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Abstract  
Single-phase samples of the intermetallic compound ZnPd, all possessing the CuAu type of crystal structure, were prepared with different bulk 
compositions and characterized by ICP-OES and XRD. Catalytic experiments in methanol steam reforming in a flow reactor on the unsupported 
intermetallic compounds proved that Pd-rich catalysts showed limited activity and very low selectivity to CO2, while Zn-rich catalysts possessed 
good activity and CO2 selectivity up to 99.4%. XP spectra of the near-surface region were recorded on as-prepared and reduced samples, showing 
significant variations in Zn/Pd surface ratios, Pd3d binding energies and the amount of oxidized Zn species on the surface. These properties were 
correlated with the Pd content of the bulk compounds. In situ XPS studies revealed that only Zn-rich samples exhibited oxidized Zn species and 
intermetallic ZnPd on the surface. The catalytic properties correlate strongly with the electronic structure, i.e., the valence band which is deter-
mined by the bulk composition. All ZnPd samples still revealed a partially intermetallic near-surface region under MSR conditions. 
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1. Introduction  
 

Methanol steam reforming (MSR, 
CH3OH + H2O → 3H2 + CO2) is paid high attention be-
cause it is considered as one of the most promising routes 
to produce high purity hydrogen for fuel cell applications 
[1]. The main drawback, still hindering application, is the 
formation of CO as byproduct. Above a level of 10 ppm, it 
poisons fuel cell catalysts converting hydrogen to electrici-
ty [2]. Conventional catalysts for methanol steam reforming 
are Cu/ZnO/Al2O3 and other Cu-based systems, producing 
at least 1100 ppm of CO [3,4]. Limited long-term stability 
due to sintering at elevated temperatures and the pyrophoric 
nature of these catalysts are further drawbacks. Noble-
metal-based systems were introduced to circumvent some 
of the problems. Pd supported on hard-to-reduce oxides 
MxOy (M = Si, Al, Mg) solely catalyzes the decomposition 
of methanol to CO and H2. Using oxides like ZnO, Ga2O3 
or In2O3 as support for Pd changes the selectivity toward 
CO2 [5-7]. The formation of intermetallic compounds like 
ZnPd, Ga5Pd, Ga2Pd5 and InPd by reactive metal-support 
interactions (RMSI) is observed on these catalysts after the 
catalytic reaction [8]. These intermetallic compounds are 

held responsible for the increased CO2 selectivity of the 
supported catalysts. The initial Pd/ZnO catalyst, forming 
the intermetallic compound ZnPd on the surface upon re-
duction and even under methanol steam reforming condi-
tions [9], is the most interesting system, because a CO2 
selectivity of 99.5% was reported [8]. To date, the role of 
the intermetallic compound ZnPd, the ZnO support and the 
corresponding interface is intensively discussed [10,11]. 
Does the high CO2 selectivity solely originate from the 
intermetallic compound, even if no ZnO, either as support 
or as impurity, is present? ZnPd/C was shown to maintain 
the high CO2 selectivity of ZnPd/ZnO, but even the reduced 
catalyst still possessed large amounts of ZnO on the sur-
face, hindering a proper assignment of catalytic properties 
to the respective compounds [12]. Tsai et al. investigated a 
series of unsupported intermetallic compounds, including 
ZnPd, in methanol steam reforming and concluded that the 
electronic structure of the intermetallic compounds in par-
ticular the density of states at the Fermi edge may directly 
be related to the catalytic selectivity of these intermetallic 
compounds in MSR [13]. Follow-up work of the same 
group reported on the synthesis of unsupported, single-
phase ZnPd, obtained by leaching of the intermetallic com-
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pound Al21Pd8 with aqueous ZnCl2 solution and reduction 
in hydrogen [14]. In these studies, the in situ stability of the 
intermetallic compounds was not investigated and the pres-
ence of oxidized surfaces was not considered. Another 
unconventional approach to synthesize the intermetallic 
compound ZnPd in the unsupported state was realized us-
ing an aerosol-derived method that yielded micro-sized 
homogeneous intermetallic particles, but the oxidation of 
some Zn on the surface could not be avoided [15] and [16]. 
The investigation into ZnPd near-surface alloys showed a 
significant influence of the composition of the ZnPd sur-
face layers on the catalytic selectivity in MSR 
[17] and [18]. Hence, reviewing the existing literature on 
ZnPd or related catalytic systems leads to the conclusion 
that unsupported, oxide-free intermetallic surfaces are nec-
essary to clarify the role of the intermetallic compound 
ZnPd in methanol steam reforming. Using unsupported 
intermetallic compounds reduces the complexity of the 
catalytic system and is beneficial for knowledge-based 
studies in catalysis [19,20]. 

