cu/O-bZnO). This suggests that the Cu NPs
transitioned into an amorphous state during the CO,
treatment. To explore the chemical state of Cu under CO,
conditions, ambient pressure XPS investigations were
performed on a similarly prepared Cu/O-bZnO sample after
about 1 h of native oxidation at room temperature and ambient
air pressure (Figure 4). Under 200 mbar of H, at 500 K, the
NPs consist of either Cu or Cu,O, which both give rise to
peaks at 933.0 and 952.8 €V in the Cu 2p spectrum (no Cu
LMM Auger peaks were recorded). Under 200 mbar of CO, at
500 K, major contributions of Cu®" species are revealed, which
we interpret as clear evidence for the formation of CuO
(Figure 4); however, the Cu 2p peaks still show shoulders that
originate from minor contributions of Cu or Cu,0. We expect
no differences for the change in oxidation state of the Cu
species under CO, regarding the difference in termination of
the Zn-bZnO or O-bZnO substrate.

During the oxidation by the exposure to CO,, the p, profile
area (Figure 3) increased by 37%, of which 27% can be
accounted to the uptake of oxygen into the NPs. Presumably,
the change in structure from fcc-type Cu to amorphous CuO
redisperses material from larger agglomerates to the surface,
which becomes observable by XRR again. A similar effect was
noted after 9 months of native oxidation for Cu/vZnO where
elongated NPs separate into smaller fragments (Figure 6). The
surface coverage increased from 39% to 62%, which supports
this argument. No indication for the formation of wurtzite or
rock-salt ZnO by oxidation of suspected Zn adatoms was

https://doi.org/10.1021/acsanm.3c01306
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Figure 4. Ambient pressure XPS Cu 2p spectra of Cu/O-bZnO and
Cu/vZnO at 500 K in 200 mbar of H, or CO,, respectively. The
maxima at 933.5 and 953.3 eV relate to Cu 2p;/, and 2p,, of CuO,
whereas the shoulders at 933.0 and 952.8 eV are the respective
features for Cu or Cu,O. Asterisks point out features that are due to
inelastic scattering with the gas phase.”* Spectra were translated
vertically.

found, while graphitic-like ZnO presumably has an insufficient
long-range order to be observable in the diffraction data.” The
RMS roughness of the Zn-bZnO surface, as derived by the
ZnO CTR data (Figure Slc,d), decreased slightly from 1.00
under Ar/H, to 0.92 layers under Ar/CO, conditions, which
shows the stability of the Zn-terminated support under
oxidizing conditions. We propose the following scheme for
the oxidation of the Cu NPs under 1 bar of Ar/CO, at 500 K.
The CO, dissociates into a CO and an O species at the Cu
surface steps.”’ As the gas feed was deficient in H, or other
reducing agents, the O species oxidizes the NPs surface to
CuO. The crystal lattice changes from fcc to monoclinic, which
ruptures the NPs surface allowing the generation of CuO
further inside. The CO species bind to the Cu surfaces after
the rupture and increase the mobility of the surface atoms to
form round smaller round fragments.”>*® Additionally, they
sterically hinder the introduction of short-range order during
oxidation as they are generated in a 1:1 ratio for each Cu—O
pair, leading to an amorphous phase. Partial reoxidation of the
CO species, especially by low-coordinated surface O of the
amorphous CuO phase, can be expected within a steady-state
equilibrium.

Reversibility and degradation during oxidation—reduction
cycles are important issues for the long-term performance of a
catalyst; thus, we re-reduced the CuO/Zn-bZnO sample in Ar/
H, (4:1) at 500 K to identify the structural changes compared
to the previous reduction cycle. The HE-GIXRD maps (Figure
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Ar/H,, 500K
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Qxy [AJJ ! 2
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ZnO(100) ¥
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Figure 5. H-L°™ maps of vZnO(1014) at (a) 420 K in Ar, (b) 500 K in Ar, (c) Ar/H, at 500 K, and (d) Ar/CO, at 500 K with gas feeds of 1
bar, 100 mL/min, and (4:1) mixture ratio, respectively. The images were obtained by transformation from detector coordinates to reciprocal
space’” and summation of frames from an azimuthal rotation of @ = 0.5 + 0.1° plus 3.5 + 0.1° from the NPs (111) peak centered at @ = 0°. Green
squares: (1) (111), (2) (002)*5¢4 (3) (002)*5°4, and (4) theoretical (111)*5* position. Yellow triangles: ($) theoretical (111) position, (6)
(002)A5CA (7) (TTI)ACBA, (8) theoretical (111)*¥¢4 position, and (9) (002)CPA, Cyan circles: (10) theoretical (111) position, (11) {200}, and
(12) {1T1}. Underlying Debye—Scherrer rings of Cu in (c) are visible for all azimuthal angles while the orientation of Cu [111] parallel to [002] of
the vZnO substrate is slightly preferred (red arrow and Figure S6). Unnamed ring-like features are due to the polycrystalline Be dome of the

