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Abstract: The activation and catalytic performance of two representative Zr-containing intermetallic
systems, namely Cu-Zr and Pd-Zr, have been comparatively studied operando using methanol
steam reforming (MSR) as test reaction. Using an inverse surface science and bulk model catalyst
approach, we monitored the transition of the initial metal/intermetallic compound structures into
the eventual active and CO,-selective states upon contact to the methanol steam reforming mixture.
For Cu-Zr, selected nominal stoichiometries ranging from Cu:Zr = 9:2 over 2:1 to 1:2 have been
prepared by mixing the respective amounts of metallic Cu and Zr to yield different Cu-Zr bulk phases
as initial catalyst structures. In addition, the methanol steam reforming performance of two Pd-Zr
systems, that is, a bulk system with a nominal Pd:Zr = 2:1 stoichiometry and an inverse model system
consisting of CVD-grown ZrO,H, layers on a polycrystalline Pd foil, has been comparatively assessed.
While the CO;-selectivity and the overall catalytic performance of the Cu-Zr system is promising due
to operando formation of a catalytically beneficial Cu-ZrO; interface, the case for Pd-Zr is different.
For both Pd-Zr systems, the low-temperature coking tendency, the high water-activation temperature
and the CO,-selectivity spoiling inverse WGS reaction limit the use of the Pd-Zr systems for selective
MSR applications, although alloying of Pd with Zr opens water activation channels to increase the
CO; selectivity.

Keywords: Zirconium-tert.-butoxide; Palladium; Zr reduction; methanol steam reforming; copper

1. Introduction

ZrO,-containing catalysts have evoked recent interest both as additives to other catalytic systems
and as isolated entities as well as for their ability to improve the structural integrity of various catalysts
and to induce beneficial steering of reaction pathways to increase the respective selectivity of especially
the methanol steam reforming (MSR) and methanol synthesis reactions [1-6]. Particularly rewarding
in this respect is to focus on the Cu-ZrO; system, where the addition of ZrO, to the industrially
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used Cu/ZnO/Al,Os catalyst has already been shown to increase the long-term stability of the
system and to prevent the Cu particles from extensive sintering. Improved catalytic performance,
involving direct Cu-ZrO, interaction and the eventual formation of Cu-O-Zr bonds, have also
been reported for clean Cu-ZrO,; catalysts. It is widely accepted that the structure and chemistry
of the metal-oxide Cu-ZrO, phase boundary is most crucial for developing beneficial catalytic
properties [7-13]. For methanol steam reforming, the key parameters are high CO, selectivity,
maximum hydrogen yield and a low CO concentration in the product feed [4]. The opening of
proper water activation channels is thereby an obvious prerequisite for CO;-selective steam reforming.
As such, it has been shown recently for differently prepared Cu-ZrO; model systems, that the reversible
hydroxylation capability of ZrO, (yielding ZrOH, species) at the interface is a prime criterion
for efficient water activation [14-16]. In due course, the latter can be achieved best by in situ self
activation of a Cu-Zr bimetallic compound, which, upon contact with the steam reforming mixture
at 623 K, is decomposed into a “supported” Cu-ZrO, catalyst comprised of small dispersed metallic
Cu particles in intimate contact with partially hydroxylated ZrO, crystallizing predominantly in
the tetragonal modification. This synergistically self-activated catalyst shows the most promising
CO; selectivity at close to 100% [15]. Extending this concept to other promising methanol steam
reforming catalysts on bimetallic compound “precatalyst” basis suggests focusing on a group of
CO;-selective Pd-based intermetallic compounds studied exhaustively in the last two decades [17].
Foremost, this includes the Zn-Pd, Ga-Pd and In-Pd systems, on which the importance of water
activation by creation of bifunctionally operating ZnO-ZnPd/Ga;O3-GaPd; /InyO3-InPd interfaces
(for simultaneous methanol and water activation) during methanol steam reforming has been clearly
worked out [18]. The interpretation of the catalytic behavior of these types of intermetallic phases was
given in terms of a similar electronic structure of the Pd-based intermetallic phases and metallic Cu,
which has been proven experimentally and theoretically [18]. Similar ideas also hold for the catalytic
properties of the intermetallic compounds/near-surface alloys of Cu-Zn and Cu-Zr [19]. It is therefore
clear that the beneficial catalytic function of Zn/ZnO can be at least to some extent be modeled by
Zr/ZrO,. Transferring these ideas to preparing a potentially catalytically active Pd-ZrO, interface by
proper adjustment of the synthesis conditions of a Pd-Zr(O,) model system yielded two important
results: (i) redox-active metallic Zr sub-nanometer clusters via reduction of a partially hydroxylated
Zr**-containing layer obtained following adsorption and thermal annealing of the organometallic
precursor material Zr-tert. Butoxide; and (ii) the promotion of methane dry reforming if initially
metallic Zr species are present in the precursor, which subsequently lead to a Pd/ZrH,O, phase
boundary by oxidative activation under operando conditions. A comparable methane dry reforming
(DRM) behavior has also been found for a bulk Pd-Zr intermetallic phase with deliberately chosen
Pd:Zr = 2:1 nominal stoichiometry (in close correlation to the Cu-Zr bulk system discussed above) [20].
Under methanol steam reforming conditions, preliminary results indicate the principal water activation
capability of the Pd-ZrO, interface, albeit with so far unsatisfactory CO; selectivity. In order to work
out the structural and catalytic similarities and differences between the Cu-Zr and the Pd-Zr system,
we here aim to provide a direct comparison of the behavior of the respective Cu-Zr and Pd-Zr bulk
bimetallic catalyst entities in methanol steam reforming. Particular emphasis will be given to the
elucidation of an eventual similar structural and chemical self-activation on Pd-Zr and to the behavior
of the so far only DRM-tested active Pd/ZrH,O, phase boundary in methanol steam reforming.