In this work, single-phase samples of the intermetal-
lic compound Zn100−xPdx (x = 46.8–59.1) were prepared as 
unsupported metallic powders with different compositions 
within the homogeneity range. After bulk characterization 
by XRD and ICP-OES, the Zn100−xPdx samples were tested 
as unsupported catalysts in methanol steam reforming in a 
flow reactor. To correlate the catalytic results at atmospher-
ic pressures with the state of the surface, XPS using syn-
chrotron radiation in UHV and under methanol steam 
reforming conditions at 0.2 mbar was applied to detect 
changes of the surface after different pretreatments as well 
as under in situ conditions. 
 
 
2. Methods 
 

Zn100-xPdx is synthesized by heating elemental Zn 
and Pd in the respective atomic ratio in an evacuated and 
sealed quartz glass ampule [21]. All steps of the synthesis 
were carried out in a glove-box (Ar atmosphere, O2 and 
H2O levels below 0.1 ppm). Phase purity of the samples 
was verified by X-ray powder diffraction using an image 
plate Guinier camera (G670, Huber, Cu-Kα1, λ = 1.54056 
Å, quartz monochromator, 3° < 2θ < 100°).  Determination 
of the unit cell parameters was done using the program 
WinCSD [22] and LaB6 as internal standard (a = 4.15692 
Å). To determine chemical compositions, the intermetallic 
samples were sissolved in aqua regia and subsequently 
analyzed in triplicate ICP-OES (Vista RL, Varian) after 
matrix matched calibration. In general, samples analyzed 
by ICP-OES showed to be lean in Pd by up to 1 at% com-
pared to the initially weighted Pd and Zn amounts. This 
might be due to the use of fine Pd powder that is prone to 
stick to quartz glass surfaces during sample preparation. 
Standard deviations of the ICP-OES analyses are given in 
Fig. 1 (inset). 

Catalytic measurements were taken in a flow reactor 
system (Microactivity Reference, PID Eng&Tech). Prior to 
the catalytic tests, the Zn100-xPdx samples were ground in 
air, sieved to a size smaller than 20 µm and mixed with 200 
mg of graphite (Chempur, 99,9+%) which is catalytically 
inactive in MSR, to dilute the catalyst bed. Sample amounts 
were in the range of 100–150 mg. The catalyst was placed 
inside a silica-coated stainless steel tube (inner diameter 7.9 
mm)which was mounted inside a heated box to prevent 
condensation of liquids. The reactive feed consisted of 0.01 
mL/min liquid (50 mol.-% MeOH (purity >99%), 50 mol.-
% deionized water) which is evaporated before being 
mixed with 13.2 mL/min N2 and 1.6 mL/min He (both 
Praxair, 99.999%). N2 was used as carrier gas, while He 
was applied as inert tracer gas to calibrate the gas volumes. 
The gas composition in the product stream was determined 
by a gas chromatograph (Varian Micro GC CP4900), al-
lowing quantitative and qualitative determination of CO of 
20 and 5 ppm, respectively. Amounts of unconverted 
MeOH and H2O as well as the potential product formalde-
hyde were not determined by GC because they were sepa-
rated from the product gas by a cooling trap and a 
subsequent Nafion® membrane before being injected into 
the GC. The conversion of MeOH and H2O was calculated 
as C = (H2_out/H2_max) × 100, wherein H2_out is the amount 
of H2 in the product gas and H2_max is the amount of H2 that 
can be generated if all MeOH and H2O are converted ac-
cording to the reaction equation CO2 + H2 à CO + H2O. 
The product fractions were calculated by dividing the con-
centration of one product by the sum of the concentration 
of all products, disregarding the inert gases N2 and He. To 
identify all gaseous compounds, including formaldehyde, a 
mass spectrometer (Pfeiffer Omnistar) was connected to the 
gas outlet before the separation procedure. For the Pd-rich 
samples, the produced H2 occasionally accounted for more 
than 80% in the H2/CO2/CO mixture as analyzed by the 
GC. Since methanol steam reforming and methanol decom-
position can only yield a maximum of 75% and 66% H2, 
respectively, another carbon containing product must have 
been formed which was identified as formaldehyde by mass 
spectrometry. 

