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Abstract 

The microstructure of the CO2-selective self-activating and self-stabilizing Cu-Zr bimetallic 

compound Cu51Zr14 has been studied by a combination of high-resolution electron microscopy 

and energy-dispersive X-ray spectroscopy both before and after entering the CO2 selective 

state in methanol steam reforming. Prior to catalysis, the phase composition of the catalyst is 

characterized by a microstructural mixture of Cu51Zr14 and metallic Cu. The structure appears 

in a distinct needle-like morphology with a characteristic microstucture of small Cu particles 

embedded in the intermetallic matrix. In contrast, entering the CO2-selective state goes along 

with oxidative decomposition – investigated by differential thermal analysis (DTA), 

thermogravimetry (TG) and mass spectrometry (MS) - and therefore massive structural and 

compositional changes of the Cu51Zr14 compound both in the near-surface and bulk regions. 

The final state is then composed of a structurally very heterogeneous sample with Zr-rich and 

Cu-rich regions within the material bulk with a characteristic lamellar structure. Most 

importantly, the catalytically relevant surface regions are drastically corroded and depleted in 

Zr and are characterized by a majority of Cu in intimate contact with oxidized ZrO2 exhibiting 

a well-ordered, predominantly tetragonal structure. This newly created Cu-ZrO2 interface is 

believed to be the most significant descriptor steering the CO2 selectivity. In due course, the 

new way of self-adjustment of the microstructure starting from well-defined intermetallic 

compounds in the catalytic reaction mixture might pave the way for a more systematic 

approach of controlled oxidative decomposition of intermetallic compounds acting as 

promising catalyst precursors. 
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1. Introduction 

Copper-based materials are important catalysts in methanol chemistry with use in methanol 

synthesis from syngas, CO2 hydrogenation to produce renewable methanol or methanol steam 

reforming (MSR).
1
 Tunable and reproducible steering of the product selectivity is a 

prerequisite for technical applications. For MSR the important parameters include high CO2 

selectivity, low CO content and maximum H2 yield
2
. As for the use of ZrO2 in the methanol 

steam reforming reaction, addition of ZrO2 to Cu/ZnO catalysts allows suppressing the poor 

sintering stability of the latter
2
. Similar beneficial and synergistic effects have also been 

described both for Cu/Zn and complexer Cu/Zn/Al materials in methanol synthesis
3
. 

Synergistic Cu-ZrO2 interactions have similarly been reported for pure Cu/ZrO2 catalysts, 

exhibiting direct Cu-O-Zr bonds at the phase boundary. These interactions  are considered to 

play a key role in steering the methanol reforming selectivity to maximum CO2 yield
4
. A 

nanocrystalline Cu/tetragonal ZrO2 catalyst
 
was already reported to be particularly promising 

in terms of activity, selectivity and stability especially with respect to a technically used 

Cu/ZnO/Al2O3 methanol synthesis catalyst
5,6

. Efforts to explain the high selectivity have been 

considerable and are mainly centered at around two important beneficial parameters: the 

redox chemistry of Cu at the interface and structural properties within the metallic Cu phase 

(such as defects or disordered phases)
2
. However, the situation is far from being clear, since 

both beneficial
4,7,8

 and detrimental
9
 effects of Cu reducibility are equally reported. Apart from 

the role of Cu, also the role of the ZrO2 polymorph has been controversly discussed. Mostly, 

its tetragonal modification has been reported to have a beneficial impact on the catalytic 

properties of Cu-ZrO2 or Ag-ZrO2 systems (e.g. in methanol synthesis or CO2 

hydrogenation).
10-16

 However, also a positive influence of monoclinic ZrO2 has been 

discussed in methanol synthesis.
17,18

 As for the role of tetragonal ZrO2, the stabilization of 

ionic Cu species and the tetragonal structure itself by oxygen vacancies has been held 
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accountable for the beneficial effects. Despite the contradicting information, especially the 

chemical composition (i.e. the reversible partially hydroxylated ZrOxHy sites) of the in situ 

formed Cu-ZrO2 interfacial sites are most important. This is important insofar as the oxidic 

entity of such a catalyst may synergistically participate in the reaction in two ways: (i) by 

stabilizing oxygenate intermediates or (ii) by directly activating water
2
. The latter has already 

been identified on the corresponding Pd-ZnO
19-21

 and Cu-ZnO
22

 catalysts as the most 

important step in CO2-selective methanol steam reforming. 

Apart from the conventional impregnated catalysts, also different pre-cursor materials have 

been studied. One important class of materials, which are directly related to the work 

presented here and which have also been studied in a number of reactions, are Cu-Zr 

amorphous glassy alloys. However, these alloy phases suffer the significant drawback of 

being not very active and selective in e.g. CO2 hydrogenation
23

, partial oxidation of alcohols
24

 

or in methanol synthesis
25,26

, as long as they are not deliberately doped with other noble 

metals (e.g. Au or Pd) and/or activated by O2 or air. This obviously further complicates the 

elucidation of the active and selective state
27,28

.  