2. Results and Discussion

2.1. Inverse Pd/ZrOxH, Samples and Pd-Zr Intermetallic Compounds

Catalytic, structural and spectroscopic characterization has been carried out on the two selected
Pd-Zr systems discussed in detail in the Methods and Materials Section. As such, an inverse model
system of ZrO,H,, overlayers on Pd resulting from thermal decomposition of 1000 L Zirconium-tert.
butoxide (ZTB) at 693 K and a bulk intermetallic Pd-Zr system have been comparatively included in
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the discussion. In a previous report, we have already addressed the CVD preparation of the layers and
the susceptibility of the Zr oxidation state to the chemical environment—especially under reducing
conditions [19].

2.1.1. Methanol Steam Reforming on the Inverse Pd/ZrO,H, Sample

In due course, the CVD “as-prepared” (1000 L ZTB at 693 K, resulting in ~0.5 monolayers
(ML) ZrOxHy) and a partially reduced sample (annealed to 700 K in 5 x 10~? mbar vacuum after
CVD) were tested in the batch reactor setup for MSR. In our standard temperature-programmed
experiment up to 673 K, in both cases no positive synergistic effects toward enhanced CO, selectivity
were observed. The well-known methanol dehydrogenation activity of clean Pd toward almost
100% CO and H; was found to scale linearly with the fraction of ZrO,Hy-free Pd surface. However,
water-activating and, thus, CO,-promoting phase boundary effects could be verified under otherwise
identical MSR conditions for related inverse Cu/ZrO; and Cu/ZrOyH, model catalysts [14-16].
Even the “hydroxylative” activation of Zr° on the vacuum-pre-reduced Pd/Zr°/Zr**O,H, catalyst
surface under MSR conditions does not promote low-temperature (T < 623 K) water activation and,
thus, direct CO,-formation, which so far could be verified for the related bimetallic PdZn [18],
CuZn [19] and CuZr [15] surfaces. Even for the later discussed intermetallic Pd-Zr bulk phase,
no increase in the CO, formation rate could be found in MSR in similar temperature regimes.

From the electronic structure viewpoint, full dehydrogenation of methanol via formaldehyde
to CO occurs at a high rate only on the “clean” (electronically unaltered) Pd metal surface,
since formaldehyde is clearly destabilized on Pd® [21], which moreover features intrinsically poor
water activation properties. In contrast, both on clean CuY and the ZnPd intermetallic (which are both
MSR stable), full dehydrogenation toward CO is blocked [18,19]. If, in due course, the pathway for
water activation and thus total oxidation of formaldehyde toward CO; is opened, high CO, selectivity
can be realized. On the other hand, intermetallic precursors containing Zr? are in general unstable
under MSR conditions, leading either to exsolution of clean metallic Cu® (with little dehydrogenation
propensity for HCHO and also reduced coking propensity) or to surface-near formation of extended
unalloyed Pd® patches. For the latter, fast full dehydrogenation is expected to be dominant over total
oxidation of HCHO to CO,, especially if the MSR-induced metal-zirconia phase boundary is inactive
or somehow inactivated regarding water activation.

The latter aspect implies a further reason for the complete absence of any CO,-beneficial Pd-Zr
interaction, which was identified by in situ X-ray photoelectron (XPS) measurements. In Figure 1,
the evolution of the Pd 3d, Zr 3d, C 1s and O 1s regions after sequential treatments under MSR
conditions, in clean methanol, water atmosphere and in O,, are shown, starting from the CVD
as-grown Pd/ZrO,H, pre-catalyst state. In excess of water (watermethanol = 2:1), only very little
carbon formation was observed at ~700 K (compare Figure 1, lowest panel vs. Figure 2 (different scale
for C 1s)). As soon as water is switched off (giving rise to a clean methanol atmosphere), a carbon layer
quickly starts to grow. This carbon is mostly assigned to graphitic species, according to the dominant
C 1s binding energy (BE) component at 284.2 eV and the quite low full width at half maximum( FWHM)
of the C 1s peak of ~0.5 eV. If the temperature is increased stepwise, the C 1s signal grows. Even though
graphitic carbon is known for its rather less pronounced inelastic photoelectron attenuation effect (as it
can be used as an electron transparent layer in the form of graphene [22]), the observed large amount
of carbon (well above 1 ML) must in principle cause a certain shielding effect both for the Pd 3d
and Zr 3d signals if it was homogeneously covering the entire surface, especially upon consideration
of the highly surface-sensitive operation mode (photoelectron kinetic energy ~120 eV). Surprisingly,
this expectable attenuation strongly affects the Pd 3d region, but the Zr 3d signal remains almost
unchanged. This effect can in principle be explained in two ways: Either, (1) Graphite only grows on Pd,
but not on ZrO,Hy, creating a thick carbon overlayer with holes at the ZrO, islands. Pd-Zr interfacial
sites do not get lost, but are blocked by graphitic carbon, resulting in the loss of any beneficial catalytic
effect of these special sites. This hypothesis would also imply that the ZrO; islands are thick enough to
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be fully Pd 3d “attenuating”, otherwise a carbon coverage-independent Pd 3d signal passing through
the ZrO,H, islands should remain detectable. With the used photon energy of 120 eV the island height
would have to exceed at least 3 ML. Considering the scanning tunneling microscopic (STM) images
(cf. Figure 4 in Ref. [19]), which show a ZrO,H,-carbon overlayer on Pd(111) with a coverage close to
1 ML after CVD, and evenly distributed clusters of Zr atoms with 1 ML height after the subsequent
UHYV annealing step, this scenario appears rather doubtful. Therefore, a second explanation might be
more reasonable, but is only tentative at the moment: (2) Carbon grows in a “sandwich-like” fashion
between Pd and ZrO,Hy and “lifts” the ZrOyH, islands up. Consequently, the Pd-Zr interfacial sites
would also get lost, resulting in the discussed catalytic inactivity. Note that such tremendous amounts
of carbon were found neither on clean Pd nor on clean ZrO, under otherwise identical conditions.
Therefore, a strong enhancement of coking caused by the Pd/ZrO,H, interface is strongly suggested.
In such a way, the inactivity of the phase boundary in the water-containing MSR atmosphere might
also be rationalized: The boundary-site-blocking or beginning lift off effect is expected to already play
a role, even though the carbon formation propensity is lowered due to the simultaneous water co-feed.
Smaller amounts of graphitic carbon (C 1s BE = 284.3 eV) were always observed ex situ after MSR in
the batch reactor setup. Moreover, MSR in situ XPS experiments at temperatures lower than 700 K
(Figure 2) clearly indicate the formation of graphitic carbon also under MSR conditions. Quantification
indicates a carbon coverage of 0.5-1 ML at 700 K under MSR conditions and around 1.5 ML at 700 K
under pure methanol. As the formed carbon “interlayer” caused by pure methanol between 700 K and
750 K cannot be removed with H,O and not even with O, at 750 K, as shown in the uppermost panels
of Figure 1, its permanent poisoning effect and ineffective removal by water under MSR conditions
is obvious.
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Figure 1. In situ near-ambient pressure X-ray photoelectron (NAP-XP) spectra (Pd 3d, Zr 3d, C 1s and
O 1s (overlapping with Pd 3p) regions) of CVD-grown 0.5 ML ZrO;H,, on a Pd model catalyst after
1000 L Zirconium tert. butoxide (ZTB) at 723 K under water-rich methanol steam reforming (MSR)
conditions, in clean methanol, water and oxygen (details see left axis). No vacuum annealing treatment
after chemical vapor deposition (CVD) was performed.