experimental chamber and Ta contamination from the clips used for mounting the sample during preparation under UHV (Figure S7
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Figure 6. (a) Model of ABCA stacked Cu,O on vZnO with an angle of 10.5° between the Cu,O (111) and ZnO (0001) planes, which corresponds
to the green labeled features in Figure Sab. A model of ACBA stacked Cu,0/vZnO, which was not experimentally observed, is shown in Figure
S8d. Right: SEM images of Cu/vZnO after (b) 3 days and (c) 9 months of native oxidation.
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Figure 7. (a) Electron density profiles of the NP-covered vZnO surface at 1 bar under the respective gas atmosphere and temperature. (b) XPS
measurements of Cu Auger features of Cu/O-bZnO and Cu/vZnO. Respective Cu 2p core levels are displayed in Figure S11.

2e) reveal Debye—Scherrer rings of metallic Cu with an
average domain size of 6.05 nm, which signifies the loss of the
interfacial relationship between Cu and ZnO. The RMS
roughness (Figure S2a) of the ZnO support, as well as its
surface coverage with Cu, restored to the values of the previous
cycle, namely 1.01 layers and 40%, respectively, yet the
integrated electron density decreased by 29% (48% compared
to Ar/CO, conditions; Figure 3). This, again, signifies
agglomeration of the NPs which can be confirmed by SEM
images of all investigated samples after the oxidation—
reduction cycles (Figure SS).

Cu/vZnO System. HE-GIXRD investigations of the Cu
NPs on the vicinal ZnO(1014) sample were performed after 3
days of storage in air to investigate the crystal structure of the
particles after native oxidation. The sample was heated to 420
K at 1 bar Ar in order to desorb water and other volatile
contaminants from the surface, while HE-GIXRD data were
collected. The initially metallic Cu NPs completely oxidized to
Cu,O in parallel to the observations obtained for NPs on basal
ZnO (Figure Sa). They are on average H = 2.3 + 0.1 nm in
height and W = 3.0 to 7.4 nm in width, inferred from the radial
widths of the (111) and (002) Bragg peaks, respectively.”

The Cu,O NPs maintain two key features that have been
previously reported™ for the metallic NPs. First, the presence
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of ABCA stacked NPs can be identified by the Cu,O (002)
and (002) Bragg peaks, whereas no signal can be observed for
ACBA stacking. This originates from the direct interaction of
each (111) plane of the NPs with the substrate before
oxidation, as they are not parallel to the vZnO surface.”> As
this favored stacking is maintained during the native oxidation
of the NPs to Cu,O, we conclude that no significant
interparticular mass transport took place during oxidation in
air. Second, the Cu,0O(111) Bragg peak is located on the high

symmetry H-1{10T4 plane of the vZnO(1014) substrate. For
metallic Cu/vZnO, the Cu(111) Bragg peak is at an angle of
25.6° to the vZnO surface normal, whereas the Cu,O(111)
Bragg peak shows an angle of 35.3°, effectively aligning the
Cu,0(110) plane parallel to the vZnO surface.

This angular change indicates that the NPs “rotate” around
an axis parallel to the ZnO surface rows, i.e., the ZnO (1210)
plane during oxidation, in addition to the swell of the fcc
lattice. Figure 6a shows a real space model of the crystallo-
graphic orientation of Cu,O with ABCA stacking of (111)
planes on the vZnO surface. Similar to the commensurability

relationship of Cu/Zn-bZnO, Cu/ 0-bZn0,"” or Cu/vZnO,*
Cu,O0

a coincidence lattice can be identified, where 34, matches
the step distance of the vicinal ZnO surface with a misfit of
+3.06%. Furthermore, (111) and (I11) become in-plane

