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Catalytic reactions are of highest technological and economic
importance, especially in the field of chemical synthesis and
exhaust gas treatment.! About 80% of the reactions in
chemical industry rely on catalysts, thus giving motivation for
research in this area.”>* There has been enormous progress in
heterogeneous catalysis through the understanding of reac-
tion mechanisms and the relation of catalyst surface struc-
tures to the reaction rate and selectivity.*”) A major step
forward has been achieved by comparing single-crystal model
catalysts to real catalysts and by combining the ultrahigh-
vacuum (UHV) surface-science approach with high-pressure
studies of the reaction kinetics.”* This development has led
to a paradigm shift in catalyst development.®

Amongst the most ingenious and innovative catalyst
materials are intermetallic compounds (IMCs) as they
enable spatial separation of the catalytically active sites”!
and thus the achievement of both high activity and selectiv-
ity.'! Additionally, it is also possible to tune the electronic
properties of IMCs by changing their chemical composition.
Recent results revealed that this new class of catalytic
materials might be of industrial relevance, and outperform
known catalysts, especially when highly selective processes
are demanded."
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PdGa IMCs have shown remarkable catalytic properties
for an important reaction in polyethylene production, namely
the partial hydrogenation of acetylene to ethylene. >
However, the reaction pathway is largely unknown. We
address this question on single-crystal IMC PdGa model
systems.! Their bulk crystal and electronic structure have
been reported earlier.!''*1¢18 Herein, we determine and
explore the stable surface terminations because they define
the activity and selectivity of the catalyst.®
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Figure 1. Bulk-truncated surface terminations of the PdGa:B(111) and
(117) surfaces. The surfaces are named according to Ref. [12], includ-
ing the chemical composition, the enantiomeric form, and the surface
direction.

We combine quantitative low-energy electron diffraction
(LEED), high-resolution scanning tunneling microscopy
(STM), and abinitio thermodynamics calculations to
unequivocally identify the surface terminations of PdGa(111)
and PdGa(111) surfaces. These surfaces exhibit significant
differences in catalytic activity that are exemplified by
calculations of hydrogen dissociation.

The crystal structure of PdGa belongs to the P2,3 space
group and therefore exhibits two enantiomeric forms (labeled
A and B in Refs. [12,19]). Figure 1 displays a side view onto
a (110) surface of the structure model of form B that was
derived from X-ray diffraction." The stacking sequence
involves four nonequivalent atomic planes. As a consequence,
the top and bottom surfaces are different, and each can
exhibit four possible terminations. Recent STM investiga-
tions!'? revealed that there is only one step height, and its
value of 284 pm corresponds to four atomic planes, thus
implying that only one of the four terminations is realized.
LEED and X-ray photoelectron diffraction have shown that
the surfaces are chiral and unreconstructed.'” Herein, we
identify which of the four bulk terminations is realized and
discuss the structure—reactivity relation.
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Our initial approach to determining the surface termi-
nations was by using LEED. This technique is intrinsically
surface sensitive because of the small mean-free path of low-
energy electrons. In addition to the diffraction images of the
surface unit cells, information on the vertical structure was
acquired from the variation of the diffraction spot intensities
with incident electron energy owing to the interference of
electrons scattered from lower-lying layers. Comparison of
these I-V curves with simulated ones allows the determina-
tion of the atomic positions of the first atomic layers. The
quality of this comparison is quantified by the Pendry
reliability factor Rn™" which is O for perfect agreement and
1 for uncorrelated profiles. The agreement is acceptable when
Ry is less than 0.3.2%2

We compared experimental results to the theoretical
results for the 32 possible structures that result from both
enantiomeric forms of the crystal, the four bulk truncations,
the two nonequivalent close-packed surfaces, that is, (111)
and (111), and both possible in-plane orientations of the
sample. Density functional theory (DFT) was used to
compute the atomic positions of the relaxed bulk-surface
terminations. The SATLEED code was applied to calculate
the LEED curves from these model structures.*?! The
atomic positions were further fine-tuned to minimize the Rp
factor for a given termination. The R} factors for the model
structures that were closest to the experimental structures
are presented in Figure 2. The best fit was found for the
PdGa:B(111)Pd; and PdGa:B(111)Pd, surface structures of
the respective samples.