We have recently reported not only on the structural and chemical steering effects of Cu-ZrO2 

catalysts prepared by different synthesis routines to identify the complex structural 

prerequisites for CO-, CO2,- and formaldehyde-selective methanol steam reforming
29,30

, but 

also exemplified the surprisingly high activity and extremely high selectivity of a bimetallic 

Cu/Cu51Zr14 pre-catalyst, in situ decomposed via contact to the MSR reaction mixture
31

. In 

this case, CO2-selective reaction channels were controlled by the resulting Cu-ZrO2 interface, 

suppressing full dehydrogenation of methanol to CO and subsequently promoting the total 

oxidation of intermediate oxygenates to CO2 by water. With the new preparation/activation 

technique, the surface-normalized CO2 activity was increased by a factor of ~100 in 

comparison to similar ZnPd
19,20

 or CuZn
22

 systems. The most crucial outcome was the self-
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activating and self-stabilizing state with co-existence of dispersed Cu and partially 

hydroxylated tetragonal ZrO2, responsible for efficient water activation and, consequently, 

high CO2 selectivity
31

. 

In the present work, we provide an in-depth microscopical and spectroscopic study of the 

microstructural evolution and DTA/TG/MS analysis of the transition of the Cu/Cu51Zr14 pre-

cursor material into the oxidatively decomposed and corroded Cu/tetragonal ZrO2 state. We 

will focus on both the surface and bulk structure and composition of the CO2-selective state in 

methanol steam reforming with the ultimate aim of eventually identifying the structural 

steering effects. The optimum tools to fulfill this task are considered (high resolution) electron 

microscopy and energy-dispersive X-ray spectroscopy. For the sake of clarity, the first section 

in the Results and Discussion chapter will give a brief synopsis of the recent catalytic results. 

2. Experimental 

For preparation of the catalyst pre-cursor, Cu foil (Goodfellow, purity: 99.95 %, thickness: 

0.125 mm) and Zr foil (Alfa Aesar, purity: 99.95 %, thickness: 0.127 mm) where piled up in a 

Ta crucible in a pre-determined atomic ratio of Cu:Zr = 2:1, representing an empirical 

optimized ratio between Cu and Zr. The maximum content of Zr is limited by the 

completeness of the reaction between Cu and Zr, since higher Zr contents (i.e. higher than 

Cu:Zr = 2:1) inevitably lead to Cu-Zr intermetallic/Zr metal admixtures under the applied 

reaction conditions. Samples with lower Zr contents (e.g. Cu:Zr = 9:2) have been prepared 

and catalytically characterized. As the activity was generally lower, they have not been further 

considered for in depth structural analysis. Resistive heating under high vacuum conditions 

(~1x10
-7

 mbar) slightly above the melting temperature of Cu (1360 K) causes the formation of 

a homogeneous melt via a solid-liquid reaction of solid Zr and molten Cu. Under this 

experimental conditions, the evaporation of Cu is negligibly low. Controlled cooling to 300 K 

after the reaction is performed within half an hour with a time-averaged cooling rate of ~30 K 



6 
 

min
-1

. Temperature-programmed methanol steam reforming experiments were performed 

using an UHV-attached high-pressure batch reactor with continuous MS detection. The 

following starting conditions were applied: 12 mbar methanol, 24 mbar water, 8 mbar Ar, 956 

mbar He. Ar was used for correction of thermal expansion and pressure drop due to gas 

withdrawal through the capillary leak to the MS. The temperature program was adjusted to 10 

K min
-1 

temperature ramp up to 623 K and an isothermal period at 623 K for 30 min. The 

catalyst is then transported via air to TEM analysis. Note that despite the use of Ta as support 

material, no Ta (or associated Cu-Ta intermixing) has been observed by EDX within the 

prepared pre-catalyst state. 

In general, the microstructure is critical to the catalytic performance and as such, it can be 

controlled basically in two ways: either by modifying the initial nominal Cu:Zr ratio or by 

adjusting the composition of the methanol steam reforming feed. Since the latter was not 

changed because these studies were conducted using a set fixed ratio of methanol:water 1:2 

(to avoid the reaction being stopped due to water depletion), the only parameter that has been 

experimentally varied is the above-mentioned Cu:Zr ratio. All catalysts have been pre-tested 

catalytically to make sure they give the aimed-for CO2 selectivity, but since they performed 

significantly worse than the Cu:Zr ratio 2:1 discussed here, they have not been subjected to 

the same TEM/SEM in depth analysis. For quality control, repeating the experiments for the 

catalytically best performing 2:1 = Cu:Zr composition four times (i.e. by controlling the 

microstructure upon treatment in the methanol steam reforming mixture up to 623 K for four 

freshly prepared samples), both the resulting microstructure and the obtained CO2 selectivity 

are similar. 

Elemental and structural analysis was performed by electron microscopy and EDX 

spectroscopy. The transmission electron microscopic (TEM) investigations were performed 

using a FEI TECNAI F20 field emission TEM, equipped with a high angle annular dark field 
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STEM detector (HAADF), an Apollo XLTW SDD X-Ray detector and a GATAN GIF 

Tridiem image filter. The spatial resolution of the EDX maps is about 1 nm. The TEM 

samples were prepared by means of focused ion beam (FIB) using a FEI Quanta 200 dual 

beam FIB and gentle Ar
+
-ion polishing in order to remove beam damage from prior FIB 

milling. To protect the surface, a Pt covering layer is deposited prior to the FIB process. 