Starting from a partially reduced initial Zr state (CVD with ZTB followed by vacuum
annealing [20]), Figure 2 shows the temperature-dependent evolution of the in situ XPS spectra
under MSR conditions. Up to 423 K, carbon oxygenate species can be seen at binding energies around
286-288 eV. They arise from partial oxidation of methanol and prove the potential of the surface
for methanol activation. Up to 548 K no Zr hydroxylation is found. With increasing temperature,
hydroxylation takes place under reaction conditions, along with a shift of the Zr 3d peak from
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182.3 up to 183.0 eV due to reaction with H,O in the gas feed. This indicates water activation and
suggests the opening of water activation-dependent reaction channels. Moreover, graphitic carbon
species (BE of 284.2 eV) are increasing between 298 and 648 K under MSR conditions. These carbon
species disappear at higher temperatures. Both carbon bulk dissolution in Pd and the water gas
reaction C + HO — CO + Hjy, which can cause the onset of CO formation above 623 K (see Figure 3),
may be considered to explain this observation. In the O 1s region, special care has to been taken
when interpreting the peak shift to higher BE as Zr hydroxylation, since also carbon oxygenates may
contribute to this trend and O 1s overlaps with Pd 3p.
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Figure 2. In situ NAP-XPS spectra (Zr 3d, C 1s and O 1s (overlapping with Pd 3p) regions) of
0.5 monolayers (ML) Zr/ ZrOxHy, prepared by annealing of CVD grown ZrOxHy (2000 L ZTB at 723 K)
in vacuum at 700 K under water-rich MSR conditions (HyO:MeOH = 2:1, p;tq = 0.3 mbar).

As mentioned above, neither the CVD-as-grown Pd/ Zr*4OxHy nor the mixed valence
Pd/Z1° /ZrOxH, model catalyst (prepared by vacuum annealing of the former) showed synergistic
MSR effects in the standard temperature range up to 623 K. This range represents also the accumulation
and stability region of surface/interface carbon species, as verified by the in situ XPS experiments of
Figure 2. As the spectra at T > 648 K in Figure 2 both indicate additional surface hydroxylation by water
and pronounced carbon clean-off, high-temperature MSR experiments up to 873 K were additionally
performed and are shown in Figure 3. Formation of CO starts around 623 K and is assigned to the
intrinsic methanol dehydrogenation activity of the residual clean Pd surface. On the initially clean
Pd foil (without Zr), this reaction starts also slightly above 600 K. At ~700 K the CO formation rate
passes through a maximum, then drops steeply and even becomes negative, i.e., already formed CO is
consumed, which is clearly linked to simultaneous positive CO, formation. It is rather conclusive that
the CO, formation arises from the onset of water gas shift (WGSR) activity, which is again coupled
with the pronounced carbon clean-off effect starting above 650 K and shown in Figure 2. Thus,
we suggest a water activation—carbon clean off—WGSR scenario mediated by “de-coked” and hence,
activated Pd/ZrO,H, sites above ~650 K. The catalytic results of Figure 3 are therefore consistent with
the in situ XP spectra of Figure 2. In the isothermal reaction part, CO is still formed on Pd, but partially
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re-consumed by the water gas shift reaction to form CO,. Consequently, both formation rates, CO and
COg, are positive. On this basis, we have to conclude that the low-temperature coking tendency,
the high water-activation temperature and the CO;-forming WGS reaction on the “re-activated”
catalyst limit the relevance of Pd/ZrO,H, for highly selective MSR applications, which are intrinsically
impossible due to the temperature-dependent WGS equilibrium.
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Figure 3. MSR on the CVD grown ZrO;H; model catalyst under water-rich MSR conditions
(water:methanol = 2:1, piya1 = 36 mbar). The exposure was about 1000 L ZTB at 700 K and the
initial coverage with Zr estimated to ~0.4 ML. The temperature range of the MSR experiment was
extended to 873 K.

