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Abstract

An extended N2O titration method was applied to characterize high-performance, supported
Cu catalysts: Cu/ZnO:Al (68/29/3), Cu/ZnO (80/20) and Cu/MgO (80/20). Calculation of the
oxygen diffusion coefficients showed significant differences within the series of catalysts,
particularly as a function of temperature. The diffusion kinetics follows a parabolic law similar
to previous high temperatures studies. The apparent activation energies of the oxygen diffusion
correlate inversely with the strength of the metal support interaction. The metal-support-
interaction is described by means of complementary techniques as complex interplay between
structural and electronic effects located at the Cu-metal oxide interface. The significance of the
metal-support-interaction, identified as relevant for the reduction and oxidation of the metallic
Cu, correlates with the activity in catalytic CO oxidation. It is evident that the oxygen diffusion
coefficient is indicative of the tendency of the Cu catalyst to withstand transformation into the
oxides under oxidative reaction conditions controlled by the corresponding Cu-support-

interaction.
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1. Introduction

Reactive nitrous oxide frontal (N2O-RFC) or pulse chromatography is a well-established and
standardized method [1] [2], that has been used for over 30 years in the characterization of Cu-
based catalysts and in quantifying the Cu surface area [3]. Although this technique has often
proved the linear correlation between surface area and activity in methanol synthesis, it fails to
provide a correct interpretation of structure-function relationships for catalytic systems with
strong Cu-ZnO interactions (i.e. where SMSI -strong metal support interaction- effects occur)
[4-6]. Recently the presence of a “graphite-like” ZnOx overlayer decorating the Cu particles in
fresh and spent high-performance catalysts was clearly demonstrated by Lunkenbein et al. [7]
[8]. The partially reduced ZnOx layer influences adsorption properties of Cu and is indicative
for the strong interfacial mediated interaction Cu/(Cu®"-0)-ZnO. In fact the oxygen vacancies
in defective ZnO may contribute to more than 50% of N>O capacity of such catalysts [9]. The
relevance of the diffusion process has been perceived by Sato et al.[10] and is probably an
inherent source of error in most of the N2O-RFC experiments. Jensen et al.[11] proposed an
improved N2>O-method for determining the Cu-dispersion. The surface and bulk oxidation of
Cu-moieties are considered as separated processes, which explains the continuous detection of
N2. This N2O-technique allows calculating the oxygen diffusion coefficients. To the best of our
knowledge, it is the only published work where diffusion coefficients of oxygen in Cu have
been measured for different Cu/Zn/Al catalysts[11]. This promising approach offers the
accessibility of the oxygen mobility in metals (here: Cu) as key factor in red-ox dynamics of
catalysts at elevated temperatures (when diffusion processes are pronounced). In other words,
the resistance of a catalyst towards oxidation may affect the catalytic performance in oxidative
reactions and possibly serves as a descriptor for phase stability and deactivation in general. In
this respect, it remains unclear if the diffusional part of the N2O profile may be indicative of
the metal-support interaction, as represented e.g. by a ZnOx overlayer on Cu particles in the
Cu/ZnO:Al system [8, 12].

The effect of the support on oxidation resistance has been previously studied on Pt and Pd
catalysts supported on a series of oxides by using pulse reaction N2O decomposition below
300°C[13]. It is concluded that the acidic support affected the oxidation state of precious metals
by promoting either the oxidation or the reduction step. It is expected that the Cu,O growth
front may be influenced by the metal-support interaction, as represented by e.g. Cu/(Cu®*-0)-

ZnO interface, when the average thickness of the oxide film does not exceed values in the order
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of 1-2 nm (as inferred from the dimensions of the ZnO1.x overgrowth)[7, 8, 14]. In this region
of thickness, rearrangement processes of surface domains, place exchange phenomena,
electron transport and space-charge diffusion have an impact on Cu20-film growth[15]. In a
recent study of Greiner et al.[16] the path of Cu catalysts surface corrosion during ethylene
epoxidation was elaborately demonstrated and the relevance of Cu2O and CuO on the reaction
selectivity was shown.

Catalytic CO-oxidation was found to be a suitable test reaction for studying the metal-support
interaction. The activity of a supported metal catalyst is known to depend e.g. on the
reducibility of the support, an aspect that will also be addressed within this study. Higher
activity as well as oxidative deactivation of the SMSI state were observed by investigating the
light-off behavior in repeated temperature programmed cycles, as well as by isothermal
measurements [17-19].

In the present article, we shed more light onto oxygen diffusion in Cu/metal oxide mixed
catalysts. The corresponding oxygen diffusion coefficients were measured with N2O-RFC on
different high-performance catalysts (Cu/ZnO:Al, Cu/ZnO and Cu/MgO) and compared to
reference samples also with respect to their apparent activation energies (Ea). To create a deeper
understanding of the relevant processes during the N2O reaction, in-situ X-ray diffraction
(XRD), near edge X-ray absorption and photoemission spectroscopy (NEXAFS, XPS) were
conducted. In order to find indicators for structure-function relationships of oxygen diffusion

and SMSI, CO oxidation as suitable probe reaction was applied and thoroughly analyzed.
2. Experimental
2.1. Sample preparation

The studied catalysts were previously characterized and the detailed synthesis procedure was
reported earlier. The synthesis protocol is based on co-precipitation using the concept of the
industrial catalyst [20]. In brief, ZnO and Cu/ZnO (80/20) precursor were prepared by pH-
controlled co-precipitation in an automated reactor (LabMax from Mettler-Toledo) at 65°C and
pH=6.5 with subsequent calcination to the precatalyst in a rotating furnace at 603K for 3 h [21,
22]. A similar recipe was used for synthesizing the Cu/ZnO:Al (68/29/3) [23] and ZnO:Al
(97/3) [24]. Impregnation of ZnO:Al was performed with 3g of pre-catalyst using 10g of Cu
citrate dissolved in 30ml 12.5% ammonia solution, stirred for 3 days, dried at 120°C for 10h
and calcined at 603K for 3 h in muffle furnace. The MgO and Cu/MgO (80/20) precursors were

produced at pH=9. The obtained phase-pure Mg-substituted malachite precursor



(CuosMgo.2)(OH)2COs was transformed into uniform material upon calcination at 603K
according to [25]. The calcined MgO precatalyst was impregnated with 286 mg Cu-citrate in 2
ml diluted ammonia solution to yield Cu content of 10 mol-% dried and calcined at the same
conditions as the pristine precursor. The 5wt-% Ag loaded Al,O3 was prepared by impregnation
of AgNO3 from aqueous solution with drying for 12h at 110°C and subsequent calcination at
400°C. A more detailed data on synthesis and structural characterization is given in the
Supporting Information (Table S2).