Further, the layer is cut by using a Ga ionic beam, whose energy is decreased to about 1 kV in 

the last preparation step. This avoids damage to the cut layer. 

For powder X-ray diffraction (PXRD) measurements in transmission, the sample was 

carefully bended to break off the material from the Ta support. The broken-off material was 

ground and fixed between two Kapton®-foils with an n-hexane/vaseline mixture. The X-ray 

powder diffraction patterns were obtained on a Huber image plate G670 with a Cu-Kα1 source 

(λ = 1.54056 Å) and a quartz monochromator in the range from 3° < 2θ < 100°. 

Differential thermal analysis/thermogravimetry/mass spectrometry measurements 

(DTA/TG/MS) were conducted under reaction conditions. Therefore, 38 mg of powdered 

material was measured in a DTA/TG (Netzsch, STA 449 F3 Jupiter). The specific 

mass/charge-signals of the outgoing gases were surveyed with a mass spectrometer (Pfeiffer, 

Omnistar GSD 301 O3). The materials were held under He (40 mL/min) for 30 min to get a 

stable baseline, and subsequently heated to 423 K with a rate of 5 K/min and held there for 30 

min. Then a flow of 0.39 g/h liquid MeOH/H2O-mixture (50 mol-% methanol (Sigma 

Aldrich, ≥ 99.9 %), 50 mol-% deionized water) was evaporated at 473 K and added to the gas 

mixture. After that, the sample was heated to 623 K with 5 K/min, held there for 30 min, 

cooled to  423 K with 5 K/min held there again for 30 min. This heating and cooling cycle 

was repeated to investigate if the changes in the sample are reversible. Then the flow of 

MeOH/H2O was stopped and the material was cooled to room temperature. The measurement 
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is background corrected with a blind measurement of the empty Al2O3 crucibles. The samples 

after the DTA/TG/MS were characterized by powder X-ray diffraction.  

For SEM experiments, a FEI Quanta 250 field emission SEM was used. Prior to SEM 

imaging, the samples were coated with 10 nm Au/Pd to improve their conductance. 

3. Results and Discussion 

3.1. Short review of catalytic results 

For the sake of clarity and to provide the best possible correlation to the discussion about the 

microstructure, this section provides a very brief account of the so far obtained catalytic 

results. These have been discussed in detail together with limited structural characterization 

elsewhere and are also shown as Figure S1 in the Supporting Information
31

. Treatment of the 

Cu/Cu51Zr14 pre-cursor in a methanol steam reforming mixture (methanol:water = 1:2, 12 and 

24 mbar, respectively) up to 623 K led to a highly active and CO2 selective state with a 

catalytic light-off temperature at around 550 K after the first cycle. Whereas the CO2 

selectivity remained constantly high (> 99.9%), this light-off temperature with increasing 

cycle number (4 have been performed in a row) finally shifted to about 470 K after the third 

and fourth run. During this self-activation steps, the activity of the catalyst doubled from the 

first to the fourth run. As the most important aspect is the understanding of the high CO2-

selectivity developing during the structural self-activation, the state discussed in sections 3.3 

and 3.4 is the one in the selective state after the first catalytic cycle
31

. 

3.2. Morphological and structural state before methanol steam reforming 

As the samples were prepared by melting on a Ta crucible, Figure 1 shows optical 

micrographs of the obtained pre-catalyst before (Figure 1A) and subsequently after entering 

the CO2-selective state (Figure 1B). As evidenced in Figure 1A, (and further shown in Figure 

S2), the pre-catalyst highlights a distinct needle-like morphology (best visible in the lower 
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part of the image). This most likely is the result of slowly cooling down the melt to room 

temperature. The sample – in contrast to the one after treatment in the reaction mixture – 

exhibits a characteristic metallic gloss. In addition, the sample after treatment does not show 

this needle-like morphology, already indicating that not only chemical changes, but also a 

complex structural transition has taken place. This will be discussed in section 3.4. As shown 

by previously discussed XRD measurements (Figure S3), the pre-catalyst state is composed of 

a Cu51Zr14 phase in co-existence with metallic Cu in an approximate vol.-% ratio of 72:28
31

. 

Since the chemical composition of the phase mixture has a higher Cu-content than the starting 

composition, it is likely that the Zr-richer phase CuZr2 is present in the sample as expected 

from the latest phase diagram investigation
32

. However, the latter can not be identified in the 

powder X-ray diffraction pattern due to overlap with the Cu51Zr14 reflections. Thus, despite 

the slow cooling, the sample is not in thermodynamic equilibrium. The Cu51Zr14 intermetallic 

compound possesses a hexagonal Ag51Ge14-type structure with space group P6/m
33

. No other 

phases (especially oxidized compounds) are present. 

 

Figure 1: Optical micrographs of the as-prepared Cu51Zr14/Cu catalyst pre-cursor on the Ta 

foil before the methanol steam reforming treatment (A) and after that treatment 

(methanol:water 1:2, 12 and 24 mbar; maximum reaction temperature 623 K) (B).  