The difference in the R, factor between the proposed
structures is larger for the (111) surface than for the (111)
surface because of the much lower atomic density of the
latter, and the weaker scattering cross section when Pd,
terminated. Nevertheless, the difference remains significant
also in that case, and the best fit for both structures give R, =
0.22. To get an impression of the agreement between
experimental and theoretical results, in Figure2 we show
for each surface the I-V curves for the structures with the
lowest and highest R, factors. Notably, the atomic displace-
ments from the DFT relaxed structure that was used for the
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Figure 2. Top: R;, factors for the surface terminations that are shown in
Figure 1. The experimental |-V data is derived from an average of 12
nonequivalent diffraction spots for each sample. The terminations
giving best agreement are marked in green. Bottom: Experimental
(dashed black line) and theoretical I-V curves (full blue line) for the

two spot profiles that are in best and worst agreement among those of

Pd; and Pd, (see also the Supporting Information).
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optimization of the R, factor are very small, being less than
7pm in the vertical and less than 27 pm in the lateral
direction. Finally, our LEED patterns confirm the formerly
found absence of a surface reconstruction.!'”

The surface terminations found by LEED are confirmed
by the atomic resolution STM images shown in Figure 3. The
unit cells are imaged as a trimer for the (111) surface and as

a single atomic protrusion for the (111) surface. In both cases,

PdGa:B(111)

PdGa:B(111)
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Figure 3. Atomically resolved STM images (T=77 K) overlaid with
simulated STM images (top right inset) and the respective structure
models (bottom right inset; Pd=aqua, Ga=red). STM parameters

(PdGa:B(111)Pd;)/(PdGa:B(111)Pd,): V;=80/100 mV; I;=0.73/
0.4 nA; Az=32/51 pm; scan size=6x6 nm~.

the periodicity corresponds to the bulk value of 0.693 nm.®
This atomic contrast was found for all terraces of the
respective surfaces, thus confirming that only one stable
termination exists. The STM simulations shown in the top
right insets agree with the experimental results. These
simulations were obtained by applying the Tersoff-Hamann
(TH) formalism™! to the DFT computed local density of
states (LDOS; see the Supporting Information), the isovalue
of which is matched to give good agreement with the
experiment.

We addressed the physical origin of the stability of the
identified terminations with DFT calculations. The relative
stability of all PdGa terminations were computed in the grand
canonical ensemble, where the different surfaces are at
equilibrium with external sources of Pd and Ga atoms, and
the equilibrium state is determined by the minimum of the
Gibbs surface energy, G, The chemical potentials of the Pd
and Ga atoms, upg and ug,, depend on external parameters,
such as pressure and temperature, and their individual values
are generally unknown. However, the range of allowed upq
and g, values can be determined by thermodynamic consid-
erations.” The upper limit of the chemical potential of Pd
and Ga in the alloy is given by the respective bulk values.
Moreover, when the sources of Pd and Ga atoms are in
equilibrium with the PdGa bulk, upyg, is a function of up, and
Uca- This gives an interval of [Eq. 1]:

AH

HEa 4 £ < Hea < HG,"
AH,

M?ﬁlk 4 : S pg < /ltl;glk
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where AH;is the enthalpy of formation of PdGa per unit cell,
containing four Pd and four Ga atoms. For the bulk cohesive
energies we find ubi* = —3.69 €V and uP* = —2.78 eV, which
are in agreement with previous results.’>?! For the heat of
formation per PdGa unit cell we obtain AH;=-5.48¢V,
which is close to the experimental value of —5.96 eV.[*")