2.2. Characterization Methods

N20 chemisorption capacity was determined using reactive frontal chromatography (RFC) [26]
in a custom designed temperature-programmed reaction setup. Approx. 100 mg of calcined
sample (precatalyst) with 100-200 um grain size was placed in a U-tube reactor with an inner
diameter of 5 mm. The catalyst was positioned between two quartz-wool layers to form a thin
bed. The in-situ reduction was performed at 6 K min*, 250°C, 30 min hold, with SONmI min
in 5%H> / Ar). The TPR profiles (Fig. S7) confirm the similarity of the catalysts regarding
state, reducibility and amount of copper oxide in the precatalyst. The detailed microstructural
characterization can be found elsewhere [25] [27]. After TPR the sample was cooled down in
the reducing gas to a given temperature. It was subsequently flushed with helium to remove
hydrogen completely. The gas phase composition was continuously monitored by mass-
spectrometry, which also serves to assure that all traces of hydrogen are removed prior to the
measurement. After stabilization of all intensities registered by MS the 1% N2O in He mixture
at 10 Nml min*! was introduced by means of a four-way valve. In order to record a suitable
titration profile for 5%Ag/Al0s a 0.1% N2O in He was employed (Fig. S6). The N.O
chemisorption capacity and resulting apparent Cu surface area (Cu-SAnz0) were calculated
from the MS signal of the N> trace (m/z =28). The Mass-spectrometer was calibrated prior
every measurement with 1% N> in He gas mixture. Contributions of fragments N>* m/z=28,
m/z=29 and N* m/z=14 were considered. On average, N.O tests lasted around 90 min in order
to monitor the diffusion tail of the N2 profile. A fresh precatalyst batch was loaded for each
measurement. Apparent Cu-SAn2o0 were calculated assuming a stoichiometry of N2:Cu 1:2,
according to the surface reaction N2O + 2 Cu = Cu.0 + N; and an average surface density of
1.47x10%° Cu-atoms m?. Ag-SAnzo Was calculated assuming stoichiometry N2:Ag 1:2 and

average surface density of 1.14x10'° Ag-atoms m [28].The values are normalized to the



weight of precatalyst put into the reactor. The accuracy of the measurement is estimated with

+1m? gt

calc”

Sato et al. [10] pointed out the potential of the N.O-RFC technique as a powerful tool for
estimating Cu surface area under conditions where the catalyst support is not reduced in the
TPR process. Nitrous oxide however tends to react with oxygen vacancies [6] [9] which were
convincingly attributed to partially reduced ZnOx [8, 9]. This holds for Cu/ZnO systems and is
the main reason for the higher values of Cu surface area determined for ZnO containing Cu-
based catalysts. For the calculation of diffusion coefficients of oxygen into the bulk of the
copper, we used the true Cu surface area values determined by hydrogen transient adsorption
(H2-TA) technique as described by Kuld and co-authors [6] (Table S1).

Original N2O curves have been transformed into square root time plots (O-t?). The total
amount of reacted oxygen, W, is represented by the sum of initial uptake by the surface reaction,
Wiurtace, and the subsequent uptake caused from sub-surface diffusion, Waittusion, When the
surface concentration is constant. The diffusion coefficients have been calculated from the
slope of the straight lines of the diffusional part of the curve, when Wsurtace has been determined
from the intercept. A graphical illustration of the process and details can be found in the
respective sections of supplementary information (Fig. S1 and S2). Total oxygen content W
pertains to the reaction of Cu.O formation from the outer surface of the oxide towards the
metallic bulk. The calculated diffusion coefficient D implies the molar flow of oxygen species
through the cuprous oxide layer to the metallic center. This transport is driven by a linear
gradient of oxygen concentration between the oxygen-oxide interface and metal boundary.
According to theory of [29] [30] the oxide grows by diffusion of negatively charged [Cu®]
vacancies from the surface inward to the metal, accompanied by the flow of a positive electron
holes and self -diffusion of copper ions by movement into the vacant sites. In other words the
diffusivity D is proportional to the formation rate of Cu.O growth and self-diffusion of Cu+

ions from the metal through the oxide.

It is worth noting the factors influencing the calculated diffusion coefficients, which are not
accessible in a measurement, and are assumed to remain constant. The concentration of the
diffusion species in the metal at the surface is equal to the gas concentration of N2O rather than
abundance O? in the solid phase. Furthermore, the possible changes of the Cu dispersion during
oxidation could not be considered, especially at higher temperatures. Thus, it is presumed that

the Cu surface area, and general surface morphology was constant and the catalyst maintained



the initial dispersion of the metal particles. The Cu surface area measured at RT before and
after N2O at 250°C differ by no more than 25%, depending on the sample. Moreover, the effect
of grain boundary diffusion is neglected since diffusion coefficients for a selected number of
samples of different sieve fractions show very modest variation within the statistical deviation
interval. The formation of CuO oxide is unlikely since it forms at temperatures higher than
290°C as was shown by Fujita et. al. [31]. In spite of these ambiguities, we perceive that the
region of applicability of the diffusion model is fair as long as linearity holds within parabolic

coordinates.

