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Cu—Zn Alloy Formation as Unfavored State for Efficient

Methanol Catalysts
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Frank Girgsdies,” Thomas Lunkenbein,” and Robert Schlégl™ ¢

The active sites of Cu/ZnO-based catalysts, commercially
applied for the hydrogenation of CO, or CO,-rich synthesis gas,
are still subject of current debates. Generally, the discussion is
focused on the nature of the interfacial contact between Cu
and ZnO, particularly whether it is rather of oxidic (Cu—ZnO) or
alloying (Cu—Zn) character. We report on kinetic investigations
on a Cu/ZnO:Al high performance catalyst activated at different
temperatures. Incrementally increasing temperature under
reductive conditions leads also to increased CuZn-alloy forma-
tion, analyzed by in-situ X-ray diffraction, in-situ X-ray absorp-
tion spectroscopy and high resolution transmission electron
microscopy. The combination of the catalytic data and the
complementary characterization techniques provide valuable
insights on the relevant reaction sites for CH;OH formation. Our
results highlight the complexity of the interfacial contact with
evidence for Cu—ZnO reaction sites and clarify the negative
impact of CuZn alloy formation on the nature of the active site.

In heterogeneous catalysis, the specific state of surfaces in
terms of structural and electronic saturation was already
discussed in 1914 by Haber.! The conceptual evolution, that
not the entire available surface but dedicated “reaction sites”
are responsible for the rate of formation (or conversion), dates
back to the 1920s.? The activation of the reactants and the
selective cleavage/formation of the corresponding bonds,
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prompted the necessity of a catalogue of catalytic materials.”!

Still today, partly due to the complexity of the applied
catalysts,” the identification of such “active sites” is rather
challenging.”’ Metal oxide - metal interfaces, particularly
between Cu and ZnO, are examples of catalysts for which the
active site is a matter of debate since decades.” The dynamic
behavior of the Cu/ZnO composition upon changes in the
environment (temperature, pressure, gas phase etc.) or as a
function of time, makes this system really intriguing.”’ The
manifold character of the synergism between Cu and ZnO
focusses generally on surface alloying, surface ZnO species and
the interfacial contact.”™ We could recently show that this
intimate metal/oxide contact is already developed during the
multi-event nature of the activation process.”” Within this study,
we report on the impact of the activation temperature on the
performance of a Cu/ZnO:Al (in atom-% 69Cu/29Zn/2Al, XRF
Table S1) catalyst in CH;OH formation (8CO,/6CO/59H,/27He,
30 bar, 230°C). The catalytic results are correlated with struc-
tural data provided by various in-situ characterization tools such
as X-ray diffraction (XRD), ambient pressure X-ray absorption
spectroscopy (XAS) combining near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) at the K-edges
of Cu and Zn. Coupled with electron microscopy, surface
titration techniques (reactive frontal chromatography, N,O-RFC
and temperature programmed desorption, H,-TPD) and a
kinetic evaluation (apparent activation energy, E,), the con-
sequences of the activation temperature for the number and
nature of active sites are discussed. The synthesis protocol is
described briefly in the supporting information (SI). An analo-
gously prepared catalyst showed very promising catalytic
results in previous studies.'”

Figure 1(a) shows the Cu lattice parameter a as a function of
the activation temperature in an atmosphere of 20% H, in He.
Since a CuZn-alloy (or a-brass) has the same structural environ-
ment as Cu metal, the degree of CuZn-alloy formation is only
directly visible through the corresponding lattice parameter
which is enlarged by Zn incorporation. Oxygen or hydrogen
contributions are excluded as source of lattice expansion.!'” The
lattice parameter was determined in-situ (red points, as powder)
in Bragg-Brentano (BB) geometry or quasi in-situ (black points,
as pressed pellet with inert glove box transfer) for rather surface
sensitive information in parallel beam (PB) geometry (details
see SI, XRD part). The in-situ XRD data (measured at RT to
distinguish alloying from thermal expansion effects) show an
incremental increase in the lattice parameter as a function of
the activation temperature starting at 300°C. The PB measure-
ments show a significant increase in a already between 250 and
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Figure 1. Lattice parameter of Cu plotted as a function of the activation
temperature in a reductive atmosphere of 20% H, in He, measured by in-situ
XRD (red) and ex-situ parallel beam (black) XRD (a). The CH;OH reaction rates
obtained from steady state measurements at 30 bar, 230 °C and synthesis
gas (8C0O,/6C0O/59H,/27He) activated at various temperatures (b). Apparent
activation energies at different activation temperatures at 30 bar in synthesis
gas (c). The activation period prior to the measurements (b + c) were
conducted in 20% H, in Ar and heating rates of 1°C min~". All dashed lines
are guides to the eye.