The needle-like morphology can be also seen in the corresponding SEM images (Figure S2 

A). The needles exhibit diameters of up to 150 µm and lenghts up to the mm range. At closer 

view (Figure S2 B), the structure is composed of extended homogeneous regions with a small-

grain structure (best visible in the upper left and lower areas) and in addition by small 



10 
 

enclosed regions with a distinctly different contrast. These structures are both found in bulk 

regions (lower left corner) and sometimes also penetrate to the surface (which is indicated by 

the three white arrows). Note already at this stage that the image is derived from a FIB-cut 

layer perpendicular to the surface. That is, the surface is found on the right, and the bulk of 

the sample on the left. The grey striped contrast to the right is not part of the intermetallic 

compound, but due to the Pt cover layer arising from the FIB cut.  

To obtain further information about the chemical distribution within the sample, EDX 

measurements have been carried out. These are highlighted both for surface and bulk regions 

in Figure 2. Here, the associated TEM overview image  (Figure 2A) is shown alongside the 

respective intensities from the Cu-K (Figure 2B), Zr-K  (Figure 2C) and the overlap of Cu-K, 

Zr-K and O-K (Figure 2D).  

As shown in Figure 2A (and Figure S4), the observed TEM contrast is over vast regions, also 

deep inside the sample bulk, homogeneous. This is now directly corroborated by the EDX 

measurements, which reveal an almost even and homogeneous Cu and Zr distribution within 

this structure. This, thus, directly proves that these are the regions where the Cu51Zr14 

intermetallic is predominantly found. Additionally, the EDX analysis also reveals that the 

islands enclosed within the homogenous matrix (cf. Figure 2B) are not only clearly enriched 

in Cu, but in fact consist almost entirely of metallic Cu. These islands, as derived from the 

XRD measurements previously and now directly proven also by TEM and EDX, are 

consequently the minority species. These Cu-rich zones are encountered very rarely and if so, 

mostly at the surface. Figure 2D, highlighting a superposition of the Cu, Zr and O intensities, 

finally reveals that neither the Cu51Zr14 compound, nor the Cu islands show any signs of 

oxidation. The oxygen concentration both at Cu-rich and Cu51Zr14-rich regions is very low 

and almost below the detection limit. Cu is also always found at the spots where Zr is 

encountered, but not vice versa. 
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In summary, the pre-catalyst state exhibits a quite well-defined microstructure with a clearly 

distinguishable chemical distribution of Cu, Zr and O species and thus, a defined Cu-Cu51Zr14 

interface.  

 

Figure 2: EDX analysis of the surface and bulk region of a FIB-cut layer of the Cu51Zr14/Cu 

pre-cursor. Panel A highlights the TEM overview image, Panels B and C the individual Cu-K 

(green) and Zr-K (red) EDX intensity maps. Panel D shows a superposition of Cu-K, Zr-K 

and O-K (blue) intensities.  

3.3. Changes to the material under MSR conditions 

The as-synthesized material was subjected to operando DTA/TG/MS measurements to reveal 

the onset-temperatures of the changes under reaction conditions (Figure 3).  
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Figure 3: Two operando DTA/TG/MS cycles of the Cu51Zr14/Cu pre-cursor (top: DTA/TG, 

bottom: selected MS traces on a logarithmic scale). Catalytic activity starts simultaneously 

with the mass gain at around 473 K. In both cycles, the pre-cursor gains weight by oxidation 

of the Zr-content to ZrO2, which leads to a CO2-selectivity gain. 

As soon as the mass gain starts in the first cycle (around 473 K), catalytic activity sets in. Up 

to 550 K, the CO2-selectivity is very high. Above this temperature, formation of CO starts, 

increases with temperature and peaks at the maximum temperature of 630 K. During the 

subsequent isothermal step, the CO2-selectivity increases again. As revealed by the second 

cycle, the loss of the CO-formation rate is irreversible. Since this behavior correlates with the 

mass gain (in the heating phases), it seems that the presence of ZrO2 is decisive for the CO2-

selectivity. Since it is known, that elemental Cu catalysizes the reverse water gas shift 

reaction, the decreasing CO formation rate with decreasing temperature can be understood. 

The mass gain of 6.98(1) wt% (6.98 wt% expected) after two cycles of the Cu51Zr14/Cu pre-

cursor under operando conditions corresponds to the state of the material after catalysis, i.e. 

Cu/ZrO2 (Figure S5). 

 



13 
 

3.4. Structural state after entering the CO2-selective state 

Structural and phase analysis by HRTEM and SAED 

After an according catalytic treatment in the methanol steam refoming mixture at 623 K, the 

structure of the initial Cu51Zr14/Cu pre-cursor changes drastically. Figure 4 reveals that this 

affects both surface and bulk regions. The TEM image of Figure 4A now shows a rather 

inhomogeneous bulk structure, with interchanged zones of nanoparticle-like features with 

more homogeneous areas, which nevertheless show additional internal contrast. In contrast, 

the situation at the surface is different: here, the nanoparticles are clearly the majority species. 