For both surface orientations, Figure 4 displays the
resulting AG,(ug,) curves, computed using periodic slab
calculations.®® AG, is expressed relative to PdGa:B(111)Ga;
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Figure 4. Change in Gibbs surface energy as a function of uc, for the
different terminations. Vertical lines refer to the actual value of the
surface chemical potential estimated for the respective PdGa surfaces.

and PdGa:B (iﬁ)Pd3, respectively (see the Supporting Infor-
mation). The graphs shown reveal which surfaces can be
expected over the whole range of external parameters.
Clearly, the surface terminations determined by experiment
have the widest stability ranges with a Aug, value of 1 eV and
0.8 eV in the two cases. This finding confirms the experimen-
tal results for both surfaces. Moreover, the actual values of the
chemical potentials can be estimated under the assumptions
that the Pd and Ga sources are in equilibrium with kink sites
of the crystal surface and that the two opposite surfaces of the
same sample equilibrate independently. The explicit calcu-
lation (see the Supporting Information) gives values of ;48;1) =

Uk —0.57 eV and pg, 1:1) =uP™ —0.90 eV, which are indi-

G
cated in the energy profiles (Figure 4) as vertical lines. Again,

for these specific values Pd;(111) and Pd, (111) are found to
be the most stable terminations, in agreement with the
experimental results.

STM images of surface vacancies provide an additional
and very sensitive test of the determined surface terminations.
The distance from the surface as well as the chemical
composition of the underlying layer varies strongly with the
surface termination, thus giving rise to termination specific
STM contrast between the surface and vacancies. Figure 5
shows a comparison of measured and calculated constant-
current STM images and apparent height profiles going from
regular surface areas to vacancies and back. The surface layer
is identified from the simulated STM vacancy profiles for all
bulk terminations, by comparison of the calculated vacancy
depths with the experimental value.

For both surfaces, the measured apparent-vacancy heights
agree well with the calculated ones for the two identified
terminations, and differ significantly from all other termina-
tions. This result gives us additional confidence that
PdGa:B(111)Pd; and PdGa:B(111)Pd, are the actual surface
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Figure 5. Top: Measured and calculated constant-current STM images.
Middle: Apparent height profiles for experimental (dashed black line)
and simulated (full blue line) STM images of surface vacancies.
Bottom: The tables show simulated values of the apparent vacancy
depths (2z) for all DFT relaxed model terminations. The values that
have best agreement between simulation and experiment are marked
in blue. [a] In the DFT-optimized structure for (111)Pd; the underlying
Ga layer relaxes towards the surface and becomes the top layer.

structures. The STM simulations were obtained using the
TH™! model and DFT relaxed surface structures displaying
patterns of 2x2 vacancies with monoatomic steps. The
comparison of experimental and theoretical results is partic-
ularly robust, as the vacancy depth is rather stable against
changes of simulated isocurrent or tip radius. A large range of
tip—sample distances was covered by simulating STM images
for integrated LDOS values of 1077 and 10°''e A’ For
a pointlike tip, these values correspond to tip—sample
distances of 0.45 nm and 0.9 nm, respectively. The vacancy
depth intervals given in Figure 5 come from these two
extreme tip—sample distances and provide a conservative
error margin of the STM simulation.