2.1.2. Methanol Steam Reforming on the Pd-Zr Bulk Sample

To further test the ability of Pd-Zr systems to act as active and potentially CO,-selective methanol
steam reforming catalysts, and to connect also to recent experiments on the formation of a bifunctional
synergistically operating Cu-ZrO; interface obtained by oxidative decomposition of Cu-Zr intermetallic
phases with a nominal Cu:Zr = 2:1 stoichiometry [18], we prepared a similar Pd-Zr bulk intermetallic
system. Preparation was carried out as discussed in the Methods and Materials Section. Of particular
importance in this respect is the question, whether a single Pd-Zr intermetallic phase could be prepared
that exhibits beneficial hydroxylation kinetics already at low enough temperatures, eventually enabling
to access CO,-selective MSR pathways.

Figure 4 shows a comparison of the XRD-derived bulk structures before and after the methanol
steam reforming experiment up to 873 K. Before MSR, the XRD pattern can be consistently explained by
the presence of a body-centered tetragonal Pd,Zr phase [23] in co-existence with metallic Pd. Pd3Zr [24]
is additionally present as a minor component. Note that peaks of the underlying Ta substrate used
for preparing the Pd-Zr intermetallic compound are visible, as the latter is not removed from the
substrate for XRD analysis. The discussed findings are comparable to those of the 2:1 Cu-Zr system,
where in essence also an admixture of metallic Cu and Cus;Zr4 has been found in the “precatalyst”
structure. It should be also noted that in order to fit Pd,Zr to the experimental XRD pattern, the original
lattice parameters of the Pd,Zr structure (denoted brown in Figure 4), which shows a homogeneity
range between 33.3 and 37.0 at % Zr [25], had to be slightly compressed (denoted green in Figure 4).
This can be rationalized on the basis of an eventual deviation from the equilibrium structure due to the
fast re-cooling of the melt in the preparation process. Most interestingly, and in striking contrast to
the observations on Cu-Zr, the respective XRD pattern after catalysis appears essentially unchanged
with respect to the bulk phases being present. However, the relative amount of Pd3Zr increases
slightly with respect to Pd,Zr. This is also understandable on the basis of the Pd-Zr phase diagram:
PdsZr is the thermodynamically most stable compound in the Pd-Zr system [25], with the system most
likely approaching structural equilibrium. No oxidized bulk ZrO, species have also been observed
in XRD after MSR, in contrast to Cu-Zr [18]. The stability difference between CuZr and PdZr is,
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thus, apparently as follows: PdZr does obviously not experience “deep” bulk corrosion under MSR
conditions, in contrast to CuZr, and a thin ZrOxH, /Pd" surface-near segregation layer is obviously
not detectable by XRD. Nevertheless, the related XPS-data in Figure 7 (shown below) clearly show the
simultaneous presence of ZrOxH, and Pd? species at the surface of the intermetallic melt after and
(via oxidative segregation of Zr at ambient conditions) already before catalysis.

after MSR
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Figure 4. XRD patterns of the Pd-Zr system with a nominal starting stoichiometry of Pd:Zr = 2:1 before
(lower panel) and after (upper panel) methanol steam reforming up to 873 K.

In order to further prove the stability of the bulk-structure and morphology of the Pd-Zr sample,
focussed ion beam (FIB)-cut layers have been prepared and accordingly analyzed by TEM and
energy-dispersive X-ray analysis (EDX). Figure 5 directly reveals that the Pd-Zr system, despite the
presence of metallic Pd and modest amounts of PdsZr in the starting structure, is structurally
(left panel of Figure 5) and chemically (middle and right panel of Figure 5) homogeneous over
vast regions, especially deep inside the sample bulk. Quantification of the area shown in the panels of
Figure 5 reveal an approximate overall stoichiometry of Pd:Zr = 2:1, which is in accordance with the
nominal stoichiometry.

Figure 5. (Left panel) TEM image and complementary EDX analyses of a FIB-cut layer of the Pd-Zr
system with nominal starting stoichiometry of Pd:Zr = 2:1 before MSR; (Middle panel) Zr-K intensity
(red); and (Right panel) Pd-K intensity (grey). The surface has been denoted by a black arrow. In the
right part of the left image, part of the FIB-protecting Pt layer can be seen.

Figure 6 shows that, despite the obvious bulk structural leniency of the system, on the Pd-Zr bulk
system, water-activating sites must also be in principal available, as a pronounced CO, formation
rate is observed. The catalytic light-off temperature of CO, and CO at approximately 623 K is very
well comparable to that of the inverse Pd/ZrO,H, sample (cf. Figure 3), with the CO, formation rate
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increasing already slightly below 623 K. As on Pd/ZrOHy, low-temperature CO; and CO maxima
are observed before the maximum formation rate of both CO;, and CO is approached around 873 K,
again very comparable to Pd/ZrO;H,. Formation of formaldehyde is also observed, but at a very
low rate. Overall, it is worth noting that the catalytic profiles of the inverse Pd/ZrO,H, and the
intermetallic Pd-Zr sample are qualitatively very well comparable at least with respect to the CO and
CO; rate maxima.
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Figure 6. Methanol steam reforming on the Pd-Zr system with nominal starting stoichiometry of
Pd:Zr = 2:1. Reaction profile as indicated, reaction conditions: 12 mbar methanol, 24 mbar water,
8 mbar Ar and He added to 1 bar total pressure.