Ho-transient adsorption (TA) was performed in the same setup that was used for N>.O-RFC and
performed similarly as described in [6]. For approx. 100 mg of sample, Ho-T A was recorded at
room temperature in 20 mL min, 5% H. in Ar for one hour for the calcined sample (CuO),
the reduced sample (Cu), and the sample after N.O-RFC (Cu20) after a thorough purging in
argon. Under the assumption that H. reacts only with surface Cu,O, the areas between the Cu
and CuzO transient adsorption branch was integrated, and the amount of consumed H, was
quantified to deduce the Cu-SAw2-ta[24].

The in-situ XRD data were collected in Bragg-Brentano (divergent beam) geometry on a STOE
Theta/theta X-ray diffractometer (CuKoz+2 radiation, secondary graphite monochromator,
scintillation counter) equipped with an Anton Paar XRK 900 in-situ reactor chamber. The gas
feed was mixed by means of Bronkhorst mass flow controllers, using helium as inert balance
gas at a total flow rate of 100 min/min. The effluent gas composition was monitored with a
Pfeiffer OmniStar quadrupole mass spectrometer. The powder XRD data were analyzed and
the lattice parameters calculated using a full pattern fitting, according to the Rietveld method
as implemented in the TOPAS software (TOPAS version 5, © 1999—-2014 Bruker AXS).

The reduced catalysts or precatalysts were characterized by near ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS) and X-ray absorption near edge spectroscopy
(XANES). Measurements were performed at the 1SISS-PGM beamline in the Helmholtz-
Zentrum Berlin fiir Materialien und Energie — Electron storage ring BESSY 11.[32, 33] A depth
profiling experiment was performed in 0.25 mbar reaction mixture of the Cu 3p, Zn 3p and Al
2p core levels at photon energies of 255 and 1173 eV. The work functions were calculated from
valence band and secondary electron cut-off measurements at 150 eV photon energy. In all
XPS/NEXAFS experiments Cu-based catalysts were pelletized in self-standing discs mounted

on a sapphire sample holder. Sample heating during the pretreatment and subsequent reaction



was achieved by an infrared laser. The precatalyst was first pressed in pellet, reduced in tube
furnace and transferred under Ar atmosphere to the beam line in a airtight transfer chamber.
For the in-situ N2O-experiment, the catalysts were re-reduced in Hz (0.5 mbar) at 250°C and
0.3 mbar and then cooled down to room temperature in UHV. Afterwards the catalysts were
exposed to N2O (0.5 mbar) and stepwise heated up to 250°C. NEXAFS spectra were collected
at the Cu Ls-edge by analyzing the total electron yield (TEY). The overall spectral resolution
was 0.3 eV in vicinity of Cu Ls-edge. Quantitative linear combination NEXAFS fitting was

performed using the WinXAS software (http://www.winxas.de/)

The CO-oxidation, as a catalytic test reaction, was carried out in a custom-built catalytic reactor
setup, described elsewhere [19]. The general procedure has been recently elaborated in [18,
19]. Usually, 25 mg of the precatalyst, diluted by 250 mg of inert SiC (250-355 pm ) was
positioned in the reactor. The sample was reduced at 250°C (5 Kpm) with 1h dwell time in
10% H.. Subsequently three repeated light-off CO oxidation cycles were measured, with 2 °C
mint in CO:02:He=2:1:97=100 Nml min™.

3. Results and Discussion

The diffusivity and solubility of oxygen in solid Cu has been studied in the temperature range
from 600°C to 1000°C with potentiometric techniques [34, 35] and the kinetics has been
measured to follow Ficks law. [36] Jensen et al. [11] proposed that the transport of oxygen
during the N2O-reaction at low temperatures occurs through O incorporation into Cu, thus the
surface atoms of oxygen are steadily withdrawn from the surface by Fickian diffusion into the
metal crystal lattice.[37] It is assumed that after surface saturation oxygen atoms are
immediately replaced by new ones provided by N.O molecules. Hence, the bulk oxidation
process is considered as diffusion into a semi-infinite medium exposed to a constant surface
concentration of the diffusing species, which are assumed to be limited by the N.O
concentration. Analogously to the study of Jensen et al.[11], a series of N2O titration
experiments has been performed on different supported catalysts [Cu/ZnO:Al (68/29/3),
Cu/ZnO (80/20) and Cu/MgO (80/20), see also Table S1+S2, Sl equationl and Figure S1].
With Cu free supports or pure Cu powder no N2O consumption in the RFC experiment has
been detected [38]. Figure 1A shows a set of isothermal measurements of Cu/MgO (synthesis
details, see experimental part). The Cu surface area measured in the temperature range 30-90°C

varied between 21-25 m?/g (grey-dotted lines), which agrees well with the Hz-TA value (24.9



m?/g at 30°C for Cu/MgO). Consequently, this temperature region is identified as non-essential
for subsurface diffusion. The area under the curve tail increases with increasing temperature.
In accordance with previous studies [10, 39], the contribution of Cu>O bulk formation through
subsurface diffusion becomes significant at temperatures above 150°C. Plotting the data at
various temperatures in coordinates of oxygen uptake versus t2 an almost linear relation for
the long time exposure is demonstrated, where Ws corresponds to the surface uptake (Figure
1B, see also Figure S2 for Cu/ZnO and Cu/ZnQO:Al). This is also indicative for the applicability
of the suggested diffusion model [40] mathematically described by Crank [41]. For all
catalysts, a gradual increase of the oxygen diffusion rate with temperature is observed, leading
to a tremendous acceleration in oxygen consumption at 250°C. Slower oxidation at the very
beginning and a subsequent increase in diffusion rate implies a deviation from ideal straight
lines. The scatter at moderate temperatures may appear due to very small crystallites, which
cannot be considered to be of infinite dimensions. Consequently, the diffusion is hindered and
the corresponding rates decrease. At higher temperatures, the increase in oxygen consumption
rate is related with the disproportionation and aggregation of metal particles during oxidation.
We may exclude catalytic NoO decomposition since no signal of oxygen has been detected in
the gas phase.
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Figure 1. Nitrogen concentration as a function of time at various temperatures on Cu/MgO catalyst
(A). Oxygen uptake as a function of the square root of time exemplarily shown for Cu/MgO (B). Each



run was carried out with a fresh sample. (100mg precatalyst, L0NmI min™* 1%N.0 in He). Linearity in
parabolic coordinates indicates the reaction by Fickian diffusion. Development of Cu,O-surface front
during N2O titration (C). Grey dotted line for Cu/ZnO illustrates the size of the y-axis (five layers Cu,0)
of Cu/MgO and Cu/ZnO:Al as orientation. Cu/ZnO shows the fastest escalation of the oxide growth at
temperatures above 150°C.

