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ABSTRACT: The high CO2 selectivity of ZnPd/ZnO, an outstanding
catalyst in methanol steam reforming, was recently attributed to the
interaction between small ZnO patches and ZnPd particles. Yet, the
detailed microstructure of this catalytic system and the formation
mechanism of the ZnO patches inducing the high catalytic selectivity
are unknown. In this work, we uncover the formation mechanism of
ZnO patches using aberration-corrected electron microscopy, electron
energy loss spectroscopy, X-ray spectroscopy, and in situ heating
experiments. We show that Zn-rich regions in chemically inhomogeneous ZnPd particles, penetrating the particle surface, are capped by
ZnO. It is demonstrated that the ZnO patches form by direct oxidation of the particles rather than by transport from the ZnO
substrate, thus ruling out a classical strong metal−support interaction (SMSI).

1. INTRODUCTION
Hydrogen generation by methanol steam reforming (MSR) is a
promising route to provide clean hydrogen for fuel cells in
electric vehicles and other future energy applications. Due to
their outstanding performance and high CO2 selectivity, ZnOsupported ZnPd particles have shown to be highly promising
MSR catalysts.1−3 Recently, the origin of the high CO2
selectivity of ZnPd/ZnO was revealed by linking their catalytic
properties with aberration-corrected high-resolution transmission electron microscopy (HRTEM) imaging of the catalyst
at diﬀerent stages of the MSR reaction4 and comparison to
catalytic data obtained on unsupported ZnPd model catalysts.5,6
While as-prepared ZnPd/ZnO shows only low selectivity
toward CO2, the material exhibits very high CO2-selectivity
(>95%) after a “selectivation period” in the methanol steam
reforming reaction mixture.4 It was shown that the high CO2selectivity is intimately connected with the formation of small
ZnO patches on ZnPd nanoparticles, subsequently causing a
large amount of beneﬁcial interface between ZnPd and ZnO.
The formation of the large interface in turn enables eﬃcient
water activation, being a prerequisite for a high CO2-selectivity
in MSR. However, whereas the presence of the ZnO patches
was unambiguously revealed by aberration-corrected electron
microscopy, the exact formation mechanism of the ZnO
patches, and hence of the supposedly active and selective
interface itself, still remained unclear. To answer this question,
we present a detailed microstructural study of ZnO-supported
ZnPd nanoparticles, which focuses on the structure and
© 2016 American Chemical Society

composition of the ZnPd nanoparticles leading to the
formation of ZnO patches. Of crucial importance with respect
to the presented results is the question, whether the system Pd/
ZnO is an example of a system being susceptible to true strong
metal−support interaction (SMSI). The term describes the
drastic change in the chemisorption properties of supported
noble metals and is usually only observed using easily reduced
oxide substrates (the archetypical representatives being TiO2 or
CeO2), manifesting itself in structural and/or electronic
changes of the catalyst structure upon reduction in hydrogen
at elevated temperatures. Structural manifestations are typically
the coverage of the metal particles by substoichiometric oxidic
support species. However, to be classiﬁed as a true strong
metal−support interaction, several conditions have to be
fulﬁlled: at ﬁrst, the system must show conventional behavior
upon reduction at low temperatures. Second, changes in the
chemisorptive and/or catalytic behavior are observed at high
reduction temperatures. Last, but not least, the changes
introduced upon reduction must be fully reversible upon reoxidation and mild re-reduction temperatures.7 Connecting to
the presented results, the central question hence refers to the
exact formation mechanism of the ZnO patches, i.e., if they
arise from a reduced ZnO precursor (i.e., are formed by
diﬀusion from the ZnO substrate) or if they are formed by Zn
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segregation and oxidation of the chemically inhomogeneous
ZnPd particles directly.