https://doi.org/10.1021/acsanm.3c01306
ACS Appl. Nano Mater. 2023, 6, 8004—8016



ACS Applied Nano Materials

www.acsanm.org

peaks with g, = 0, which may point toward another
commensurability relationship parallel to the surface rows.
The commensurable matching provides a plausible energetic
minimum for the observed reorientation of the NPs. We
speculate that the reorientation is enabled during the
nonuniform swelling during the oxidation progresses, rather
than being due to a thermally driven rotation. Fitting of the
XRR data model (Figure S4c) resulted in the p, profiles
depicted in Figure 7a, for which Table S7 summarizes the
structural parameters. In analogy to the basal samples, the
height distribution of Cu,O NPs on vicinal ZnO is bimodal
with 1.44 and 3.54 nm, which is in agreement with the
averaged value of 2.3 nm as obtained from HE-GIXRD. The
surface coverage is with 82% equal to the observed value for
Cu, 0 NPs on O-bZnO.

To gain insight into the long-term progression of the native
oxidation process, its advancement was followed by obtaining
SEM images of an equally prepared Cu/vZnO sample after 3
days and 9 months of native oxidation at ambient pressure and
room temperature. After 3 days (Figure 6b), the shape of the
Cu,O NPs stayed in good agreement with the morphology of
Cu NPs investigated by STM after initial growth under UHV
conditions.”> After 9 months of storage in air—a period for
which CuO formation was reported for bulk Cu’*—the SEM
images (Figure 6¢) reveal lines of round NPs with a diameter
similar to the width of the previously elongated Cu,O NPs. We
presume that the transition from the fcc-type crystal lattice of
Cu,O to the monoclinic lattice structure of CuO leads to the
fragmentation of the elongated NPs into smaller individual
particles.” The transition to CuO supposedly resembles a point
of no return in diminishing the large-sized, densely stepped
facets, which were observed for Cu/vZnO after growth under
UHV conditions.”> However, for the transition from Cu to
Cu,0 no indication of a morphology change that would lead to
a similar conclusion has been observed at 420 K under 1 bar of
Ar.

In the following, we discuss the stability of the Cu,O NPs on
vZnO at 500 K under 1 bar of Ar, which is a realistic
temperature needed for methanol synthesis and CO, hydro-
genation reactions. The HE-GIXRD data in Figure Sb reveal
that the previously described NP orientation, with Cu,0(110)
planes being parallel to the surface substrate, is still observed as
the most prevalent species. Their average size increased by
27% in height to H = 2.9 + 0.2 nm and in width by 30% to
3.9—-9.6 nm (Table S2), similar to the Cu NPs on basal ZnO
during this step. Additionally, two new orientations of Cu,O
NPs can be observed, which are detailed in Section S4 of the
Supporting Informationand will be briefly addressed in the
following. First, features of Cu,O NPs arise that indicate an
alignment of their (111) plane parallel to the ZnO (0001)
planes (yellow triangles S—9 in Figure Sb) for which equal
ABCA and ACBA stacking can be discerned. Second, faint
features (cyan circles 10—12 in Figure Sb) appeared, which
originate either from the twinning of the (111) planes or from
effectively “rotating” the NPs around their [111] axis by +60°.
As ACBA stacked Cu,O NPs of the original orientation type
were not observed, we conclude that the new features arise due
to the formation of new NPs during mass transport rather than
the introduction of twinning defects. A similar mechanism was
observed for the NPs on Zn-bZnO, but notably only after the
reduction step in H,.

The XRR investigations (Figure S4c) result in electron
density profiles (Figure 7a) with summarized fitting parameters
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tabulated in Table S7. The surface coverage at H = 0.5 nm
decreases from 82% at 420 K to 67% at 500 K along with a
decrease of 17% of the integrated electron density. This
seeming loss of material can be explained by agglomeration to
voluminous particles during mass transport, for which XRR is
not sensitive. Smaller NPs have higher mobility on the surface
due to a lower interface area to the support, which leads to a
decrease in the ZnO surface coverage upon sintering/
agglomeration. The surface roughness of the substrate
increased from 2.0 A at 420 K to 8.0 A at 500 K, which
differs from the observation of basal ZnO where consistent (O
termination) or decreasing (Zn termination) values have been
obtained after increasing the temperature. This roughening of
the vicinal surface explains the mobilization of small NPs at an
earlier step in the experimental sequence compared to Zn-
bZnO, as it indicates a detachment within the Cu—ZnO
interface.