XPS measurements in the mbar regime using syn-
chrotron radiation were taken at beamline ISISS-PGM at 
the Helmholtz Zentrum Berlin für Materialien und Energie 
– Electron storage ring BESSY II. A detailed description of 
the setup can be found elsewhere [23]. 150–200 mg of each 
ZnPd sample were ground and pressed in air to pills of 8 
mm in diameter and 0.5–1 mm in thickness using stainless 
steel pressing tools. Investigation into the surface of the as-
prepared samples was carried out at room temperature and 
at pressures of 10-8 mbar. Reduction in hydrogen was per-
formed in situ at 0.5 mbar H2 pressure and at different tem-
peratures while recording the Zn Auger LMM region to 
detect remaining oxidized Zn species on the surface. In situ 
experiments were carried out at 0.2 mbar and at different 
temperatures using a H2O/MeOH ratio of 2:1. Since only 
low catalytic conversion could be realized within the XPS  
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Figure 1: X-Ray powder diffraction of as-prepared Zn100-xPdx 
samples with different compositions in comparison to the calculat-
ed XRD pattern for tetragonal ZnPd (P4/mmm, CuTi-type of struc-
ture, a = 2.8931 Å, c = 3.3426 Å). The inset shows the Pd-bulk 
content from ICP-OES analysis vs. lattice parameters a and c as 
derived from XRD.  
 
 
cell, the formation of hydrogen – monitored by a mass 
spectrometer (Pfeiffer Prisma) – was taken as a qualitative 
indicator of catalytic activity. Other reaction products like 
CO, CO2 or formaldehyde were monitored as well. Depth 
profiles of the samples were collected in every state of the 
sample (as-prepared, after reduction, in situ MSR) by using 
up to nine different photon energies for the measurement of 
the respective core levels (Pd3d, Zn3d, O1s, C1s). For each 
spectrum, the Fermi edge at the corresponding photon en-
ergy was measured for energy calibration. The software 
Casa XPS [24] was used for qualitative and quantitative 
analyses of the XP spectra. To calculate Zn/Pd and met-
al/carbon ratios, the respective peak areas were corrected 
considering ring current, photon flux and tabulated cross 
sections [25]. 
 
 
3. Results and Discussion 
 
3.1. Characterization of as-prepared samples 
 

A recent investigation into the chemical bonding and 
phase region of the intermetallic compound ZnPd (tetrago-
nal, space group P4/mmm, CuAu type of crystal structure) 
confirmed the broad homogeneity range of 46–63 at% Pd 
[21]. Combining experimental and theoretical aspects led to 
the conclusion that the cubic high-temperature modification 
of ZnPd does not exist. XRD confirmed that all samples 
used in this study were single-phase and only contained 
tetragonal CuAu-type ZnPd. Fig. 1 shows X-ray powder 
diffraction patterns of samples with different composition 
in comparison with the calculated pattern for tetragonal 
ZnPd (50 at% Pd, ideal structural model). With increasing 
Pd content, the lattice parameters a and c are increasing and 
decreasing, respectively (Fig. S1). The compositional de 