2. EXPERIMENTAL PROCEDURE
A Pd/ZnO (9.2 wt %) powder catalyst was prepared following
a standard incipient-wetness technique. Reductive pretreatment
to induce the formation of ZnPd was performed at 773 K in H2
(5 vol %). Catalytic MSR experiments were conducted in a
CH3OH/H2O (1:1) mixture up to reaction temperatures of
300 °C. For further details concerning synthesis and catalytic
testing, we refer to ref 4. The present electron microscopy
study is based upon samples after catalytic MSR testing in the
reactor up to 300 °C, with only short contact to air for transfer
to the electron microscope.
HRTEM investigations were performed using an FEI-Titan
80-300 electron microscope equipped with a sphericalaberration (Cs) corrector for the objective lens. The microscope was operated at a voltage of 300 kV using the negative-Cs
imaging technique (with Cs set at around ∼13 μm and defocus
around +6 nm).8,9 Scanning transmission electron microscopy
(STEM) studies were performed in two FEI Titan scanning
electron microscopes operated at 200 and 80 kV. Both
microscopes are equipped with a Cs-probe corrector and a
high-angle annular dark ﬁeld (HAADF) detector. “Z-Contrast”
conditions were achieved using a probe semiangle of 25 mrad
and an inner collection angle of the detector of 70 mrad.
Electron energy loss (EEL) spectra were recorded with a Gatan
image ﬁlter Tridiem ERS and Quantum ERS system analyzing
the O−K, Pd-M4,5, and Zn-L2,3 edges for line proﬁles and
spectral images. Compositional maps were furthermore
obtained with energy-dispersive X-ray spectroscopy (EDX)
using four large-solid-angle symmetrical Si drift detectors on an
FEI ChemiSTEM. For EDX elemental mapping, Pd−L, Zn−K,
and O−K peaks were used. The error of the EDX composition
measurement for individual particles after a typical investigation
of about 10 min is about ±5 at. %. In situ heating experiments
were conducted using a single-tilt MEMS-chip heating holder
(DENSsolutions, Delft, The Netherlands) in an FEI-Titan 80300 electron microscope in HAADF-STEM mode at 300 kV.
3. RESULTS AND DISCUSSION
Figure 1 shows HRTEM micrographs of ZnPd nanoparticles of
various sizes (about 10, 15, and 25 nm in diameter) after a
MSR reaction cycle up to 300 °C. In all cases, the surface is
decorated by ZnO patches, which can be identiﬁed by their
(002) and (010) lattice spacings of 0.26 and 0.28 nm,
respectively. In contrast to the observation of ZnPd particles
with ZnO patches, particles before contact with the MSR
reaction mixture do not show the presence of ZnO (cf. Figure 2
in ref 4). The ZnO patches have a typical maximum thickness
of about 2 nm extending from the particle surface. Although
electron microscopy images represent projected images of the
patches on the surface, which may overlap, individual patches
are clearly separated with associated free intermetallic ZnPd
surface in between.
Sometimes bending of the ZnO lattice planes is observed,
indicating a strained state of the ZnO particles. Figure 1C
shows bending of (002) planes within a patch of 8°and 6°,
respectively, which gives rise to obvious strong lattice strain
within the patches. Several studies reported a transformation
from wurtzite to a graphite-like ZnO in thin ZnO layers.10−12
The observed transformation is accompanied by a signiﬁcant

Figure 1. HRTEM micrographs of ZnPd nanoparticles of various sizes.
On the surface of the particles several Wurtzite-type ZnO patches are
identiﬁed by their (002) and (010) lattice spacings. In Figure 1C strain
within the ZnO particles is revealed by bending of the (002) planes by
8° and 6°, respectively.

lateral expansion and straining. Such transformation would
change the electronic structure and the chemical properties of
the ZnO layer and subsequently would lead to altered catalytic
properties. Lunkenbein and co-workers found clear evidence
for the overgrowth of Cu nanoparticles with a layered graphitelike ZnO during reductive activation of Cu/ZnO/Al2O3.13 In
our present investigation, however, it is unclear, if the observed
straining eﬀect in the ZnO patches is related to a partial
structural transformation to a graphite-like ZnO. Our
observation of Wurtzite-type (002) lattice spacings in Figure
1 contradicts a transformation to a graphite-like ZnO
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dark regions across the particle, similar to GaPd2/MgO/
MgGa2O4 after being used as semihydrogenation catalyst.16
While earlier HRTEM investigations on ZnPd/ZnO showed
that each ZnPd particle is built from several crystals, no
indications for a chemical inhomogeneity within the particles
were obtained. To reveal the elemental nature of the variations,
an EEL spectrum proﬁle was recorded across the particle along
the white arrow in Figure 2a. The individual line proﬁles
represent the elemental distribution of Pd, Zn, and O across the
particle. The intensity represents the amount of the respective
element along the direction of view. The sketch in Figure 3
illustrates the basic geometry and elemental distribution of an
exempliﬁed nanoparticle with respect to the direction of view. A
comparison of the HAADF micrograph and the EELS data
shows that the dark areas (local dip in the HAADF curve in
Figure 2B) correspond to a local depletion of Pd, which can be
noted as local minima in the Pd distribution at about 20 and 33
nm (small arrows). The amount of Zn shows an increase from
the outside of the particles, which is consistent with the
geometrical increase of thickness of the ZnPd particle toward
its center. At about 20 and 33 nm, however, two distinct
additional bumps are visible. From these observations, it is
obvious, that the local Pd-depletions in the dark areas are
accompanied by an enrichment of Zn. The O EELS signal is
almost zero along most of the scan; only at about 20 and 33 nm
two distinct peaks are noted. The presence of oxygen points
toward the presence of ZnO and is consistent with the
HRTEM observations.
Quantiﬁcation of the composition was approached by (i)
quantitative EELS analysis as well as (ii) EDX spectroscopy.
Following the EELS results, the dark areas at 20 and 33 nm in
Figure 2 correspond to Zn45Pd15O40 and Zn45Pd25O30,
respectively (see also Supporting Information, Figure S1). In
contrast, the bright areas in-between have a composition of
Zn57.5±2.5Pd40O2.5±2.5.
The EELS analysis is supplemented by an EDX compositional analysis of two representative ZnPd particles. Figure 3
displays the respective HAADF-STEM image and the EDX
maps showing the distribution of Pd, Zn, and O. Table 1
speciﬁes the results of local EDX composition analyses taken
from the highlighted areas in Figure 3.
Again, it is clearly visible that the bright regions in the
HAADF image in Figure 3 (regions 3 and 4) are Pd-rich and