Figure 1C illustrates the development of a Cu20 front during the catalysts oxidation with N2O.
Up to 190°C all catalyst possess similar thicknesses of Cu.O front, not exceeding 3 layers.
With increasing temperature, binary Cu/ZnO demonstrates continues acceleration of oxide
growth, whereas for Cu/ZnO:Al and Cu/MgO the rate is slower. The resistance to oxidation is

possibly related to the function of the support: i.) as a physical spacer between the Cu
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nanoparticles (discussed in the following as static metal-support interaction), stabilizing the
porous microstructure; ii.) as a reducible and overgrowing species at the interfacial/perimeter
contact to the Cu, affecting the adsorption properties (discussed in the following as dynamic
metal-support interaction). An interplay of these effects is essential for the stabilization of the
dispersed Cu [25]. A SMSI might be of static or dynamic nature.

Figure 2. Rietveld fits of the reduced catalysts giving also the volume weighted domain sizes of the Cu
crystallites (A). Zoom of the 200 reflection indicating qualitativly the Cu defectivity (B). The horizontal
black line is a guide to the eye.

To investigate a possible correlation of the oxygen diffusion/Cu,O formation with the structural
properties of Cu, in-situ XRD experiments were conducted. The precatalysts were at first in-
situ activated under reductive atmosphere (5% H: in He) and analyzed. Figure 2A shows the
diffraction patterns of Cu/ZnO (red), Cu/ZnO:Al (blue) and Cu/MgO (grey) with a
magnification of the 200 reflection in Figure 2B. A quantitative analysis of the Cu phases

evidences a significantly higher domain size for Cu/ZnO (11.6 nm) in comparison to

9



Cu/ZnO:Al (3.8 nm) and Cu/MgO (4.1 nm). This is a first indication for a difference in the
Cu/metal oxide interaction, which is supported by a qualitative comparison of the peak shape
of the 200 reflections (Fig. 2B). A general phenomenon observed in all three patterns is a
pronounced peak broadening anisotropy, which leads to a proportionally stronger broadening
of the 200 in comparison to the 111 reflection. In addition, the 200 peak exhibits an obvious
shape asymmetry, with the lower angle flank being broader than the higher angle flank.
Tentatively, we attribute both effects to the presence of stacking faults in the fcc lattice. While
the model applied in the Rietveld fits successfully replicates the peak width anisotropy, the
symmetric profiles used cannot describe the asymmetry. Thus, the systematic deviations seen
in the difference curves of the 200 reflections (Fig. 2B) may serve as a qualitative indicator for
the defective character of the Cu lattice. Due to the limited quality of in-situ XRD data, a
quantitative evaluation is impossible (see also Fig. S3, normalized peak 220) [42]. The
deviations are stronger pronounced for the Cu/ZnO:Al and Cu/MgO catalysts compared to
Cu/ZnO, which is in line with the difference in Cu domain size, meaning that stronger Cu/metal
oxide interaction leads to smaller and more defective Cu particles. This interpretation is
emphasized by a particle size (PS) analysis from electron microscopy. Cu/MgO and Cu/ZnO:Al
with a similar domain size show also similar mean PS (8.5+£2.5 nm[25], respectively 8.1+2.6
nm[23]). A broad PS distribution with PS 5-50 nm[25] is obtained for the Cu/ZnO catalyst. It
is suggested that SMSI, independent on its static or dynamic behavior, serve as descriptor for

Cu domain and particle sizes and its microstructure (defectivity), respectively.
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Figure 3. In-situ XRD N20 experiment of the catalyst at 220 °C analyzed by full pattern fitting (A). In-
situ N2O NEXAFS experiment of the Cu Ls-edge of Cu/ZnO:Al catalyst at various temperatures (B). The
inset of (B) shows the amount of Cu® and Cu'* from fitting based on linear combination of the reference
spectra in Fig. S4 A and B.

After reduction, the catalysts were in-situ analyzed by a similar No.O experiment to Figure 1
(stepwise heating in a stream of 1% N-O in He) by XRD and NEXAFS measurements. The in-
situ XRD data in Figure 3A show a Rietveld analysis of the catalysts at 220 °C (below 220 °C
no Cu20 phase was detectable). The quantitative analysis of the full pattern fitting results is

given in Table 1 as degree of oxidation, L -IB of Cuz0 and strain (if needed). In comparison