In the next step, we discuss the reduction of the Cu,O NPs.
XPS investigations of a similarly prepared and natively oxidized
Cu,O/vZnO sample were performed to obtain chemical
information during the reduction process. After a 2.5 h long
mild reduction at 3 X 1077 mbar of H, and 500 K, the spectra
revealed that the particles remained oxidized to Cu,O with low
contributions of CuO present on the surface (Figures 7b and
S11). In comparison, a Cu,0/O-bZnO sample was success-
fully reduced to mostly metallic Cu after 1 h under the same
reduction conditions. This difference between the samples
points toward higher kinetic barriers for the reduction of the
NPs on vZnO. Bao et al.®® reported that (111) facets of Cu,O
are more easily reduced due to the presence of lower-
coordinated Cu surface atoms in comparison to their (100)
facets. We suspect that the higher kinetic barriers for reduction
are due to a lower fraction of Cu,O(111) facets compared to
the NPs on basal ZnO, although an inhibition by a thin layer of
CuO cannot be excluded.

Continuing the experimental sequence of the HE-GIXRD
investigations, the gas feed of the Cu,0/vZnO system at 500 K
was changed from Ar to Ar/H, (4:1). A pressure of 1 bar with
a flow rate of 100 mL/min was found to be sufficient for the
reduction of the NPs. Figure Sc shows Cu Debye—Scherrer
rings with a (111) intensity maximum at a 23.38° angle from

the substrates’ surface normal in the H—1{1*T% plane. A large
fraction of the NPs lost their interfacial order to the ZnO
support and disoriented during the reduction, while others
aligned their Cu (111) planes parallel to the (0001) planes of
the vZnO in analogue to the initial Cu NPs prepared under
UHV conditions.”> These NPs do not maintain the preference
of ABCA over ACBA stacking order, as Cu Bragg peaks of both
stacking orders are visible near the K—L plane of the vZnO
system with the expected intensity ratios of equally abundant
ACBA and ABCA stacked NPs (Figure S6). We conclude that
the aligned NPs were newly formed during mass transport
under the reduction conditions. Their average size amounts to
8.3 + 0.7 nm, while the randomly oriented Cu NPs show
average sizes between 18.5 and 28.6 nm (Table S2).
Re-examining the data of Cu/vZnO measured at room
temperature under 1 bar of Ar before the oxidation—reduction
cycle™ reveals an experimentally obtained coincidence lattice
misfit of —1.25% between Cu (111) and ZnO (0001) planes.
After native oxidation and reduction, the misfit amounts to
—1.69% as measured at 500 K under 1 bar of Ar/H, (4:1),
which is similar to the values of —1.69% for Cu/Zn-bZnO and
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Figure 8. Scheme of the evolution of Cu NPs on Zn-bZnO, O-bZnO, and vZnO during the oxidation—reduction cycle.

—1.72% for Cu/O-bZnO after the oxidation—reduction cycle.
As the misfit of the Cu—ZnO coincidence lattice accumulates
over several unit cells, an alignment between Cu (111) and
ZnO(0001) planes becomes less favorable, which explains the
observation of the smaller sizes of aligned NPs compared to
the randomly oriented NPs.

The electron density profile in Figure 7a shows a decrease in
ZnO surface coverage from 67% to 28% upon reduction, along
with a decrease in integrated electron density decreased by
37%. The NPs appear to become more uniform in height with
about H = 2.3 nm, which is in contrast to the average NPs sizes
of 8.3 nm (aligned) and 18.5—28.6 nm (ring) determined by
HE-GIXRD. We account an ongoing agglomeration into larger
NPs assemblies, for which XRR is not sensitive, to be the
reason for the measured decrease in electron density and NP
height.

Finally, we will discuss the HE-GIXRD (Figure 5d) and XPS
(Figure 4) observations garnered for the reduced Cu/vZnO
sample under the influence of a CO,-rich gas feed at 500 K at 1
bar or 200 mbar, respectively. In analogy to the NPs on basal
ZnO, the investigations revealed the absence of any Bragg
peaks and Debye—Scherrer rings related to Cu, Cu,O, Zn, or
CuZn alloy as well as the prevalence of Cu®" with low
contributions of Cu or Cu,O in the Cu 2p spectra. We
conclude that an amorphous CuO phase was generated under
these oxidizing/reducing conditions, following a similar
oxidation mechanism as discussed for basal ZnO. The p,
profiles (Figure 7a) under reducing H, and oxidizing CO,
conditions are almost identical. Such an observation is in
contrast to the HE-GIXRD and XPS data as well as to the
observations on basal ZnO samples, which signifies that heavily
agglomerated NPs are not detected by XRR investigations. The
SEM images depicted in Figure SS are obtained after the
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experimental oxidation—reduction sequence and confirm the
cauliflower-like agglomerate formation for all investigated
samples.