 
 
Figure 2. (a and b) XPS of as-prepared Zn51.6Pd48.4. Top spectra 
correspond to photon energies of 237 eV (a) and 562 eV (b), re-
spectively. Photon energies have been increased in steps of 75 eV 
to record the other spectra. Depth-depending atomic Zn/Pd ratio of 
as-prepared Zn51.6Pd48.4, Zn50.9Pd49.1 and Zn49.8Pd50.2 (c). 
 
 
pendency of the unit cell volume (Fig. 1, inset) reveals a 
Vegard-like behavior. 

The Zn100-xPdx (x = 46.8–59.1) samples were investi-
gated by XPS to explore the near-surface region of the 
intermetallic compounds. Fig. 2 shows depth profiles of the 
Zn3d and the Pd3d5/2 regions of Zn51.6Pd48.4, which are 
representative for all investigated Zn100-xPdx samples in the 
as-prepared state. For the Zn3d region at the most surface- 
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Figure 3. (a) Zn LMM Auger signals of Zn51.6Pd48.4 during in situ reduction in H2 (0.5 mbar) at different temperatures (photon energy = 1400 eV). 
(b) XPS Zn3d region of Zn100-xPdx samples after in situ reduction in H2 (420°C, 0.5 mbar, photon energy = 237 eV) 
 
 
 
sensitive photon energy (237 eV), two different Zn species 
could be identified, both of which were fitted according to 
their spin orbit splitting. The peak at a binding energy (BE) 
of 10.6 eV is assigned to oxidized Zn, whereas the peak at 
9.25 eV is ascribed to Zn in the intermetallic compound 
ZnPd. Both assignments are in line with the fact that the 
relative signal intensity of the oxidized Zn species at 10.6 
eV decreases toward the bulk, which is the intermetallic 
compound Zn100-xPdx, while the relative signal intensity of 
the intermetallic Zn species at 9.25 eV increases. The oxi-
dized Zn species is assumed to originate from the presence 
of zinc oxide and does not shift with increasing photon 
energies. Fitting parameters for the Zn3d signals are given 
in Table S1. Depth profiling of the Pd3d5/2 region of 
Zn51.6Pd48.4 shows an obvious shift of the 3d5/2 signal with 
increasing photon energy (Fig. 2b). Elemental Pd can be 
excluded because the BE of the observed signal is signifi-
cantly above its typical value of 335 eV [26]. If oxidized Pd 
would be present, i.e., due to the interaction of Pd atoms 
and oxygen on the surface, a signal should be observed at 
336.55 eV [27], which is not the case. Furthermore, the 
continuous shift of the Pd3d signal to higher BE with in-
creasing photon energy is another indication for not being 
of oxidic nature. The good resolution of the spectra allows 
detecting asymmetries in the peak shape revealing that 
more than one species is necessary to fit the Pd3d5/2 signal, 
resulting from the fluent change in composition from the 
surface to the bulk composition as determined by ICP-OES 
(Fig. 2c). Because of the different crystal structures of ele-
mental Pd (fcc) and ZnPd (tetragonal CuAu type of crystal 
structure), the shift in BE from Pd (335 eV) to ZnPd (336 
eV) is not realized by adding Zn to the Pd lattice as in the 
case of alloys according to the rigid band theory. Therefore, 
it is necessary to qualitatively and quantitatively analyze 
the spectra (Fig. 2b and c). The changing composition leads 
to small changes of the local electronic concentration in the 

intermetallic compound with increasing depth, resulting in 
slightly different BEs. 