structure−at least in the ZnO patches on the surface of the
ZnPd nanoparticles.
Figure 2A highlights an HAADF-STEM micrograph of a
ZnPd particle. The image oﬀers Z-contrast, i.e., the image

Figure 2. (A) HAADF-STEM micrograph of a ZnPd particle showing
nonuniform contrast. An EELS line scan across the particle was
performed (white arrow). (B) EEL spectrum proﬁles for Pd, Zn, and
O and HAADF intensity proﬁle. Dark spots (black arrows) in the
HAADF image represent regions that are Pd-depleted and enriched in
Zn. O is only present at the dark spots.

intensity is roughly proportional to Z1.6 − Z1.9 where Z is the
atomic number of the present element.14,15 Very unexpected,
the ZnPd particle clearly shows a nonuniform contrast with

Figure 3. HAADF-STEM image of two ZnPd nanoparticles and respective EDX maps representing Pd (red), Zn (blue), and O (green). The EDX
map representing all elements is a quantitative map (O is ampliﬁed with respect to Pd and Zn for a better visualization). Table 1 shows the results of
local EDX composition analyses taken from the boxed areas in the HAADF-STEM image. The sketch illustrates the ZnPd and ZnO distribution in
cross section of a particle with bright and dark areas.
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structural changes and of compositional variation due to atomic
diﬀusion.

Table 1. Local EDX Composition Analyses in Diﬀerent
Areas Indicated in Figure 3
position

composition

1
2
3
4
5
6

Zn62Pd18O20
Zn60Pd27O13
Zn57Pd42O1
Zn60Pd40O0
Zn51Pd38O11
Zn62Pd23O15

generally have an O content close to zero. In contrast, the dark
areas are Pd-depleted and show the presence of about 15−20%
Pd. Although slight compositional variations are found between
the EELS and EDX investigations (Figures 2 and 3) due to
variation between the investigated particles and/or potential
systematic errors of the EELS and EDX measurement, several
conclusions can be drawn: The bright regions in the HAADF
images have an average composition of Zn60Pd40, which is
slightly richer in Zn than the compositional limits of the
tetragonal bulk ZnPd phase between about 39 and 50% Zn.6
HRTEM and previously published X-ray diﬀraction investigations, however (Figure 1, Figure S3 and investigations in ref
4), demonstrate solely the presence of the ZnPd and ZnO
phase. Therefore, the bright regions are clearly assigned to the
ZnPd phase. Most remarkable, the EDX and EELS
investigations show the absence of oxygen in the bright regions
(see also Figure S2). Hence, we can conclude that ZnPd phase
regions exist, which are not covered by ZnO.
In contrast, the dark areas are assigned to a mixture of the
ZnPd and ZnO phase and show, depending on the ratio of both
phases, a stronger compositional variation than the bright areas.
Most remarkable is the high amount of oxygen found at some
of the dark spots. These results indicate the presence of large
amounts of ZnO even within the nanoparticles (see sketch in
Figure 3). Taking an average composition of Zn60Pd20O20 in
the dark regions into account, 40% of matter would be assigned
to the ZnO phase (20% Zn, 20% O). After subtraction of the
amount of ZnO, material with composition Zn67Pd33 would
remain. Again, as no other phases than ZnPd and ZnO were
detected by HRTEM, this remaining phase can only be
assigned to ZnPd. The sketch in Figure 3 illustrates the
distribution of ZnPd and ZnO in cross section of a particle with
above-mentioned compositions of dark and bright areas.
Depending on the error of measurement of the EELS and
EDX measurement and the detection limit of minor amounts of
additional phases in the HRTEM analysis, however, the
presence of small amounts of additional Zn-rich phases like
Zn2Pd cannot be ruled out. Furthermore, the range of existence
for ZnPd is most likely diﬀerent in the nanoparticulate state
than for the bulk, allowing more zinc-rich compositions.
To study the microstructural evolution of the particles during
a temperature treatment typical for MSR, in situ heating
experiments at 320 °C were conducted in the electron
microscope in accordance to a temperature range of 250−400
°C reported previously.4 In accordance with earlier work, asprepared ZnPd particles reveal strong internal HAADF contrast
variation and the absence of ZnO phase before being exposed
to MSR conditions. During heating, a coarsening of the Pd-rich
and Pd-depleted regions is observed in situ (see, for instance,
the change of shape of the Pd-depleted dark area indicated by
arrows in Figure 4), demonstrating the presence of dynamic