Figure 4B and according Figures 4 B1 and 4 B2 highlight an overview image of the surface 

and near-surface regions, as well as close-up views of the structure directly at the surface and 

at the interfacial region from the nanoparticles to the more homogeneous regions. The 

nanoparticle structure itself exhibits a rather well-defined and narrow particle size 

distribution, with individual sizes of the rounded particle outlines (diameters) of about 50-100 

nm. 

 

Figure 4: Overview TEM images of the FIB-cut layer of the CO2-selective state of the Cu-Zr 

sample in methanol steam reforming. Panel A shows both the surface and bulk microstructure, 
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Panel B a zoom of the surface region. Insets B1 and B2 (taken from the blue boxes in the 

image of Panel B), show the enlarged microstructure of the Cu-rich surface area (B1) and the 

transition region Cu-rich - Zr-rich (B2). The homogeneous grey region at the right side in 

Panel B is due to Pt from the FIB process. In Panel A, the location of the surface is indicated 

by the white arrows. 

As the structure of the catalyst entity changes that drastically, the question about the pathway 

of structural transformation – and in this respect to possibly identify the structural 

prerequisites of the active and selective site - now arises. Figure 5 highlights that this 

transformation during contact to the steam reforming mixture, and hence, the process of self-

activation, is in fact related to a partial oxidative decomposition of the intermetallic 

Cu51Zr14/Cu pre-cursor. As in the as-prepared state, the nanoparticle region is still mainly 

dominated by metallic copper species – although their amount has considerably increased in 

expense of the intermetallic compound. This is also directly seen in the corresponding XR 

diffractograms (Figure S3). Figures 5A and 5C show a TEM image of such a region and the 

corresponding SAED pattern (taken from the red encircled region). In short, the patterns only 

show peaks arising from the cubic phase of metallic Cu (space group Fm3̅𝑚, a = 3.615Å; 

orientation [001]).
34

 Table 1 gives an assignment of the main reflections to the theoretical 

lattice spacings . In contrast (Figure 5B), the more homogeneous, slightly lamellar structure 

almost exclusively reveals the presence of an quite well- ordered tetragonal ZrO2 phase (space 

group P42/nmc, a = 3.6598Å, c = 5.152Å; orientation [1 3 1])35
. This is structurally 

remarkable insofar as not the thermodynamically more stable monoclinic ZrO2 phase is 

observed. However, this perfectly fits to previous reports obtained on powder-like Cu-ZrO2 

catalysts, which directly correlated the high CO2 selectivity in methanol steam reforming with 

the simultaneous existence of both copper and tetragonal ZrO2.
5,6

 We will focus on that in 

more detail in the Discussion section. In Table 1, the experimentally determined positions of 
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the reflections have been assigned to calculated lattice spacings of the tetragonal ZrO2 

structure. Note that in this pattern, some spacings cannot be unequivocally assigned to either 

metallic Cu or tetragonal ZrO2. Rather, some spacings fit both structures. This co-existence is 

plausible for two reasons: firstly, in the red circled region some nanoparticles (probably Cu) 

are also present. Secondly, especially the EDX analysis presented in Figure 9 reveals that 

indeed these regions feature both oxidized Zr and metallic Cu. Panel D corroborates this 

analysis, since this dark-field image not only shows pronounced contrast variations within the 

lamellar regions, pointing to pronounced ordering and crystallinity, but also some small bright 

particles, which obviously give rise to a similar azimuthal ordering in the electron diffraction 

patterns. (note however, here and for the analysis of the HRTEM images, that the assignment 

of tetragonal ZrO2 using the (101) spacing is sensitive for the presence of this particular 

phase, since it does not overlap with neither of the other phases (metallic Cu, Cu51Zr14 or 

monoclinic ZrO2) being present, as determined by XRD). 

 

Figure 5: Microstructural analysis of different regions of the FIB-cut layer after entering the 

CO2-selective state. Panels A (TEM image) and C (SAED pattern of the red circled region in 

Panel A) represent the Cu-rich region. Panel B highlights a corresponding Zr-rich region with 
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corresponding SAED pattern (taken from the red circled region in Panel B) as inset. In both 

SAED patterns, the radial distribution functions are shown to facilitate the analysis. Panel D 

shows a dark-field image of the Zr-rich region. The respective radial distribution functions 

have been obtained by annular integration of the respective patterns. 

Table 1: Analysis of the SAED patterns and assignment of the experimentally determined 

lattice spacings to the theoretical fringes of cubic Cu
34

 and tetragonal ZrO2
35

 as derived from 

analysis of the SAED patterns in Figure 5B and 5C. The left three columns represent Figure 

5C, the right ones Figure 5B. 

dexp /nm dcalc /nm lattice plane dexp /nm dcalc /nm lattice plane 

0.211 0.208 Cu(111) 0.293 0.295 t-ZrO2(101) 

0.182 0.181 Cu(200) 0.211 0.210 t-ZrO2(012)/ 

Cu(111) 

0.128 0.128 Cu(220) 0.182 0.181 t-ZrO2(112) 

Cu(200) 

0.110 0.109 Cu(311) 0.155 0.155 t-ZrO2(013)/ 

Cu(220) 

   0.146 0.147 t-ZrO2(202) 

   0.115 0.113 t-ZrO2(114)/ 

Cu(311) 