The surface after preparation is characterized by Zn 
enrichment which is mostly present as zinc oxide. This 
effect is caused by the sample preparation. The powders of 
the intermetallic Zn100-xPdx samples were ground and 
pressed in air prior to the XPS measurements. Grinding 
causes mechanical and thus energetic impact on the surface 
leading segregation of the Zn atoms and their oxidation due 
to the presence of oxygen, an observation that has also been 
made on the isostructural intermetallic compound ZnPt 
after milling [28]. If Zn segregation takes place, the elec-
tronic structure changes according to the Pd content, lead-
ing to depth-depending BE shifts. 
 
 
3.2. Surface analysis of reduced Zn100_xPdx 

samples 
 

All Zn100-xPdx samples underwent a reductive treat-
ment at elevated temperatures in the XPS chamber to re-
store the intermetallic character of the surface to its 
possible extent. During the whole reductive treatment, 
spectra of the Zn Auger LMM region were recorded to 
discriminate between metallic and oxidized Zn species. 
First, the samples were exposed to 0.5 mbar H2 pressure at 
room temperature. The reduction temperature was then 
raised to 24°C with 12 K/min, held for 10 min and further 
increased stepwise by 60°C with 24 K/min. Heating was 
continued until 420°C for each sample and kept at this tem-
perature until the Zn Auger LMM signals showed no 
changes. Fig. 3a shows reduction in the intensity of the 
oxidic Zn signal in Zn51.6Pd48.4 (representative for all ZnPd 
samples), while the signal for intermetallic Zn strongly 
increased. To get a detailed picture of the surface states 
after the reduction procedure, complete depth profiles 
(Pd3d, Zn3d, O1s, C1s) were recorded in UHV at room 
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temperature again for all samples. Fig. 3b shows the Zn3d 
region of three samples (Zn51.6Pd48.4, Zn50.9Pd49.1 and 
Zn49.8Pd50.2) for the most surface-sensitive photon energy 
(237 eV) after reduction in H2 at 420°C. For Zn51.6Pd48.4, 
the shoulder at higher BE in the Zn3d spectra is assigned to 
oxidized Zn that could not be reduced under these condi-
tions, while the Pd-rich samples showed only one doublet 
signal with an asymmetric tail at higher BE. Depth profil-
ing of the Zn3d region for the Pd-rich samples (not shown) 
revealed no changes in the asymmetric peak shape, indicat-
ing that oxidized Zn cannot be present in these spectra. 
This is further supported by the lack of the O1s signal of 
the Pd-rich samples (Fig. S2). In this spectral region, O1s – 
typically at 530 eV [27] – and Pd3p3/2 overlap, and an esti-
mation of the expected O1s and Pd3p3/2 intensities led to 
the conclusion that the Pd-rich Zn100-xPdx samples are likely 
to be free of oxygen. In contrast, 13 at% of the total amount 
of Zn of the Zn-rich sample Zn51.6Pd48.4 at the photon ener-
gy of 237 eV remained oxidized after the reductive treat-
ment. 
The Pd3d5/2 spectra of the depth profiles of the three select-
ed Zn100-xPdx samples after reduction in hydrogen at 420°C 
are shown in Fig. 4. The depth profiles show significant 
differences depending on the bulk composition of the sam-
ples. All three depth profiles have in common that the 
Pd3d5/2 signals shift to higher BE with increasing photon 
energy. This shift was already observed for the as-prepared 
samples (Fig. 2b) and was assigned to the change of the 
local electronic structure due to the increasing Pd content 
toward the bulk. The reductive treatment induced a shift to 
higher BE even when comparing the as-prepared and the 
reduced states at the same photon energy, indicating the 
progress of surface and subsurface reconstruction due to the 
reduction of ZnO by H2 and subsequent diffusion of Zn 
toward the bulk. The Pd3d5/2 signals of the Zn-rich sample 
Zn51.6Pd48.4 were observed at the highest binding energies  
(336.6 eV at a photon energy of 1162 eV), while the 
Pd3d5/2 signal of the Pd-rich sample Zn49.8Pd50.2 only 
reached 336.2 eV at the same photon energy. It is worth-
while to mention that the Pd3d5/2 signal of Zn49.8Pd50.2 does 
not shift with increasing photon energy to the same extent 
as the Zn-richer samples. It can be assumed that the bulk-
predetermined intermetallic state is reached, leading to a 
BE for Pd3d5/2 of 336.2 eV. The atomic Zn/ Pd ratios de-
pending on the photon energy after reduction in hydrogen 
at 420°C are shown in Fig. 5. The Zn-richest bulk sample 
possesses also the Zn-richest surface. For all samples, the 
nearsurface content of Pd has increased during reduction 
compared to the ‘‘as-prepared’’ state (Fig. 2c), approaching 
the Pd-bulk content of the samples at the highest kinetic 
energy. Summarizing the in situ reduction of the Zn100-xPdx 