B SUMMARY AND CONCLUSION

The experimental observations of Cu NPs on basal and vicinal
ZnO supports during the oxidation—reduction cycle are
summarized in Figure 8. The native oxidation of Cu NPs
resulted in fully oxidized Cu,0 NPs on all investigated
supports. Cu,0O NPs on bZnO maintained their orientation to
the substrate while the nanosized crystals tilted coherently on
vZnO, resulting in a commensurable interface relationship
between Cu,O (001) and the vZnO surface steps. The
integration of oxygen into the Cu NPs caused the crystal lattice
to swell without major distortion from an fcc structure. At 500
K, mass transport in the form of Cu,O NP sintering was
observed. For Cu,0/vZnO, this leads to diffraction signals
originating in NPs of altered orientation. The reduction under
Ar/H, at 500 K significantly increased the NP mosaicity,
observable as Debye—Scherrer rings in the diffraction data.
However, the initial Cu/vZnO interface relation as observed
after growth in UHV was partially reestablished, which
potentially leads to similar large-sized facets that present a
high abundance of low-coordinated Cu surface atoms. XPS
investigations indicated a higher kinetic energy barrier for the
reduction of Cu,0/vZnO in H,. The reduction of Cu,O to Cu
on O-bZnO was accompanied by enhanced Cu mass transport,
which indicates a higher vulnerability of the O-terminated
basal ZnO surface against H, and points toward mild Zn
adatom and O vacancy formation. The presence of such
defects can neither be confirmed nor be excluded for Zn-bZnO
or vZnO, yet no CuZn bulk alloying of NPs was observed. The
Cu NPs oxidized in Ar/CO, at 500 K to amorphous CuO. We

https://doi.org/10.1021/acsanm.3c01306
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propose that as CO, dissociates into a CO and an O species,
an induced change in lattice structure from fcc (Cu) to
monoclinic (CuO) initiated the rupture of the NPs during the
uptake of oxygen. While this allowed further oxidation within
the NP itself, the CO species sterically hinders the generation
of long-range order, resulting in an amorphous CuO phase.
Rereduction of CuO/Zn-bZnO by H, resulted in Cu powder
that showed no preferential alignment to the underlying
support.

We come to the following conclusions: Cu,O NPs already
sinter and agglomerate under an inert gas atmosphere at 500 K
prior to their reduction. Under 1 bar of H, at 500 K, the NPs
reduce to metallic Cu accompanied by mild sintering. CuZn
bulk alloying can be excluded under these conditions. The
facet-specific orientation of Cu NPs remains more defined for
basal ZnO surfaces in comparison to vicinal ZnO. Never-
theless, the unique Cu/vZnO interfacial relationship can
partially be restored during reduction. This proof-of-concept
implies that an elevated abundance of low-coordinated Cu
surface sites can be maintained, which are suspected to be a
prerequisite for an efficient turnover of CO, to metha-
nol.'*%*12¢%% CO,-rich gas conditions with a deficiency of
reducing agents lead to a complete material redistribution as
the NPs oxidize to CuO. The epitaxy of Cu or Cu,O NPs on
vZnO is disturbed during this process, which implies that CuO
formation needs to be avoided to maintain the orientation
synergies for any potential application. Finally, the CTR data
analysis shows that the basal ZnO surfaces stay atomically
smooth under all conditions investigated, ruling out enhanced
Cu/ZnO intermixing,

The approach of utilizing model catalysts enabled the use of
surface science techniques, which are otherwise inaccessible for
powder samples. By this, key details of the complex structural
interplay between basal and stepped ZnO and Cu surfaces have
been revealed. In upcoming work, we strive to extend the
investigations from the UHV and ambient pressure regime
toward operando conditions, utilizing H,/CO/CO, gas feeds
at S0 bar and 500 K.”
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1019 plane of reduced Cu/vZnO (Figure S6); Ta
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tion on the Cu,O/vZnO with altered orientation with a
depiction of respective interface models (Figure S8);
line scans over the faint features 9 and 11 of Figure Sb
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B ADDITIONAL NOTES

“(IT1) and (111) peaks were blocked with tungsten beam
stops (black circles in Figure °) which protect the detector
from the high intensity reflections of the ZnO single crystal.
®We want to point out that also areas on the same sample were
imaged where the separation into smaller particles was less
progressed (Figure S10).
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