   0.105 0.104 t-ZrO2(132) 

 

The microstructural features are further worked out in detail in Figure S6, which in Panels A 

and B further fosters the coexistence of Zr-rich and Cu-rich regions. The Cu-rich regions 

exhibit almost always a similar microstructure, whereas the Zr-rich regions appear structurally 

more varied: more structurally homogeneous regions (Figure S6 A) are equally found as more 

lamellar ones (Figure S6 B). In both images, the frequently observed Moiré-fringes confirm 



17 
 

the previously discussed well-ordering of the individual crystallographic domains. In this 

respect the TEM images depicted in Figures S6 C and D show the same region, but imaged 

using a different tilt angle. Cu particles seem to be embedded in a structurally more 

homogeneous matrix (acting as a “glue” between the Cu particles), which through contrast 

variations upon tilting the sample also directly reveals its high crystallinity (as a guide to the 

eye, two identical Cu particles have been marked by white arrows in both images). 

The presence of the phases after oxidative decomposition of the Cu51Zr14 intermetallic 

compound in bulk and surface regions is further corroborated by dedicated high-resolution 

electron microscopy (Figures 6 and 7). Figure 6 thereby shows the still existing Cu51Zr14 

phase in the sample bulk, as revealed by its (202) and (311) lattice spacings (dcalc(202)=3.2Å; 

dcalc(311)=2.7Å; based on PDF#42-1185)
36

. Figure 7 highlights the atomic-scale structure of 

different surface and bulk regions of the material, corroborating the fact that metallic Cu is 

mainly found at the surface. Figure 7 A therefore reveals the (111) spacings of the cubic Cu 

structure (dcalc(111)=2.1Å). Interfacial and Zr-rich regions are shown in Figures 7 B-D, 

denoting the local co-existence of oxidized Zr and Cu (revealed by its (101) 

[dcalc(101)=2.95Å] and, for CuO, by its (111) spacing [dcalc(111)=2.28Å]) and of tetragonal 

ZrO2 within the bulk and at the surface. ZrO2 at the surface appears highly defective in places, 

as pronounced bending of the lattice planes by a few degrees is frequently observed. 
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Figure 6: High-resolution image of the Cu51Zr14 intermetallic compound still being present 

within the catalyst bulk after entering the CO2-selective methanol steam reforming state. (202) 

and (310) lattice fringes corresponding to the hexagonal Cu51Zr14 are both observed. 
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Figure 7: High-resolution electron microscopic images of different regions of the catalyst 

bulk and surface after entering the CO2-selective methanol steam reforming state. Panel A: 

metallic Cu-rich surface region; Panel B: oxidized interfacial region of Cu-tetragonal ZrO2; 

Panel C: oxidized Zr-rich bulk region; Panel D: oxidized Zr-rich surface region.  

 

Chemical composition analysis by EDX spectroscopy 

So far, only mostly structural information has been provided. In order to present more global 

information about the chemical distribution of Cu and oxidized Zr, in Figures 8-10 the 

extended EDX analysis of the bulk and surface regions discussed previously only with respect 

to microstructure is highlighted. In all panels, for the best comparison, the respective TEM 
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images are also shown. Figure 8 now shows that the observed global TEM contrast can be 

directly linked to the associated compositional changes. The areas with bright TEM contrast 

are exclusively Cu-rich, whereas on the opposite, the dark regions are Zr-rich. Oxygen is also 

exclusively found in these regions, directly confirming that only the Zr-rich regions are 

selectively oxidized in the decomposition process. The EDX maps also reveal that the Zr-rich 

areas are in fact chemically mostly inhomogeneous with patches of Cu-richer regions 

intermixed. Interestingly, in some places both Cu and Zr are observed, but the oxygen 

intensity still appears low. Hence, these regions might be associated with the still intact 

Cu51Zr14 intermetallic compound. 

 

Figure 8: EDX elemental maps of the bulk region of the FIB-cut layer shown in Figure 4. 

Panel A: TEM image, Panels B-C: individual intensity maps of Cu-K (olive, B), O-K (green, 

C) and Zr-K (red, D). 

In Figure 9, in combination with Table 2, a more detailed quantification of different areas is 

presented. This quantification has been carried out in five representative regions, indicated by 

the five boxes. The X-ray signal from the elemental map was integrated and the resulting 

spectrum was quantified. In fact, this quantification also corroborates the so far rather 
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qualitative discussion. Regions with a predominant amount of Cu tend to exhibit a rather low 

oxygen content, hence, Cu is found mainly in its metallic state (e.g. area 2). In these regions, 

the Zr content is also comparatively low. Vice versa, regions with a higher amount of Zr 

almost exclusively feature a higher amount of oxygen (e.g. area 4). In the other regions,  Cu 

and Zr exist also in relative amounts of 1:1. These numbers should be taken only as a rough 

guide, since reliable quantification of the oxygen signal in EDX is difficult due to its low X-

ray yield. A trend is nevertheless clearly visible.  

 

Figure 9: Detailed EDX analysis of the regions shown in Figure 8. Selected relative 

intensities were taken from the boxes 1-5 and are jointly summarized in Table 2. Blue regions 

are mainly Cu-rich, red ones mainly Zr-rich. In the yellow regions, both significant Cu and Zr 

intensities have been found. 