to Cu/MgO (5£2 nm) and Cu/ZnO:Al (62 nm), as already observed for the Cu domain size,
the Cu20 domain size of Cu/ZnO (17£10 nm) is distinctly increased. However, the relative
increase with respect to the Cu domains is in the range of 50% for all samples. This indicates
a correlation of the Cu domain sizes and the Cu20O domains, in line with the process of oxide
formation by the diffusion of Cu-ions to the surface [29, 30, 43]. Based on the phase ratio of
Cu®/Cu.0 the degree of oxidation by N.O treatment is calculated. Using the Cu domain sizes
extracted in Figure 2 and the degree of oxidation from Figure 3A and Table 1, an estimated
number of Cu20 layers is calculated (Table 1, see example of calculation SI Equ. 1). At 220
°C, the layer thickness of Cu20 is similar for Cu/MgO and Cu/Zn:Al (~4 layers) and doubled
for Cu/ZnO (~7-8 layers). The quantitative estimation of Cu2O layers formation agrees well
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with results gained from diffusion experiments in Figure 1, extrapolated to the time of XRD
measurement (~2 hours). As a function of temperature, at 250 °C, the Cu.O thickness grows
significantly (compared to 220°C, ~ factor of 3) reflecting again the trends from oxygen
diffusion experiments. To explain the experimental XRD patterns at 250 °C, microstrain
broadening has to be included in the fit model of Cu20. The quantity of strain in Cu20 is higher
for Cu/MgO and Cu/ZnO:Al (0.0025) compared to Cu/ZnO (0.001). This is in line with the
qualitative assessment of the Cu defectivity in Figure 2B and indicates a strong influence of
the Cu>O/metal-oxide interaction during the Cu>O formation (SMSI induced defects) and a
topotactic behavior. This means the defectivity of Cu20 is predetermined by the defectivity of
Cu as substrate and the growing mechanism of Cu,O on top of Cu metal by Cu-ion diffusion.
After 2h at 250 °C the catalysts are completely oxidized to Cu20. Analyzing the spent catalysts
at RT gives Cu.O domain sizes of 73 nm (strain 0.0012) for Cu/ZnO, 26 nm (strain 0.0027) for
Cu/ZnO:Al and 19 nm (strain 0.0033) for Cu/MgO. This means an increase of the domain size
from Cu to Cu0 by a factor of ~5 (theoretically 1.2, Cu-Cu distance in Cu metal and Cu20,
0.25 vs. 0.3017 nm). Figure 3B shows the in-situ NEXAFS measurements at the Cu Ls-edge
of the fully reduced Cu/ZnO:Al catalyst at various temperatures under a partial pressure of
0.5.mbar (~half of the in-situ XRD experiment). The white-line at 933 eV and the post-
oscillations are indicative for the oxidation state of Cu.[44] The inset of Figure 3B gives the
amount of Cu® and Cu'* from fitting analysis (see also Fig. S4A and B, reference spectra). At
RT, with surface sensitive NEXAFS measurement, a distinct oxidation, stabilizing at ~17%
Cu20, is already visible. As a function of the temperature the Cu.O ratio incrementally
increases to a maximum of ~47% at 150 °C and finally decreases again. After 1h at 250 °C, the
Cu20 moieties stabilize at 28%. Calculating, based on the degree of oxidation from NEXAFS
data and the determined Cu domain size, an estimated layer thickness of Cu,O at 250°C, the
resulting 3-4 layers correspond exactly to the values obtained from the oxygen diffusion
experiment in Figure 1C (Cu/ZnO:Al system, 250 °C). However, the discontinous development
of Cu.0 emphasizes the complex processes of adsorption, diffusion and ion mobility occuring
during the experiment. Besides, these processes are controlled by the intrinsic properties of the
material (e.g. defectivity of Cu and SMSI) and extrinsic influences (temperature and the
chemical potential of the gas phase).

Table 1. Fit results and calculation of the Cu,O layer thickness of Cu/ZnO, Cu/ZnO:Al and Cu/MgO

at different temperatures under an atmosphere of 1%N,0 in He.

Cu/zZznO Cu/ZnO:Al Cu/MgO T/°C
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U —Cu | % 17 29 27

"L 1B /nm 17 +10 6+2 5+2 220
‘Cu,0 / layers 6.5 —7.9 3.7 44 3.7 44

Cu—Cu 1% 55 76 68

L -1B/nm 32+9 16+6 10+2 250
Cu,O/ layers 21.1 —»25.5" 9.6 > 11.6" 9.2 »11.2"

strain 0.001+0.0003  0.0025+0.0008  0.0025 + 0.0007

Cu—Cu 1% 99 100 100

L -1B/nm 73+7 26 + 10 19+5 RT (spent)
strain 0.0012 0.0027 +0.0005  0.0033 + 0.0005

2 degree of Cu metal oxidation calculated from the XRD fits, Fig. 3
bvolume weighted Cu,O domain size from in-situ XRD measurements

Cu,0 layers calculated from the Cu domain size from Fig. 2 with respect to 2 and Cu-Cu distance of 0.25 nm
for Cu metal based calculations * or Cu-Cu distances of 0.3017 nm for Cu,O based calculations (see Figure S5)

To elucidate and quantify the role of the support on the dynamics of Cu oxidation, the diffusion
coefficients of oxygen have been calculated in the temperature range of 30-250°C (see also
Fig. S1 and SI). Table S1 summarizes the values of diffusion coefficients of three catalyst
families. The results are presented in Figure 4A. The diffusion coefficients of all catalysts grow
continuously with temperature. At 30°C the diffusion coefficients are low and start to increase
significantly at 220 °C. The diffusion coefficient of Cu/ZnO at 220 °C is ~4 times higher
compared to Cu/ZnO:Al. Obviously, the incorporation of Al into the lattice of ZnO (as dopant
with an influence on e.g. oxygen vacancies and SMSI) [8, 24] has a huge impact on the
interaction to the Cu nanostructure. This means, the higher reducibility of the ZnO:Al support
at the interfacial contact to Cu leads to a better incorporation [44] (ZnO overlayer) and
stabilization of the Cu moieties (particle size and strain induced defects) with direct
consequences on the oxygen diffusion coefficients. To demonstrate the correlation of the
oxygen diffusion coefficient and the metal-support interaction, an impregnated catalyst with
10 wt.-% Cu on ZnO:Al was investigated (blue-and-orange point in Fig. 4A). This system
mimics an intended loss of metal-support interaction and features a 3.5-times higher diffusion
coefficient at 250°C as compared to the co-precipitated one (Table S1 and Fig.4A, dashed
orange arrow). In contrast, Cu/MgO shows at 250 °C a 5.5-times lower diffusion coefficient
than Cu/ZnO:Al, although the Cu nanostructures are directly comparable (Fig. 2). This means

the non-reducible support MgO exhibits a strong static interaction to Cu, stabilizing the domain
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size and defects without any tendencies to overgrow [25]. In that respect, the overgrowth of
the ZnOx [7, 8] does not render as protection layer preventing O diffusion, but rather has a
stabilization function for the defective Cu nanoparticles. Moreover, the non-static and reducible
ZnO support promotes the oxygen diffusion.