samples, it can be stated that the ability to completely re-
duce oxidized Zn on the surface is given for the Pd-richer 
samples, while the Zn-richer samples are strongly enriched 
in Zn on the surface, leading to formation of ZnO which 
cannot be reduced completely under the applied conditions. 
 

 
 
Figure 4. Pd3d5/2 region (depth profile by XPS) of: (a) 
Zn51.6Pd48.4, (b) Zn50.9Pd49.1 and (c) Zn49.8Pd50.2 after in situ reduc-
tion in H2 (420°C, 0.5 mbar). Top spectra are each recorded at 562 
eV. Following spectra were recorded by increasing the photon 
energy stepwise by 75 eV. 
 
 
3.3. Catalytic properties 
 
Methanol steam reforming was carried out at atmospheric 
pressure in a flow reactor on unsupported, single-phase 
Zn51.6Pd48.4 samples. Catalytic experiments on as-prepared 
powders without any pretreatment showed poor activity in 
methanol steam reforming for most samples, which is not 
surprising if zinc oxide covers the surface. According to the 
XPS investigations, a reductive pretreatment in hydrogen is 
capable of reducing theZnOcontent to reach a defined and 
reproducible surface state. All Zn51.6Pd48.4 samples were 
heated in flowing hydrogen (3 mL/min) up to 200°C for 1 
h. After a thorough purging with nitrogen, methanol steam 
reforming conditions were applied to the catalysts at 
200°C. Temperatures were increased to 500°C with 
2K/min, while the product gas composition was monitored. 
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Figure 5. Depth-depending atomic Zn/Pd ratio of Zn51.6Pd48.4, 
Zn50.9Pd49.1 and Zn49.8Pd50.2 after hydrogen reduction (420°C, 0.5 
mbar) and during methanol steam reforming (360°C, 0.2 mbar, 
H2O:MeOH = 2:1) derived from XPS measurements. Horizontal 
dashed lines represent the Pd bulk content of the investigated sam-
ples. 
 

 
 
Figure 6. Catalytic activity of Zn100-xPdx samples in methanol 
steam reforming (atmospheric pressure, H2O:MeOH = 1:1). 
 
 

 
 
Figure 7. CO2 selectivity of Zn100-xPdx samples in methanol steam 
reforming depending on the reaction temperature (atmospheric 
pressure, H2O:MeOH = 1:1).The line is a guide to the eye. 
 