This directly indicates that the hydroxylation behavior must also be similar to a certain extent,
a fact that is corroborated by the XP spectra of the Pd-Zr bulk sample before and after MSR (Figure 7).
In short, the interpretation of the binding energy shifts and the development of the individual
components from the starting structure to that after catalysis is similar to the discussion for Pd/ZrO,H,
above, with one main difference: the initial Pd-Zr bulk sample, also due to contact to air upon transfer
to the batch reactor, is covered by a heavily hydroxylated Zr** layer (blue dotted line in the Zr 3d
doublet). Moreover, this segregated ZrOyHy cover layer appears thick enough to fully shield the Zr°
XPS signal to be expected from the intermetallic bulk. After catalysis, the sample remains clearly
hydroxylated, but the Zr 3d components assigned to ZrO; become more pronounced, suggesting partial
dehydroxylation of Zr**. Both the Pd 3d and O 1s signals reveal no change before and after catalysis.
The C 1 s signal suggests some carbon clean-off reaction.

335.4 eV 182.4 eV 2846eV 530.4 eV
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Figure 7. Ex situ XP spectra of the Pd-Zr system with nominal starting stoichiometry of Pd:Zr = 2:1
before and after the MSR reaction up to 873 K (reaction details cf. Figure 6). The Pd 3d, Zr 3d, C 1s and
O 1s signals are shown in separate panels.
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In summary, the structural and catalytic properties of both Pd-Zr systems are very much
alike despite the different preparation approaches: on both systems, water-activating channels are
opened via the formation of a Pd/ZrO.H, interface, giving rise to CO, formation. Due to the
selectivity-spoiling effect of metallic Pd, however, the CO; selectivity remains low.

2.2. Cu-Zr Bulk Intermetallic Compounds

As already discussed in the introduction, the Cu-ZrO, system is a promising catalyst entity for
CO»-selective methanol steam reforming [4]. To further discuss the influence of the Cu:Zr stoichiometry
on the catalytic behavior of Cu-Zr bulk phases in methanol steam reforming, we provide a short reprise
of previous findings at the beginning, using a nominal Cu:Zr 2:1 stoichiometry [18]. This particular
sample, exhibiting an initially (bi)metallic Cu/Cus;Zrj4 admixture, turned out to be highly active
and CO; selective in MSR due to selective operando corrosion of Zr and the associated formation of
a beneficial co-existence of metallic Cu and oxidized tetragonal ZrO;. As indicated by the TEM images
and the EDX maps, the sample before catalysis is—also deep inside the sample bulk—chemically more
or less homogeneous over vast regions (which is comparable to the Pd-Zr compound mixture discussed
above) [16]. A particular exception concerns the isolated Cu islands, which almost always, at least in
the initial state, are found close to the surface. Catalytic-wise, the sample is extremely CO,-selective,
also after the first catalytic run, with a CO, light-off temperature of about 550 K (Figure 8, Panel A).
During consecutive runs, the Cu’~tetragonal ZrO, interface self-activates, which is accompanied by
a drastic decrease of the CO, onset temperature of approximately 80 K to 470 K. Neither CO nor
formaldehyde has been observed during the catalytic treatments. Structure and morphology-wise,
the activated sample has undergone a significant structural transformation. The surface is now
massively enriched in dispersed metallic Cu, with the oxidized Zr acting as a “glue” between the
individual Cu particles. In fact, Zr is selectively oxidized both at and below the surface. As this
morphology now represents the active and selective state of the catalyst, it is made up by a co-existence
of nanoparticulate dispersed metallic Cu and ZrO,, mostly in its tetragonal modification [18,26].
Figure 9 shows a representative TEM and EDX comparison of the activated state.
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Figure 8. Methanol steam reforming on the initial Cu-Zr metal-intermetallic compound catalysts.
(A) Cu:Zr stoichiometry = 2:1, (a—d) four subsequent runs on the same starting material. Note that
the decrease of CO, formation rate during the isothermal reaction is due to progressive reactant
consumption (methanol conversion after 60 min ~100% for (d)); (B) Catalysis data: (a) for run 1;
(b) for run 2; and (c) for run 3 on a Cu/Zr catalyst with the initial ratio Cu:Zr = 9:2; (C) (d,e) runs 1 and 3
for an initial ratio Cu:Zr = 1:2.
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Figure 9. TEM overview image (main panel) and EDX maps (insets) of the operando-activated
Cu/Cus1Zryy metal-intermetallic compound admixture. To visualize the chemical distribution,
the Zr-K, Cu-K and O-K intensities have been used.