Analysis of adhesion energies for Cu particles below 10nm on crystal faces MgO(100)
(Each=1.9 J/m?) [45] and ZnO(0001) (Eaan=3.4 J/m?) [46] suggests however stronger anchoring
of Cu to ZnO than to MgO surface. On the other hand, oxygen vacancies on partially reduced
surface layer of ZnO weaken significantly the Cu/ZnOx interface energy (Eagh= 0.9-1.4 J/m?)
as demonstrated for supported catalysts [47, 48]. Considering the results of single crystal
studies on MgO (100) [49-51], the certain stabilization of metal/oxide bonding may be a result
of surface hydroxyls which in turn may lead to the increase of adhesion on Cu/MgO interface.
Comparing the oxygen diffusion coefficient of coprecipitated Cu/MgO to an impregnated
catalyst with 10 wt.-% Cu on MgO, leads anew to an increase by a factor of ~5 (Fig. 4A grey-
orange point and Table S1) as a direct result of the metal-support interaction loss.
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Figure 4. Change of oxygen diffusion coefficient with temperature for various co-precipitated and

impregnated catalysts (A). Arrhenius plots of selected catalysts (B).

A reference measurement with supported Ag/Al>Os (Figure S6) validated the reliability of the
diffusivities (Table S1). The low oxophilicity of Ag combined with its larger lattice parameter
of 4.086A (compared to Cu=3.615A) results in a vastly growing diffusion coefficient, already
at lower temperatures (Table S1, Fig. 4A green point) [35] [52] [53].

Since the diffusion experiments were performed at various temperatures, the corresponding
apparent activation energies (Ea) for the oxygen diffusion process are calculated. Figure 4B
illustrates the relevant Arrhenius plots of the LnD vs. the inverse temperature. The different

slopes at high temperature (region I.) and low temperatures (region Il.) indicate that also
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different Ea respectively processes are involved. In the temperature region below 150°C a
formation of thin Cu.O film ceases the oxidation [54]. The process is limited by adsorption
[55] and ionic transport on Cu2Osurface/ Cunuik interface. Further supported by the low activation
energies in the range of 10-20 kJ/mol, energies where e.g. adsorption-desorption processes are
described [15]. With increasing temperature, the formation of a Cu.O layer develops in terms
of a parabolic law. Homogeneous-field and space-charge-modified diffusion can be expected
to predominate [15], in accordance to high temperature experiments of Wagner et al.,
suggesting a mechanism governed by diffusion of Cu-ions [43] [29]. This interpretation is
convincingly vindicated by Bardeen et al. [30], identifying the diffusion of Cu* vacancies from
the outer surface of the oxide towards the metal by radioactive Cu tracer experiments. The
activation energies for oxygen diffusion in solid Cu or electrochemical high temperature
studies on bulk Cu at 600-1000°C varies in the range of ~60-80 kJ/mol [34-36, 56] (Table 2).

Table 2. Apparent activation energies and pre-exponential factors for oxygen diffusion.

Reference Temperature / °C A/ m? min® Ea/ kJ mol™

Albert and Kirchem[36] 620-1000 5.8%10° 61.2
Pasorek and Rapp[56] 700-1000 - 67.2
Narula et al.[34] 700-1000 7.0*10° 67.3
Ramanarayanan and Worrell[35] 800-1000 14.4*10 78.1
Cu/ZnOJ/Al, Jensen et al.[11] 150-220 9*10°? 63.9
Cu/zZnO 150-250 2.4*%10* 82+4

Cu/ZnO:Al 190-250 1.7*10% 75+15

Cu/MgO 150-250 4.7*10° 6217

These values are in very good agreement with the Ea calculated for Cu/ZnO (82 kJ/mol),
Cu/ZnO:Al (75 kJ/mol) and Cu/MgO (62 kJ/mol), which constitutes that the oxygen diffusion
in Cu supported catalyst at moderate temperatures (150-250 °C) likely follows the same
Kinetics as in bulk Cu at the high temperature range. The increase of the Ea,, inverse to the
strength of the Cu support interaction (less impact of the temperature) evidencing the probing
character of the oxygen diffusion coefficient. In other words, a stronger Cu support interaction
leads to smaller and more defective Cu particles where oxygen diffusion occurs with a
comparably low Eaand less involved diffusion sites/channels (small diffusion coefficients at
high temperatures of e.g 59-10** m? min? at 250 °C for Cu/ZnO:Al). The less defective and
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bigger Cu moieties in Cu/ZnO offer (see also Figure 2B), very likely, more diffusion
sites/channels with higher E, (large diffusion coefficients of e.g. 150-10* m? min™at 250 °C).

The metal support interaction plays obviously a major role with respect to the metal dispersion,
its defectiveness (also reflected in the formed Cu20) and as a consequence for the oxygen
diffusion properties. Since the catalytic CO oxidation serves as a suitable tool for the analysis
of SMSI[17-19], three consecutive cycles (light-off curves) on the Cu/MgO, Cu/ZnO and
Cu/ZnO:Al samples were applied (Figure 5A). Prior to the testing period, all catalyst were
activated under reductive atmosphere (5% H: in Ar, Figure S7) [44]. Cu/MgO and Cu/ZnO:Al
show (e.g. at 50% conversion) a shift to higher temperatures (deactivation) between the first
and second cycle and a stabilization between the second and the third one. This stabilization
effect is also visible for the Cu/ZnO catalyst; however, the first cycle shows a “saddle-like”
profile distinctly different from the others. Such an activation curve was already observed on
Cu-ZnO model systems tentatively interpreted as oxidation event [17] or on Cu single crystals
as surface roughening under the formation of an amorphous CuOx layer [57]. This indicates a
possible oxidation of the Cu moieties in the CO oxidation responsible for the saddle-like profile
(Cu/Zn0) and the deactivation (Cu/MgO, Cu/ZnO:Al) during cycling.
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Figure 5. Light-off curves in CO oxidation of Cu/MgO, Cu/ZnO and Cu/ZnO:Al catalysts with 3
consecutive cycles (A). Correlation of the CO oxidation performance and the corresponding diffusion
coefficient (B).