Table 2: Quantification of the EDX map of Figure 9 of the five regions indicated by the 

boxed areas, based on the analysis of the Cu-K, Zr-K and O-K edges. 

Area Cu at.-% Zr at-% O at-% 

1 19.7 36.2 44.1 
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2 92.5 1.5 6.0 

3 43.1 19.5 37.4 

4 8.8 37.5 53.7 

5 40.8 23.5 35.7 

 

Catalytic-wise, the chemical distribution within the surface regions is most important. Hence, 

Figure 10 shows a detailed quantification of the surface- and surface-near regions. A co-

existence of metallic Cu and oxidized Zr is clearly revealed. Two important conclusions can 

be drawn: firstly, the surface is clearly Cu-enriched and secondly, only Zr is exclusively 

oxidized. This follows from Figure 10 B, which show a superposition of Cu (olive), Zr (red) 

and O (blue). In these cases, the oxygen intensity is clearly highest at the spots with a 

corresponding high Zr intensity. The detailed EDX quantification of the boxed region in 

Figure 10 A reveals about 82±0.1 at.-% Cu, 2±1.8 at.-% Zr and 10±0.3 at.-% O (apart from 

signals of surface carbon and Pt of the FIB layer), directly showing the predominant metallic 

state of Cu and its massive enrichment in surface-near regions, as well as the almost exclusive 

oxidation of Zr. We, therefore, conclude that the surface regions are in fact a structural and 

chemical coexistence of metallic Cu and oxidized Zr in the tetragonal modification (cf. 

electron diffraction pattern Figure 5 B). These findings also very much coincide with recent 

investigations of the oxidative decomposition of Cu-rich Zr2Cu alloys, leading to a mixture of 

tetragonal and monoclinic ZrO2 as well as partially oxidized Cu.
37
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Figure 10: EDX analysis of the surface regions of the CO2-selective state. Panel A: TEM 

image; Panel B: Superposition of O-K (blue), Zr-K (red) and Cu-K (green) intensities; Panel 

C: Cu-K intensity; Panel D: Zr-K intensity. EDX spectra were analyzed within the white 

square. 

3.4. Discussion and implications for catalysis 

At this stage, a short discussion about the evolving structure-activity correlations should be 

provided. As the most crucial structural feature of the CO2-selective methanol steam 

reforming state, the co-existence of metallic Cu and tetragonal ZrO2 in surface and surface-

near regions has been identified
31

. Hence, this selective state exhibits a rather large amount of 

obviously catalytically beneficial Cu-ZrO2 interface. This finding is in line with previous 

reports and assumptions of the high importance of these special interfacial regions for CO2-

selective Cu-ZrO2 catalysts
5,6

. It is worth noting, that the presence of the tetragonal 

modification of ZrO2 is one of the key factors explaining the high CO2 selectivity, although 

the exact role of tetragonal ZrO2 – and what sets it apart from its thermodynamically more 

stable monoclinic counterpart in this respect -  is far from being entirely clear.
10-18

 So far, the 

discussion remains on a mere qualitative basis, but recently, the easy partial and reversible 

hydroxylation of tetragonal ZrO2 has been proven by XP spectroscopy before and after 
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entering the CO2-selective state
31

. Extending this argument even further, we might suggest an 

obviously better water activation capability of tetragonal ZrO2 compared to the monoclinic 

one. This water activation is an imperative prerequisite for steering the reaction intermediates 

resulting from the decomposition of methanol (on Cu) towards CO2. On comparable Cu-Zr 

inverse model systems, starting from Cu-Zr intermetallic systems or from CVD- or ALD-

prepared ZrO2 layers and particles on Cu, the tremendous impact of the preparation routine 

has been worked out in detail
29,30

. Via these synthesis procedures it was possible to tune the 

structure and the hydroxylation properties of the ZrO2 layers, and thus, to steer the reaction 

deliberately between CO, CO2 and even formaldehyde. Focussing on the impact and the 

possible influence of the structure of the selective Cu-ZrO2 catalyst we note that an important 

structural parameter that is common to both metallic Cu and tetragonal ZrO2 is the low lattice 

mismatch of the cubic Cu and the tetragonal ZrO2 structure. This is evidenced in Table 1, 

where the observed lattice mismatch between the tetragonal ZrO2 (012) and Cu (111) planes 

and tetragonal ZrO2 (112) and Cu (200) planes, respectively, is less than 1%. The same is true 

for the tetragonal ZrO2 (114) and Cu (311) lattice planes, where the mismatch is smaller than 