Figure 4. In situ HAADF-STEM images of ZnPd/ZnO before (RT)
and at diﬀerent time intervals during heating at 320 °C.

Such dynamic coarsening of Pd-rich and Pd-depleted regions
during thermal treatment may assist the structural changes
taking place during MSR, which lead to the extensive oxidation
of Pd-depleted regions and to the formation of large ZnO
regions, not only conﬁned to the surface but extending into the
nanoparticles. This conclusion is supplemented by the
observation of particles like the one in Figure 5, showing a

Figure 5. HAADF-STEM image of a large ZnPd particle with dark Pddepleted regions. The Pd-depleted regions penetrate the surface where
Zn can be oxidized (arrows).

“channel-like” distribution of Pd-depleted regions. The dynamic
nature of structural changes at elevated temperature, as well as
the channel-like structure may allow the oxidation of the Pddepleted zones and the formation of ZnO even in subsurface
regions of the nanoparticles. During formation of the ZnO
phase, the surplus Pd in the Zn-rich regions would have to be
adsorbed by the surrounding ZnPd phase during oxidation.
Due to the wide compositional existence range of the ZnPd
phase and the dynamic nature of the process at elevated
temperature, a substantial local enrichment of Pd is not
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expected, which is in accordance with the ﬁndings from our
microstructural investigation.
In summary, the ZnPd particles show an inhomogeneous
elemental distribution after initial reduction of the material and
even before being exposed to MSR conditions. Pd-depleted Znrich regions are found within the particles, having a dark
contrast in the HAADF-STEM images. These extend toward
the surface, where they become capped by ZnO in the oxidative
environment of the MSR reaction mixture. Although the
possibility that the inhomogeneity is directly caused by the
oxidation of the Zn-rich areas cannot be ruled out, this appears
unlikely. Coarsening of the Zn-rich areas inside the particles
due to heating during the MSR reaction may assist the
formation of localized ZnO surface plumes, which may extend
deeply into the particles due to their channel-like appearance.
All these ﬁndings indicate that the ZnO patches are formed
by oxidation of the particles directly rather than by transport
from the ZnO substrate to the particle surface. The latter
pathway is highly unlikely since diﬀusion of oxidized Zn species
from the support must include partial reduction of ZnO and the
associated formation of substoichiometric Zn oxide species,17
subsequently partially encapsulating the ZnPd particles.
Furthermore, if the ZnO patches would be the result of a
true SMSI eﬀect, complete coverage of the ZnPd particles
would be expected, not being limited just to the Zn-rich areas.
Such a complete encapsulation by graphitic ZnO on Cu/ZnO
catalysts as a result of a SMSI eﬀect was recently demonstrated
by Lunkenbein and co-workers.13
Our presented results provide direct evidence for a dynamical
state of the catalyst in MSR conditions, adapting itself to the
speciﬁc catalytic conditions, subsequently giving rise to lowered
activation barriers for the associated catalytic reaction to CO2.
In the case of ZnPd/ZnO, the simple presence of the
intermetallic compound ZnPd is deﬁnitely insuﬃcient to
explain the high CO2 selectivities. Rather, the catalyst
dynamically “selectivates” during the induction period by
surface oxidation of the Zn-rich areas, thereby creating a highly
synergistic ZnPd−ZnO interface, enabling eﬃcient water
activation and, in turn, high CO2-selectivity. Note that the
only partial coverage of the ZnPd particles by ZnO is also in
line with the catalytic results. Full encapsulation of the ZnPd
particles would inevitably diminish the overall activity of the
catalyst, as only the catalytic activity of ZnO alone would be
measured, which was recently established as being rather low.18
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