The relevance of the Cu oxidation state to the catalytic performance in CO-oxidation has been
reported in an extensive surface science and kinetic study by Jernigan and Somorjai [58]. It

was shown that the rate of reaction at 300°C decreased (Cu>Cu.,O>CuO) and the activation
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energy rose with increasing Cu oxidation state. This observation agrees well with our results
showing a decrease in activity with ongoing oxidation leading finally to a stable performance.
This is experimentally supported by isothermal CO oxidation of Cu/ZnO (125°C, Figure S8A).
After an oxidation-induced high activity event during the heating period, the performance is
stable for 24 h time-on-stream. Re-reduction of the binary Cu/ZnQO catalyst (Figure S8B) shows
in the TPR profile a single event at low temperatures, attributed previously to nanostructured
Cu20 [59, 60]. The CO conversion (from cycle 2) at selected temperatures plotted as a function
of the diffusion coefficient (log10 scale) elucidate an inverse correlation between the diffusion
properties and the corresponding catalytic activities (Figure 5B, grey arrow highlights values
at 220 °C). Due to the smaller oxygen diffusion coefficients of Cu/MgO and Cu/ZnO:Al the
oxidation of Cu to nanostructured Cu.0 during the 1% cycle is slower and occurs over the whole
temperature range (without “saddle-like” profile). This leads to a deactivation but stable
performance for the subsequent 2" and 3' cycle. It seems that the current observation stems
from a distinct stabilization effect on the Cu moieties as a result of an intimate interfacial
contact to MgO and ZnO:Al supports [61] [62] [25], which prevents Cu from aggregation and
fast oxidation. The oxygen diffusion induced sintering effects are irreversible indicated by the
lower conversion in CO oxidation for the second cycle series (4™ to 6™ cycle, Fig. S9). Re-
reducing the binary Cu/ZnO catalyst after the 3 cycle restores again the low-temperature
activity (oxidation induced “saddle-like” profile), but strongly shifted to higher temperatures
(Fig. S9). This deactivation of the catalyst is justified by the applied red-ox cycles, which
trigger phase separation processes [63].

The inverse correlation of oxygen diffusion and CO oxidation (coupled to multiple structural
rearrangements) seems to be steered by the SMSI controlled interfacial contact, which is,
influenced by electronic effects as well [44, 64]. In order to create a deeper understanding on
the role of the Cu oxidation state under CO oxidation conditions (and SMSI in general) selected
in-situ NEXAFS experiments were conducted. Starting from a completely reduced catalyst,
under an atmosphere of 0.25 mbar (CO:0,=2:1), Cu Ls-edge, Zn LMM Auger and work
function measurements were performed. The oxidation state of Cu or Cu® to Cu oxide ratio
(Cu20, CuO), respectively is quantified based on linear combination of Cu, Cu0, CuO
reference measurements (Fig. S4).

Figure S10 A-C shows exemplarily the results of Cu/ZnO as function of the temperature under
CO Oxidation conditions (catalytically active state, Fig. S10B). A non-linear change of the
oxidation state of Cu (Table S3, as already observed for N.O experiments, Fig. 3B) is

interpreted as a competing role of temperature and gas phase (e.g. reductive character of CO).
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The Zn LMM Auger spectra, at ~991 eV Kinetic energy indicative for oxygen defects/vacancies
[6], seems to be unaffected by the temperature (Fig. S10C). Figure 6A shows the Cu Lz-edge
NEXAFS experiments of Cu/ZnO:Al at UHV conditions, before and during (at 25 and 250 °C,
dwelled for 2h) the CO oxidation. In addition, the electronic work functions (from valence
band and secondary electron cut-off measurements) were calculated. Under UHV conditions
Cu is in the completely reduced state (see also Table S4), with a work function of 4.3 eV in
agreement with Cu/MgO (4.3 eV, Figure S11A). This means that the work function seems to
be independent of the semi-conducting (ZnO:Al) or insulating (MgO) character of the support,
but, however, distinctly different to Cu powder reference measurements (3.2 eV, Fig. S11B).
The difference to pure Cu might be explained by the highly dispersed nanostructured character
of Cu and its intimate interfacial contact to the oxidic matrices (comparable work functions of
~4.7 eV) [65-68] also affecting strongly the electronic properties of the catalysts.[64, 67]
Applying to Cu/ZnO:Al (or Cu/MgO and a Cu reference, Fig. S11) CO oxidation conditions
(0.25 mbar), an incremental increase of the work function is observed, particularly as function

of the temperature.
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Figure 6. Cu Ls-edge NEXAFS and work function measurements of Cu/ZnO:Al at various temperatures under
0.25 mbar CO:0,=2:1 (A). Zn LMM Auger spectra at various conditions (B). Cu Ls.edge NEXAFS and work
function measurements of a 2™ cycle CO oxidation (C). Elemental composition for different excitation energies
and working states of the catalyst, nominal composition in at.%: 68 Cu, 29 Zn and 3 Al (D).