4%. This would facilitate the formation of a well-defined, extended Cu-tetragonal ZrO2 

interface with superior catalytic properties upon oxidative decomposition of the Cu51Zr14 

compound. That this structural argument is not so far-fetched is directly seen in the electron 

diffraction pattern of Figure 5 B, where tetragonal ZrO2 appears well-ordered (note, however, 

that this pattern does not directly correlate to the best-match scheme presented in Figure 11, 

since through the FIB process, the required delicate relative alignment between sample and 

electron beam for perfect epitaxial visualization is not necessarily obtained). Since the initial 

amount of metallic Cu is very low, this suggests that during decomposition of the 

intermetallic compound the formation of an increased amount of metallic Cu and the 

oxidation of Zr to form tetragonal ZrO2 takes place simultaneously, resulting in the observed 

epitaxial ordering. The dominating epitaxial relation hence is: 
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Cu (001) ∥ tetr. ZrO2 (112̅) 

and is schematically visualized in Figure 11. The direct epitaxial stabilization of Cu species 

by different Zr polymorphs has also been brought up in a recent article by Pakharukova et al., 

who highlighted the close epitaxial relation between CuO and monoclinic ZrO2 as (110) CuO 

∥ (200) ZrO2.
38

 The same authors also provided evidence for the formation of epitaxial copper 

oxide chain-like clusters on tetragonal ZrO2.
39

   

We might also raise the question about the role of the structure of the hexagonal intermetallic 

compound Cu51Zr14. Certainly, some structural similarities between the structures of this 

compound and tetragonal ZrO2 exist (e.g. is the lattice mismatch between the (112) lattice 

plane of tetragonal ZrO2 and the (410) plane of Cu51Zr14 equally pronounced; see Figure 11 

C), resulting in the epitaxial relation: 

Cu51Zr14 (0001) ∥ tetr. ZrO2 (112̅) 

 The answer to this question would be ultimately linked to the pathway of oxidative 

decomposition of the intermetallic compound and to the decision at which stage exactly 

tetragonal ZrO2 is formed. To date, the provided microscopic images showing massive 

segregation and enrichment of Cu at the surface rather support the hypothesis that the 

formation of the well-ordered expitaxial ZrO2 layers are indeed at least in part structurally 

mediated both by Cu51Zr14 and metallic Cu. These structural prerequisites, in the form of an 

extended Cu-tetragonal ZrO2 interface, subsequently lay the foundation for the formation of 

catalytically beneficial reversible hydroxylation and the formation of ZrOxHy species, as 

discussed also previously. 
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Figure 11: Ball models of the epitaxial Cu-ZrO2 (tetr.) and Cu51Zr14-ZrO2 (tetr.) interface. 

Panel A: top view of Cu (001) ∥ tetr. ZrO2 (112̅), Panel B: side view of  Cu (001) ∥ tetr. ZrO2 

(112̅), Panel C: side view of Cu51Zr14 (0001) ∥ tetr. ZrO2 (112̅) (green: Zr, red: O, blue: Cu). 

 

4. Conclusions 

We have shown the microstructural evolution and requirements for obtaining a CO2-selective 

state of an intermetallic Cu-Zr compound during self-activation in methanol steam reforming. 

Starting from a well-defined Cu51Zr14/Cu pre-cursor, we observe that surface, near-surface 

and also bulk regions of the intermetallic pre-catalyst structure are heavily influenced by the 
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oxidative decomposition following contact to the methanol steam reforming reaction mixture. 

The microstructure of the most active and CO2-selective state is characterized by a co-

existence of metallic copper nanoparticles and patches of oxidized zirconium exhibiting 

predominantly the tetragonal ZrO2 structure. This important co-existence is also found in 

deeper bulk regions of the sample, although generally, the catalyst exhibits a “chaotic” 

microstructure, with regions of homogeneous and/or lamellar patches of almost pure ZrO2/Zr-

richer regions in close vicinity of embedded Cu-rich regions. An exception only concerns the 

surface-near regions, as discussed above. It is worth noting that this active and selective state 

is an exclusive result of self-activation during reaction. While this not per se a new finding,  

especially for the Cu-Zr system, whose importance in replacing the sintering-prone Cu-ZnO 

system has gained a lot of interest recently, high CO2 selectivity using such a pathway has so 

far only be obtained by adding dopants and oxidative pre-decomposition of the intermetallic 

compound. In addition, in contrast to starting from glassy amorphous alloys reported earlier, 

the well-defined starting state allows the direct monitoring of self-activation and structural 

transition. Given the renewed importance of intermetallic compounds in catalysis, we 

anticipate that the outlined ideas might offer a convenient pathway to a generalized concept of 

activation of different bimetallic compounds. Further studies should also clarify, to what 

extent the self-activation and the oxidative decomposition is a function of the composition of 

the samples. So far, only one composition (starting from a mixture of Cu and Cu51Zr14) has 

been analyzed. Given that controlling the composition in only a very narrow compositional 

range is imperative for activation of a number of catalytically active bimetallic compounds 

(such as ZnPd), more results are to be expected and likely lead to further improvement of the 

catalytic properties. The use of such intermetallic compounds is therefore not limited to in situ 

stable compounds
40

. Rather, access to high-performance materials, eventually not accessible 

by other routes, is granted
41

. With respect to potential application areas, we envision the 

formation of strongly attached self-activating catalytically selective intermetallic layer 
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coatings on very stable supports with potential application in monolith- and microreactor 

techniques (e.g. bimetallic coatings of ceramic monoliths for microreactors and 

microreformers) which can automatically form a highly active, highly selective, and very 

stable high-surface-area state by "selective corrosion" under MSR reaction conditions. 
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