Fig. 6 summarizes the catalytic activities of all investigated 
Zn51.6Pd48.4 samples as a function of the reaction tempera-
ture. Below 300°C, activities were very low. The activity of 
Zn40.9Pd59.1 at 500°C is 3 mmol H2 per gram catalyst and 
hour, which corresponds to around 1% conversion of the 
MeOH/H2O feed, while the activity of Zn53.2Pd46.8 at the 
same temperature is close to 200 mmol H2 g-1h-1, which 
corresponds to a MeOH/H2O conversion of 65%. The rea-
son for the low activities of all Zn51.6Pd48.4 samples lies in 
the rather large particles of around 10 µm. When compar-
ing the activities between 450 and 500°C, the values were 
higher the higher the Zn content was in the intermetallic 
compounds. A major jump in activity by a factor of close to 
10 is observed when the Pd content was lower than 49 at%. 
This significant difference can be explained by the exist-
ence of still oxidized Zn atoms on the surface of the Zn-
rich samples, which allow easier adsorption of reactant 
molecules than on pure metallic surfaces facilitating the 
initial dissociation of MeOH and H2O [29]. XPS results 
support this assumption because the Zn-richest of the 
Zn51.6Pd48.4 samples were not completely reduced even at 
temperatures of 420°C, while reduction of the oxidized Zn 
atoms in the Pd-rich samples was found to be complete. 
When looking at the course of the activities in Fig. 6, two 
catalysts show unexpected low-temperature activity peaks 
below 400°C. For Zn49.8Pd50.2, the activity at 370°C was 
even higher than its activities at higher temperatures. The 
existence of two activity maxima in a temperature region is 
contradictive to classic catalyst behavior that usually fol-
lows a volcano plot. We suppose that optimized interac-
tions between metallic and oxidized surface atoms are 
causing the high low-temperature activity. Naturally, these 
states can only be stable within a narrow parameter space. 
Increasing the temperature induced a self-reduction of the 
catalyst by the produced H2. As a consequence, majorities 
of the oxidized Zn atoms were reduced and the activi-
tydropped. The existence of dynamic surface states is sup-
ported by the hysteresis behavior as temperature profiles 
from 500 to 300°C did not result in activity peaks below 
400°C (Fig. S3). Even an additional temperature cycle 
(200°Cà500°Cà200°C) could not restore the low-
temperature/ high-activity features. This can be taken as 
indication that the catalysts are reduced in the course of the 
temperature-dependent activity measurement and finally 
expose an equilibrium surface state that possessed a certain 
amount of oxidized Zn atoms,  according to the composi-
tion of the bulk intermetallic compounds. Metal/ carbon 
ratios on the surface of the samples in UHV were in the 
regime of 1:4–1:8 – which is mostly due to a permanent 
carbon contamination in the in situ XPS cell – but did not 
change under MSR conditions, excluding a significant in-
fluence of carbon on the observed activity trends. The de-
pendence of the catalytic properties on the composition of 
the samples becomes even more drastic when looking at the 
CO2 selectivity of the Zn100-xPdx samples shown in Fig. 7. 
Since most of the samples showed only little activity at 
lower temperatures, an accurate selectivity determination b 
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comes reasonable from 400°C and above. Samples with 
higher Pd content (but without elemental Pd) showed de-
creasing CO2 selectivity down to 10%, making them almost 
inactive for methanol steam reforming but active for meth-
anol decomposition. This disagrees with all reports on 
ZnPd/ZnO, which do report high CO2 selectivity as soon as 
the intermetallic compound is observed. As result, the pres-
ence of the intermetallic compound ZnPd alone is not suffi-
cient for high selectivity in MSR, and the role of oxidized 
Zn species in the supported catalytic system will be further 
elucidated in a forthcoming publication. The highest CO2 
selectivity of 99.4%, corresponding to 1600 ppm CO in the 
product gas, was achieved on Zn48.4Pd51.6 between 350 and 
400°C in the low-temperature/high-activity region. The 
reason for the high selectivity (and activity) originates from 
the optimized interaction on the interfaces between the 
electronically modified Pd atoms and oxidized Zn atoms. If 
zinc oxide on these Zn-rich samples is reduced by the H2 
which is formed during MSR, the CO2 selectivity still 
reaches 98%. Despite being also rich in Zn on the surface, 
the surface Zn content is comparably lowered on the sam-
ples that are rich in bulk Pd leading to Pd arrangements that 
favor methanol decomposition rather than methanol steam 
reforming. This makes the absence of oxidized Zn on the 
surfaces of the Pd-rich samples likely to be the reason for 
the very low activities. 

The catalysis data reveal that the small differences in 
bulk composition not only account for different electronic 
surface states and surface compositions as seen in XPS but 
also strongly affect the catalytic activity and selectivity at 
atmospheric pressure. 
 