The increase of the work function values is directly correlating to an increase in Cu>0O/CuQO
moieties (Table S4 and Table S3), finally leading to almost similar values (at 250 °C, 5.2-5.5
eV, Fig. 6A and S11). Since MgO and ZnO are mainly unaffected under these conditions, the
work function values are dominated by Cu-oxide phases. This is confirmed by a 2" CO
oxidation cycle (after re-reduction) of Cu/ZnO:Al, directly evidencing a correlation between
the work function measurements and amount of Cu,O (inset Figure 6C, Table S4). The oxygen
deficient character of ZnO:Al is indicated by the shoulder at ~991 eV in the Zn LMM Auger
spectra (Figure 6B). In contact to CO/O; this shoulder is slightly decreasing (likely filled
vacancies in ZnQO), regenerated applying reductive conditions and decreases again under CO
oxidation (inset Figure 6B, 2" cycle). It is suggested that the dynamic character of the oxidation
state of Cu (Table S4 and S3), the oxygen vacancies in ZnO:Al (Fig. 6B) and the change of the
work functions (Fig. 6 A,C and Fig. S11) are coupled structural and electronic phenomena
controlled by the metal-support-interaction. This is further corroborated by comparing the
surface and near-surface elemental composition of Cu/ZnO:Al with (Figure 6D, see also
Figure S13). The steps 1-5 describe an experimental sequence with different information depth.
For both excitation energies of 255 eV (0.5 nm inelastic mean free path, green circles) and
1173 eV (2.3 nm inelastic mean free path, blue circles), an surface enrichment of Zn and Al is
stronger pronounced (e.g. reduced state in UHV 35 at.% Cu at 255 eV, 45 at.% Cu at 1173 eV;
nominal 69 at.% Cu). This is in excellent agreement with previous results of depth profiling by
Schumann et al. reported for the reduced state[23]. With ongoing experimental sequence (CO
oxidation from 25 to 250 °C, re-reduction and 2" cycle), the surface becomes at first Al-
enriched (likely phase separation tendencies of oxygen deficient ZnO:Al by surface oxidation,
see also Table S4), then Cu-enriched (ongoing oxidation of Cu) and finally again Zn-enriched
(re-reduction forms again a strongly Zn-enriched surface with less Al as dopant/part of the ZnO
lattice). The most bulk sensitive measurement (blue circles) shows also remarkable changes
in the elemental composition (from Cu- to Zn- enriched) resulting again in a strongly Zn/Al-
enriched state. On the contrary, Cu/MgO exhibits a persistent Cu enrichment in both, surface
and near-surface, regions for the series of conditions, featuring the strong and static character
of the MgO support (Figure S14). These dynamics in elemental composition as function of

temperature and gas phase [62] mirror the whole complexity of a metal/metal oxide catalyst
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and its intriguing interfacial contact coupled to various electronic and structural adaptations

also named as metal-support-interaction.

4. Conclusion and final remarks

A series of Cu/metal oxide (ZnO, ZnO:Al, MgO) catalysts was investigated by temperature
dependent N2O-RFC experiments. The determined oxygen diffusion coefficients and tendency
of CuzO-layer formation are strongly influenced by the oxidic supports (e.g. removing the
stabilizing character of the supports in impregnated samples leads to significantly higher
diffusion coefficients). In-situ XRD measurements revealed that defects in Cu are more
pronounced for dispersed Cu particles in ZnO:Al and MgO matrices. The more defective
catalysts exhibit also a decreased tendency in Cu.O-formation and smaller diffusion
coefficients (in comparison to Cu/Zn0). It is assumed that the differently pronounced metal-
support-interactions are responsible for differences in Cu particles, its microstructure and
oxygen diffusion properties, respectively. This interpretation is supported by in-situ N.O
experiments (XRD and NEXAFS), evidencing more defective and strained Cu.O domains
upon oxidation and an estimated Cu,O-layer thickness in fair agreement to the values obtained
by oxygen diffusion experiments. This extends the role of metal-support-interactions, so far
occurring at the metal-oxide interface during reduction/metal formation, towards the oxidation
process of the metal and the corresponding oxygen diffusion properties (development of a
Cu,0 front affected by the metal support interaction as represented by the Cu/(Cu®*-0)-ZnO
or -O-MgO interface) [7, 8]. As a consequence, the calculated apparent activation energies of
the oxygen diffusion process are also different. The Ea decrease with the oxygen diffusion
coefficients and correlate inversely with the strength of the Cu support interaction, evidencing
the probing character of the applied technique. Further, the calculated diffusion coefficients
correlate inverse with the CO oxidation activities, as suitable probe reaction for SMSI.
Isothermal reactivity and in-situ NEXAFS measurements identify the oxidation of Cu as
deactivation phenomenon, leading for the Cu/ZnO system to a kind of “low-temperature
activity” explained by the high oxygen diffusion coefficient. The diffusion-controlled
oxidation of Cu and the strength of embedment and interaction to their matrices (ZnO, ZnO:Al,
MgO) defines their reactivity. Besides the described structural influence of the metal-support-
interaction, also the impact on the electronic structure has to be considered. The electronic
work function of a Cu reference and supported Cu/ZnO:Al (or Cu/MgO) are significantly
different, explained by the well dispersed, defective Cu nanostructures. The change of the work

function is coupled to the amount of formed Cu20 during CO oxidation, directly evidencing
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the dominating character of the Cu-moieties on the electronic structure/properties. The
dynamic character of the oxidation state (during CO oxidation and N2O treatment) and the
catalysts™ structures are also visible in the elemental composition. As function of the
temperature and gas phase, significant Zn and Al enrichment is detected, more pronounced on
the surface. This evidences the complexity in describing and quantifying metal-support-
interaction. However, the applicability of the extended N-O titration test and the evaluation of
the corresponding oxygen diffusion coefficients serve as suitable technique categorizing the
metal-support-interaction. Beyond the quantification and kinetic analysis of the oxygen
diffusion coefficients, this version of N2O titration could be utilized as a rapid aging test for
selected systems in terms of its resistivity/tendency to phase separation phenomena as a source
of deactivation in general (e.g. recently identified as phase re-crystallization and segregation
process) [7].
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