300°C. These values, also with respect to the error bars (3esd),
are interpreted as signs of surface alloy formation already
occurring at lower temperature. This is in line with the general
process of Zn diffusion into the Cu lattice in reductive
atmosphere starting at the surface.'” A comparison of the
lattice parameter at 400 °C gives the identical results for BB and
PB geometry evidencing an adaption of the surface and bulk
values. The Zn concentration in CuZn-alloy (o-brass) is
estimated as ~ 10 at.—%.""?

To correlate the starting alloy formation with the catalytic
performance, Cu/ZnO:Al catalysts were activated at different
temperatures and kinetically evaluated. The corresponding
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reaction rates at 30 bar, 230°C in syngas (8C0O,/6CO/59H,/27He)
are shown in Figure 1(b). With increasing activation temper-
ature, the reaction rates of CH;OH formation decrease. The loss
in activity for the first increase in activation temperature
(250°C—300°C; Arates=41) is rather small and grows stepwise
(300°C—350°C; Arates=56/350°C—400°C; Arates=88). This
means that with ongoing alloy formation also the reaction rates
to CH,OH significantly decrease.

Since Cu and ZnO domain sizes (determined by Rietveld
fitting of in-situ XRD data, Figure S2) grow continuously as a
function of temperature, the contribution of a temperature
induced decrease in reaction sites (due to e.g. sintering, domain
size growth etc.) has to be evaluated. Figure 2 illustrates the
specific surface areas of the differently activated catalysts
determined by H,-TPD and N,O-RFC. This quantification allows
discriminating between exclusively Cu-surface sites (H,-TPD)
and redox active sites on the surface (N,O-RFC), which include
additionally oxygen vacancies on ZnO and CuZn-alloy sites."”
The N,O-RFC values decrease insignificantly (from 29.4—
27.5m?g™") with increasing activation temperatures (from
250—350°C) and drop by more than one third upon reaching
400 °C. This implies that at elevated temperature alloy formation
has already a significant influence on the overall specific surface
area. The Cu surface area slightly increases (~1 m?g~") between
250 and 300°C activation temperature and strongly decreases
at 350°C (to~5 m*g~"). This is explained by the limited ability
of the CuZn-alloy, which is according to Figure 1(a)+ (b) already
present, to activate H,. Since N,O is able to react with Cu and
Zn from the surface alloy, the N,O-RFC values are almost
unaffected (Figure 2). The increasing number of Cu sites
between 250 and 300°C is attributed to the crystallization of
amorphous ZnO moieties, which partly cover the Cu surface by
a metastable overlayer (Figure $3).7¥ This is further confirmed
by a quantitative analysis of the ZnO phase by PB-XRD, which
shows an increasing ZnO-phase near the surface (Figure S4).

The significant amount of CuZn-alloy at an activation
temperature of 350°C is in line with the apparent activation
energies (E,) for CH;0H formation shown in Figure 1(c). E, starts
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Figure 2. Specific surface area values of differently activated catalysts
determined by H,-TPD and N,O-RFC.
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to increase with increasing amount of CuZn-alloy (see also
Figure S5). This means that the alloy formation negatively
influences the nature of the active site. This trend continues,
and with higher activation temperature higher E, are obtained
due to the increase in CuZn-alloy formation. E, at 300 °C seems
to be unaffected, which is explained by the non-stable character
of surface alloy under industrially relevant testing
conditions.”*" This indicates that significant amounts of H,0
are present and re-oxidize the Cu—Zn sites back to Cu—Zn0."*"”"
This phenomenon is well-known and studied in the literature
and precisely explains the almost stable specific surface area
and E, values. The slightly decreasing reaction rates (Figure 1b)
are explained by the loss of the interfacial Cu—ZnO contact due
to de-wetting and crystallization of the metastable ZnO-
moieties (number of reaction sites influenced, not the nature).