X-ray photoelectron spectra in addition showed that Zr** at the surface is basically partially
hydroxylated (i.e., indicating water activation), an obvious prerequisite for CO,-selective methanol
steam reforming [18]. The CO, formation rate for the nominal Cu:Zr = 9:2 composition is lower than
for an initial nominal composition Cu:Zr of 2:1 (Figure 8, Panel B). The selectivity pattern essentially
remains the same. The onset temperature shifts to lower temperatures with every run, as it was also
evident for Cu:Zr = 2:1. Panel C highlights the experiments for an initial nominal composition of
Cu:Zr = 1:2, which show essentially the same behavior in terms of selectivity, but a slightly lower
activity due to the non-optimized stoichiometry in the as-prepared catalyst (i.e., the presence of large
amounts of metallic Zr in the initial state). Summarizing the catalytic results of the three different
Cu-Zr systems, it is evident that despite the differing nominal starting stoichiometries, the catalytic
properties especially in terms of CO,-selectivity and self-activation are very well comparable. This of
course then raises the question, if and to which extent the structure and morphology of the starting
structures and the associated hydroxylation degree is also comparable. In principle, due to the different
nominal stoichiometries, different starting structures could be expected. The Cu-Zr phase diagram
features a variety of stable structures, apart from the thermodynamically most stable Cus; Zry4 structure.
These include CusZr, CugZr;, CugZrs, CuZr and CuZr; [27,28]. Figures 10 and 11 highlight both the
structural analysis based on the XRD patterns of the initial states and their stability and persistence
against corrosion in the MSR mixture. For Cu:Zr = 9:2, Figure 10 reveals that the main component
before contact to the methanol steam reforming mixture is metallic Cu with Cus; Zry4 and CusZr as
additional minor components. After catalysis, metallic Cu is still the dominant component, but modest
amounts of Cus;Zry4 are also observed. CusZr has almost entirely decomposed upon contact to the
MSR reaction mixture. Most interestingly, no oxidized copper or zirconium species are detected,
apart from Ta metal, which served as substrate material for preparation of the intermetallic melt.
By catalytic blind experiments using only Ta, influence of the latter was ruled out. This is insofar
remarkable, as the catalytic behavior is comparable to that of the Cu:Zr = 2:1 sample, which nevertheless
showed metallic Cu and tetragonal ZrO, at the surface. Although no oxidized or hydroxylated Zr
species could be detected by bulk-sensitive XRD analysis, the respective XP spectra taken before
and after the MSR reaction indeed reveal hydroxylated Zr** species, which might have become
segregated as a rather thin layer and /or an (X-ray)-amorphous state in case of the Cu-richest precatalyst
(Figure 11, turquoise graph). As observed previously, the Cu intensity increases after catalysis due to
the obvious segregation of Cu to the surface of the sample. The Zr 3d intensity decreases accordingly.
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The C 1s signal reveals some carbon deposition as a result of the methanol steam reforming reaction.
Extending the experiments further to the sample with Zr excess (Figure 11, green traces) indicates
no substantial differences in the hydroxylation behavior. All the relevant features are essentially
reproduced before and after MSR, which of course is expected on the basis of the already discussed
catalytic profiles. The structure of the Cu-Zr sample with strong Zr excess before MSR is essentially
characterized by the presence of a body-centered tetragonal CuZr, phase in co-existence with Zr
metal with hcp structure (Figure 12) [29]. In principle, a CuZr; compound with face-centered cubic
structure could be also argued on the basis of the experimental data. After catalysis, Zr metal is
absent and the CuZr, phase has been decomposed in favor of the Cus;Zr14 compound. Metallic Cu
and XRD-detectable oxidized Zr species are encountered. Part of these species crystallize in the
monoclinic ZrO, structure, but most of it is present as tetragonal ZrO, [30], as observed previously for
the Cu:Zr = 2:1 stoichiometry after catalysis. This once again underlines the catalytic importance of the
Cu-tetragonal ZrO; interface for CO,-selective methanol steam reforming.

after MSR
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I Ta (bcc)
CusgZr (fcc)
I Cusg;Zry4 (hecp)
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Figure 10. XRD analysis of the Cu-Zr sample with a nominal Cu:Zr = 9:2 stoichiometry: before MSR
(lower panel); and after MSR (upper panel).
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Figure 11. Ex situ collected XP spectra before and after the methanol steam reforming reaction on
the Cu-Zr samples with Cu excess (nominal Cu:Zr stoichiometry = 9:2, green traces) and Zr excess
(nominal Cu:Zr stoichiometry = 1:2, turquoise traces). The Cu 2p, Zr 3d, O 1s and C 1s signals are
shown in separate panels.



Catalysts 2017, 7, 53 12 of 17

after MSR £
I Ta(fcec) 3
I Zr,Cu (body centered tetragonal) -
I Zr,Cu (face centered cubic)
I Cu (fcc) E
I Cus;Zry4 (hep)
ZrO, monoclinic
I ZrO, tetragonal

P anen
before MSR

Counts / a.u
| 1

Ta (fcp)
alphalZr (hcp)

3 I Zr,Cul(body centered tetragonal)
I Zr,Cu|(face centered cubic)

aaalaas Dvssnnalonnnnnalanaay

A I I

A (L s et et ) pn i
L Ly L Ly L Ly LR LRy L) LAY LR LAY LA Ly L e |

20 30 40 50 60 70 80 90 100
2 Theta/®

Figure 12. XRD analysis of the Cu-Zr sample with a nominal Cu:Zr = 1:2 stoichiometry: before MSR
(lower panel); and after MSR (upper panel).

3. Materials and Methods

The research was performed using two relevant experimental setups: an UHV-chamber with
attached high-pressure recirculating batch reactor and the Innovative Station for In Situ Spectroscopy
(Beamline ISISS at the HZB Helmholtz Zentrum Berlin, BESSY II synchrotron).

3.1. UHV Setup

For the former, sample preparation and characterization was performed in a combined
preparation/analysis chamber with attached recirculating batch reaction cell operating at ambient
pressures, described in more detail elsewhere (base pressure in the low 10~ mbar range) [31].
The sample is heated via e-bombardment, where electrons are ejected from a triple-filament emitter
(operated with 30 W heating power) set to —500 V, while the sample is set to +300 V. The electron
impact heating power is controlled via the filament emission current. For spectroscopic analysis,
the chamber is equipped with a hemispherical electron and ion analyzer (Thermo Fisher Electron
Alpha 110), a double anode X-ray gun for XPS (Mg/Al XR 50, Specs), an ion gun producing 1 kV He*
ions for ion scattering spectroscopy (ISS; Omicron 100) and an electron beam gun for Auger electron
spectroscopy (KPI EGPS-2017B). A mass spectrometer (Balzers) for residual gas analysis and an Ar*-ion
sputter gun for sample cleaning is available. A three way gas inlet allows to dose O, (Messer, 5.0),
H; (Messer 5.0) or Oy-cleaned Ar (Messer 5.0) via leak valves into the main chamber. All XP spectra
are collected using non-monochromatized Mg K radiation (hv = 1253.6 eV) at 250 W and at the magic
angle to the analyzer. For XPS, the analyzer is operated at a constant pass energy of 20 eV.