 
3.4. Surface analysis of reduced Zn100_xPdx under 
MSR conditions 
 
Because of the often stated pressure gap, the assignment of 
catalytic properties that were determined at atmospheric 
pressure to surface states that were investigated at pressures 
of 10-8 mbar can only be reasonable, if the catalysts also 
show catalytic activity under reduced pressure conditions. 
Therefore, after the reduction procedure in the XPS cell, in 
situ experiments were continued under methanol steam 
reforming conditions at 0.2 mbar. For the investigated 
Zn100-xPdx samples, the surfaces were exposed to a 
MeOH/H2O mixture, and it was verified that the feed was 
at least partially converted to hydrogen and the correspond-
ing carboncontaining products. One of the most important 
results was that the Zn3d signals for all samples remained 
almost unaffected under methanol steam reforming condi-
tions. That is the preservation of oxidized Zn for the Zn-
rich composition Zn51.6Pd48.4 still accounting for almost 10 
at% of total Zn at the photon energy of 237eV (Fig. S4).  
The Pd-richer samples revealed no change in spectra com-
pared spectra recorded after reduction in hydrogen at 420°C 
showing only intermetallic Zn. Considering the Zn/Pd sur-
face ratio, it can be seen that the applied MSR conditions  

 
 
Figure 8. XPS valence band region (photon energy = 237 eV) of 
Zn100-xPdx samples with different compositions under MSR condi-
tions (0.2 mbar, H2O:MeOH = 2:1). 
 
 
caused a Pd enrichment of the surface layers in all Zn100-

xPdx samples when compared to the Zn/Pd ratio after hy-
drogen reduction (Fig. 5). Still, the trends for Zn-rich and 
Pd-rich samples remained. Comparison of the valence 
bands of all investigated samples under MSR conditions at 
the most surface-sensitive photon energy shows that the d-
band of the Pd4d core-level is shifted away from the Fermi 
energy with decreasing Pd bulk content (Fig. 8). This shift 
is explained by the increasing number of valence electrons 
due to the increasing Zn content and leads to a lower densi-
ty of states near the Fermi energy. Combining this observa-
tion with the catalytic results reveals a strong electronic 
influence on the activity as well as the selectivity of the 
compounds, i.e., the catalytic properties are drastically 
improved the further the valence band is shifted from the 
Fermi energy. 
 
 
Conclusions 
 

Single-phase samples of the intermetallic compound 
ZnPd were prepared with different bulk compositions (47–
59 at% Pd). XPS investigations were performed on as-
prepared and reduced samples as well as under methanol 
steam reforming conditions, showing significant differ-
ences in Zn/Pd surface ratios, Pd3d binding energies and 
the amount of oxidized Zn species on the surface, depend-
ing on the bulk Pd content. All Zn100-xPdx (x = 46.8–59.1) 
samples preserved their intermetallic character in the near-
surface region under MSR conditions. Compounds that are 
Zn-rich in bulk possess the Zn-richest surfaces and show 
the strongest shift in Pd3d binding energies compared to 
elemental Pd. Oxidized Zn species after reduction could 
only be observed on Zn-rich samples. These findings 
strongly correlate with the methanol steam reforming prop-
erties under atmospheric pressure: Samples rich in Zn 
showed highest activities and extraordinary high selectivity 
to CO2, whereas samples rich in Pd only possessed poor 
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catalytic activity and mainly formed CO during the reac-
tion. A well -balanced equilibrium between oxidized Zn 
species and intermetallic Pd on the surface of a Zn-rich 
sample even resulted in CO2 selectivity of 99.4%. The re-
sults clearly show that two factors are governing the cata-
lytic properties of the intermetallic compound ZnPd: (1) the 
Zn/Pd ratio governs the electronic properties at the Fermi 
energy and is crucial for the selectivity in methanol steam 
reforming. (2) The interaction between the intermetallic 
compound and oxidized Zn on the surface is necessary to 
obtain highly active catalysts. 
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