To gain a deeper insight into the state of the samples after
activation at 250°C (no CuZn-alloy) and 350°C (with CuZn-
alloy), in-situ XAS measurements at the Cu and Zn K-edges were
performed. The activation of a Cu/ZnO:Al catalyst itself is a
complex process, involving HT-CO; decomposition, Cu reduc-
tion, ZnO polymorphism, self-doping and charge transfer. This
intriguing interplay leads to the formation of an intimate
interfacial Cu—ZnO contact and was subject of a separate,
recently published study.” Here, we focus on structural changes
upon exceeding 250°C under reductive atmosphere (5% H, in
He). Figure 3(a) shows Zn K-edge XANES spectra of the Cu/
ZnO: Al catalyst along with ZnO and Zn metal reference spectra.
At RT the XANES spectrum looks very similar to the ZnO bulk
reference sample with Zn in the oxidation state (Il). The slightly
broadened and weaker features in intensity evidence the
nanostructured character of ZnO moieties within the CuO/
ZnO:Al precatalyst. Heating the sample in reductive atmos-
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Figure 3. Zn K-edge XANES spectra of the Cu/ZnO:Al catalyst at various
temperatures, ZnO and Zn references (a). Zn K-edge derivative XANES
spectra (b). Cu K-edge spectra at various temperatures for the Cu/ZnO:Al
catalyst, CuO and Cu metal references and Fourier transformed Cu K-edge
EXAFS data (c). Derivative of the Zn K-edge spectra including data recorded
under rWGS conditions at 400 °C (d). The heating is conducted in 5% H, in
He.
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phere leads to a decrease in whiteline intensity at 9669 eV,
indicating a slightly reduced character of Zn (ll-x). Between
250°C and 350°C, the differences in the Zn K-edge XANES
spectra seem to be negligible, however, the corresponding
derivative spectra shown in Figure 3(b) reveal further details:
The decrease in the whiteline intensity and its shift towards
lower energies at ~9662.5 eV (1s-4p transition) in the derivative
spectra is interpreted as a change in the coordination environ-
ment of a small fraction of Zn*" (octahedral—tetrahedral).”}
This is coupled to an increase in covalence and loss of ionicity
(ZnCO;—Zn0), respectively, and stays stable up to 350°C
(complete decomposition of residual carbonate already at
250°C). The Zn metal reference spectrum shows a characteristic
maximum at 9658.5 eV. This spectral feature is absent in the
precatalyst, but starts to grow gradually with increasing temper-
ature (250°C—350°C). The increase at 9658.5eV directly
evidences the reduction of ZnO moieties and indicates the
formation of small fractions of Zn° as part of CuZn-alloy (see
also Figure 1 and 2). As the reduction temperature is raised, Cu
is reduced to Cu® (Figure 3¢, Cu K-edge spectra) and again only
minor differences between spectra recorded at 250 and 350°C
are observed. The differences between the pre-edge features in
the spectra of Cu metal and Cu/ZnO:Al are attributed to the
presence of Cu nanostructures.”™® The corresponding Fourier
transformed (FT) EXAFS data, in Figure 3(c) as inset, show a
decrease in peak amplitude indicating a higher degree of
structural disorder (see Debye-Waller factors in Table S2, and
fitting curves in Figure S7) with increasing temperature. This
behavior might be interpreted as the beginning of CuZn-alloy
formation, but it more likely indicates a surface event without a
a-brass or bulk contribution (here: R=2.55 A vs. R=2.66 A for
CuZn alloy,”™ see also Table S2). To probe the stability of the
CuZn-alloy, the temperature was increased to 400°C and the
gas atmosphere was switched to reverse water-gas shift (rWGS)
conditions (1 bar, 10% H,,10% C0,,80% He, flow 50 ml-min™").
The derivative Zn K-edge XANES spectra are compared in
Figure 3(d). Even at high temperatures, where alloy formation is
forced, the impact of the applied rWGS reaction conditions is
unambiguous. The CuZn-alloy formation which occurred during
reductive treatment, is reversible, and the alloy is re-oxidized by
CO,/H,0 under reaction conditions. This is also confirmed by
the EXAFS fitting results summarized in Table S2, showing a
constant coordination number of Cu coupled to an increase in
structural disorder (250°C: N=8.7+1.4; 0*=144+1.7-107% AY
400°C: N=87419; 0°=182+2.6-10"%A?%. Since the alloy
formation depends on the H, concentration (5% H, at 400°C),
the in-situ XRD experiment was adapted for comparison
(Figure S6). The results discussed in Figure 1, with respect to the
amount of formed alloy and its reversible character under
reaction conditions, are perfectly in line with the amount of
alloy formed under 5% H, at 400°C (Figure S5). As long as only
a small fraction of CuZn-alloy (likely on the surface) is formed, it
is re-oxidized to Cu—ZnO. As a consequence, the loss in catalytic
activity is explained by the temperature induced sintering and
phase segregation tendencies decreasing the number of active
sites. Our group recently published a study highlighting the
strong impact of H,O under CH,;OH synthesis conditions."”
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Coverages of 1-2 monolayers of H,O were identified as being
present under industrially relevant conditions. As soon as a bulk
alloy is formed (Figure 1, 400°C in 20% H,), the influence on
the catalytic material seems to be partly irreversible (Figure 1b
+¢), at least under the applied conditions.