3.2. Preparation of Materials

To prepare the inverse Pd-Zr model systems, zirconium (IV) tert-butoxide Zr(O-t-C4Hg)y
(Sigma-Aldrich, purity: 99,999%) is used as ALD/CVD precursor. Prior to dosing ZTB, several cycles
of freeze-and-thaw are performed (cooling temperature: 77 K, freezing point ZTB: 269 K). ZTB has
a sufficient vapor pressure at room temperature to dose it directly through a leak-valve. Before sample
exposure, the preparation chamber is exposed to the precursor at 5 x 10~7 mbar for 5 min to passivate
the chamber walls against precursor decomposition. The exposure is calculated from uncorrected
ion gauge measurements in Langmuir, involving exposure pressures in the range of 5 x 1078 to
5 x 10~ mbar. The adsorbate coverage is determined from XP models as outlined in Ref. [32-35].
In order to validate the CVD-based catalytic results and to obtain a broader experimental basis of
the Pd-Zr¥ system with respect to methanol steam reforming performance, also an intermetallic bulk
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phase of Pd and Zr® was prepared. Synthesis was carried out under HV conditions (base pressure
1 x 10~7 mbar) by heating stacked small pieces of the above-specified pure Pd and Zr foil samples
(Alfa Aesar, purity: 99.95%, thickness: 0.127 mm) resistively in a Ta crucible in the nominal atomic ratio
2:1. At a temperature slightly above the melting point of Pd (1828 K), spontaneous reaction between
Pd and Zr leads to an intermetallic Pd-Zr melt, which then re-crystallizes toward Pd-Zr bulk phases
during re-cooling in vacuum. Subsequently, the sample is transferred to the UHV system with attached
batch reactor for analysis and catalytic testing. The nominal 2:1 Pd:Zr stoichiometry (i.e., with Pd
excess) is chosen with the idea to maintain at least some active Pd metal surface co-existing with
oxidatively segregated Zr species under reaction conditions. Moreover, an excess of Pd is necessary
because the melting point of Zr is very high and complete intermetallic formation reaction of Pd
with Zr is necessary in order to distribute the Zr’ homogeneously in the melt. Preparation of the
corresponding Cu-Zr intermetallic catalyst pre-cursor was carried out under comparable experimental
conditions by using Cu foil (Goodfellow, purity: 99.95%, thickness: 0.125 mm) and Zr foil, as specified
above. The sample holder boat is then heated resistively under similar high vacuum conditions slightly
above the melting temperature of Cu (1360 K), but again far below the melting temperature of Zr
(2130 K). At this temperature, solid Zr reacts with the molten Cu to form a uniform melt, whereas at
the same time the evaporation of Cu is negligibly low. These preparation cycles have been repeated
for the three nominal Cu:Zr atomic ratios of 9:2, 2:1 and 1:2. Due to the different nominal starting
stoichiometries, XRD analyses reveal different initial Cu-Zr intermetallic structures in admixtures with
metallic Cu (cf. Figures 10 and 11 and Ref. [18]).

3.3. Catalytic Measurements

All catalytic experiments for the inverse Pd-Zr sample are performed using a 20 x 18 mm?

ultra-clean polycrystalline Pd foil (Goodfellow, 99.95%) with a thickness of 0.125 mm (for reference
experiments on pure ZrO,, a pre-oxidized 0.127 mm Zr foil with the same size (Alfa Aesar,
purity: 99.95%) is used). The foils are cleaned before loading to the UHV chamber in a water and
an ethanol ultrasonic bath for 20 min, respectively. For catalytic testing in the ambient-pressure
re-circulating batch reaction cell, the all-quartz-glass high-pressure (up to 1 bar) batch reactor
(accessible via a long z-transfer rod allowing fast and reliable transfer without exposure to air) is
equipped with a gas chromatograph providing either intermediate or continuous MS detection to
determine the exact gas composition at any point of reaction. Continuous partial pressure detection
is performed via a direct capillary leak to the EID of the GC-MS. The quartz-glass reactor with
a total circulation volume of 296 mL is designed to measure small reaction rates and selectivity
patterns within a temperature range between room temperature and 1300 K. A circulation pump
ensures a constant flow and gas intermixing and an attached gas-premixing unit allows to set
arbitrary compositions of the attached reactant vapors or introduced gases (methanol, methane (5.0),
deionized and degassed water, CO, (5.0), O, (5.0), Hy (5.0), Ar (5.0) and He (5.0)). The sample
holder itself is entirely made of quartz glass to avoid background reactivity from hot metal parts
and is designed for 20 mm x 18 mm metal foils. A partial pressure of 8-30 mbar argon added to all
gas mixtures allows accounting for the pressure-change due to the temperature program and the
simultaneous gas loss through the capillary leak for continuous EID-MS detection. For partial pressure
calculations, all base-line-corrected MS signals are calibrated using pure substances with quantitative
consideration of fragmentation. For all MSR catalytic experiments shown in this work, an excess of
water has been used to avoid eventual methanol dehydrogenation due to water shortage in the reaction
mixture. In all experiments, He is added to a total pressure of 1 bar, in order to optimize both heat
transfer and gas intermixing via efficient recirculation. After an equilibration and premixing period
of 10 min, a heating routine (rate 10 K-min~!) up to 673 K is performed, followed by an isothermal
period at 673 K, respectively 873 K (rate 19 K-min~!) followed by an isothermal period at 873 K.
Exact experimental conditions are given in the respective Figure captions. For discussion about mass
and heat transport limitations, we refer to a thorough discussion of the catalytic setup in Ref. [31].
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3.4. Structural Characterization

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 STEM detector (HAADE),
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.