The origin of the CuZn alloy formation, as stepwise process
controlled by the activation temperatures and the redox
potential of the gas phase (minimizing the surface energy, ZnO
reduction, Zn diffusion in Cu, o-brass formation),”"® is also
locally visible by transmission electron microscopy (TEM, Fig-
ure 4, Figure S8). After reductive treatment at 350°C the high
resolution TEM image displays the presence of ZnO islands on
top of a defective Cu-rich CusZn nanoalloy. Note that due to
the similar lattice planes of metallic Cu and Cu;Zn (Table S3) a
direct phase assignment is not trivial. However, elemental
mapping of the catalyst activated at 400°C shows already a
CuZn-nanoalloy particle embedded in ZnO, representing bulk-
alloy moieties (Figure S8¢c, elemental mapping based on
electron energy loss spectroscopy).

In summary, the activation of a Cu/ZnO:Al catalyst is a
sensitive process. Exceeding 250°C has already severe con-
sequences for the catalytic performance and the involved active
sites. Discussing the active site concept as interfacial site at the
Cu—ZnO perimeter the catalytic adaptions are unraveled. Under
defined reducing conditions (here, 20% H, in Ar) CuZn-alloy
formation is enforced (early stage of a-brass). When approach-
ing a certain amount of CuZn-alloy, the catalyst is irreversibly
modified, which also leads to a change in the nature of the
active site (removing oxygen at the perimeter of Cu—O—Zn). The
decrease of the reaction rate coupled to an increase of the
CuZn-alloy formation and E, might be explained by the multiple
synergisms focused at the in Cu—ZnO interface (structurally,
electronically and mechanistically). A CuZn-alloy might be an

Figure 4. (a) TEM image after reductive activation at 350 °C. The circle
denotes the region from which the Fast Fourier Transform (FFT) was
acquired. The inset displays the corresponding FFT. The distances in the FFT
are given in [Al. (b) Elemental EELS mapping of Cu L-, O K-, and Zn L-edges
after reductive activation at 400 °C. The Cu/ZnO:Al catalysts were activated
in 20% H, in Ar and transferred without contact to ambient into the
microscope.
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active structure for CH;OH synthesis, but not all synergistic
effects are observable (e.g. unable to activate H,,"* too stable
oxygenates,®” no OH-groups to activate CO,-derived
intermediates"”). Besides, the formation of a small fraction of
CuZn-alloy (likely on the surface/interface of Cu—ZnO) is, under
relevant conditions, structurally a reversible phenomenon (re-
oxidation to Cu—O—Zn). Finally, this study identifies the lattice
constant of Cu as descriptor of its specific activity, defined by
the alloy formation during activation as unwanted state of the
active site.
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