X-ray powder diffraction data were collected at ambient conditions with a Bruker AXS
D8-Advance powder diffractometer using CuKy; and CuKy, radiation (A; = 1.5406 A; N =1.5444 A;
40 kV; 40 mA). The diffractometer exhibits a Bragg-Brentano reflection geometry with 6-6 coupling
and parallel beam optics. An energy-dispersive Si(Li) semiconducting Sol-X detector was used.
Data acquisition was performed in the 20 range between 10° and 110° with a step width of 0.02° and
a counting time of 5 s.

3.5. In Situ XPS Setup

Synchrotron-based in situ XPS experiments were performed at the ISISS (Innovative Station for in
situ Spectroscopy) beamline at the HZB/BESSY II synchrotron in Berlin, Germany. The experimental
apparatus consists of a load lock and an in situ cell connected to the XPS spectrometer via
differential pumping stages. The experimental apparatus has been described in the literature in
detail previously [36]. Samples are heated in the in situ cell via a near-infrared semiconductor laser
(A = 808 nm) from the rear. The temperature is measured by a K-type (chromel —alumel) thermocouple
positioned between sample holder back plate and Pd foil. All in situ experiments are performed
on the same Pd foil sample that is used for the model catalyst preparation in the UHV instrument
with attached batch reactor. For the inverse Pd-Zr sample, the same ZTB cylinder/leak valve setup
discussed above is transferred to ISISS beamline. Due to the fact that ZTB only interacts with surfaces
hotter than 500 K, it is safe to dose the organometallic precursor into the analysis chamber without any
Zr deposition on the components of the vacuum system or on the X-ray window. The growth of ZTB
can then be followed directly via XPS. To determine a potential influence of the X-ray beam on the
sample structure and chemistry, heating was performed at random checking with and without X-ray
beam. As no distinct changes in the spectra between the two runs have been observed, this influence is
considered to be marginal. Monochromator control allows to choose photon energies corresponding to
kinetic energies of the ejected photoelectrons of 120 eV for all monitored core-level photoemission peaks
in order to extract information from a constant information depth and to yield the same attenuation
of the photoelectrons through the gas phase. Due to the fact that 95% of the signal arises from
a sample depth up to ~1 nm, this operation mode is considered to be maximum “surface sensitive”.
Photoelectrons are collected in the direction normal to the surface at constant pass energy of 10 eV.
Binding energies were referenced to the Fermi edge, which is measured each time the monochromator
moves to a new position, i.e., whenever the incident photon energy was changed. Photoemission
peak intensities are corrected for the respective photon flux at a given photon energy. The BESSY II
synchrotron operates in top-up mode (constant ring current); hence, no additional correction for the
ring current was required. Since all photoemission peaks were collected at the same kinetic energy of
photoelectrons (120 eV), the attenuation through the gas phase was the same for all-core levels and,
thus, cancels out in coverage calculations.
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3.6. Analysis of the XPS Data

All spectra are analyzed using the CasaXPS software program, version 2.3.16 Pre-rel 1.4
(Casa Software Ltd. [37]. A Shirley background is applied to all spectra and the associated
Scofield relative sensitivity factors are used for quantification. For peak fitting of the Zr 3d peaks,
a weighted sum of Gaussian and Lorenzian peak shapes (CasaXPS line shape SGL(30)) is assumed,
using a doublet separation (Zr 3ds5/, vs. Zr 3d3/,) of 2.4 eV for both metallic Zr [38] and zirconia [39]
for fitting. The doublet area is kept constant at 3:2 as arising from spin-orbit d-electron coupling.
Electron attenuation lengths were taken from the NIST database SR 82 [40] and the orbital asymmetric
parameter from the ELETTRA online database of Ref. [41]. The quantification of the XPS data is
given as atomic percentages or coverage/thickness. The atomic percentage is estimated assuming
homogeneously mixed elements. Since an adlayer on the substrate surface is not a homogeneous
system, the coverage/thickness gives a better representation. The ZrO,H, surface coverage is
calculated assuming a non-attenuating adlayer on a semi-infinite substrate [20,23-25]. As the maximum
ZrOyHy layer thicknesses remained in the sub-monolayer regime in this study, the influence of
a potential attenuation effect of the photoelectrons by the overlayer remains negligible even for the
highest exposures. This is tested by comparing the results on a ~1 ML ZrO,H, covered sample,
using both an attenuating and non-attenuating overlayer model, which eventually shows negligible
differences. Details of these calculations are given in Ref. [32-35]

4. Conclusions

We have shown for both the Pd-Zr and the Cu-Zr systems, that the interaction between Pd/Cu
and Zr can in principle give rise to a synergistically operating catalytic entity providing water
activating channels that are basically absent on the noble metal part of the catalytic sample. For Pd-Zr,
as previously documented for Cu-Zr, different preparation approaches (using an inverse model
system and a bulk sample) lead to very similar materials with respect to structure, hydroxylation
degree and catalytic behavior. Furthermore, the experiments on Cu-Zr strongly indicate that
independent of the initial structure and composition (ranging from CusZr over Cus;Zry4 to CuZr; in
admixtures with metallic Cu or Zr), the catalytically active and CO;-selective metal-oxide interface
resulting from operando corrosive decomposition of the intermetallic compounds is very similar.
Hence, the catalysts are capable of self-adjustment in the methanol steam reforming mixture,
essentially yielding “supported” Cu/ZrO,H, entities with superior catalytic behavior.
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