An initial indication of the catalytic activity of the two
surface terminations can be obtained from the position of the
metal d-band center with respect to Eg, an indicator for the
bonding strength of adsorbates to metallic surfaces.””) How-
ever, this simple d-band-center rule has to be taken with care,
both, because covalent bonding plays a role in this system,
and in case molecular adsorption modifies considerably the
band shape (as seen in the Supporting Information, this is the
case for hydrogen adsorption).”” For high catalytic activity,
the bond to a reactant molecule should be of intermediate
strength, this is known as the Sabatier principle.”! In
comparison to Pd(111), (for details see the Supporting
Information) the Pd d-band edge of both PdGa surfaces is
found at lower energy, which is an indication (with the above
caveats) of a weaker binding of the adsorbed molecules on the
IMC surfaces, in agreement with thermal desorption spec-
troscopy (TDS) results.'?! Additionally, the PdGa surfaces
exhibit a sharper d-band, and thus a stronger localization of
electronic states. In spite of their electronic similarity, as seen
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by the projected density of states (pDOS; see the Supporting
Information), the two PdGa terminations allow for different
adsorption conformations as single Pd atoms or Pd trimers
terminate the surface. This site separation is particularly
evident for Pd,, where the surface atomic Pd—Pd distance is
2.5 times larger than for Pd(111), and more than twice the
bulk value of PdGa.l"!

A more elaborate assessment of the catalytic properties
can be obtained by DFT calculations of the binding energies
and adsorption sites; we performed these calculations for
molecular and atomic hydrogen adsorbed onto both surfaces
(Figure 6) while no hydrogen uptake into the bulk is

expected.”” On PdGa:B(111)Pd, the most favorable adsorp-

PdGa:B(111)Pd,
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Figure 6. Adsorption sites and binding energies for H, and H on the
investigated surfaces. Energies are given in eV per H atom couple with
respect to the molecule in the gas phase.

tion site for H, is the Pd, on-top position with an adsorption
energy of 0.22eV per H, molecule. From this site H,
dissociation is exothermic with 0.11 eV and the most favor-
able site for atomic hydrogen is the threefold coordinated
hollow site on the Pd; trimer (Figure 6, right). This position is
70 pm below the Pd, surface plane, and 13 pm below the first
Ga; plane, a site that is sufficiently close to the surface for the
adsorbate to remain available for the hydrogenation of other
molecules.

The adsorption energy of H, on PdGa:B(111)Pd; is
0.28 eV, and thus comparable to PdGa:B(111)Pd,. Further-
more, similar adsorption positions for H, and H are identified
for both surfaces, that is, Pd top site and Pd threefold hollow
site, respectively. However, H, dissociation is associated with
a larger energy gain of 0.85 eV on the Pd; termination. This
comparison reveals that both surface orientations with their
terminations determined in the present study show mostly
quantitative differences in their behavior towards H, disso-
ciation. Although the binding energies of the molecular
precursor are quite similar, one surface has more strongly
bound dissociation products than the other. The different
bonding mechanisms of both surfaces are also highlighted by
the projected densities of states. Hybridization of the H s level
with the Pd d bands shows a different fine structure at around
6 eV below the Fermi energy (see the Supporting Informa-
tion), which is where there is maximum overlap between H
and Pd orbitals participating in the bonding (as it results from
a bond-order analysis performed within Bader’s topological
theory of atoms in molecules,* see Supporting Information.

www.angewandte.org

This analysis also confirms the stronger bonding of H atoms
on the surface trimer on the PdGa:B(111)Pd;).

In conclusion, we have determined the surface termina-
tions of the IMC PdGa:B(111)Pd; and PdGa:B(111)Pd,. The
structural details revealed in this work and their implications
on the binding of adsorbates will serve as the essential basis
for understanding chemical reactions on the PdGa surfaces
and help develop high performance catalysts from interme-
tallic compounds. The structural dissimilarities of the two
surface terminations lead to significant energetic differences
in the catalytic dissociation of a molecule as simple as
hydrogen, an essential reagent in many relevant reactions. We
expect similar or even larger differences for organic mole-
cules, a topic to be addressed in a forthcoming publication.
Moreover, the structural dissimilarity of the (111) and (111)
surfaces makes the IMC PdGa a prototype model system,
which allows the study of the effect of active-site separation in
heterogeneous catalysis.

Experimental Section

Methods: The single-crystal samples used in this study originate from
one large PdGa crystal grown by the Czochralski method.!! After
cutting and polishing, reflective energy dispersive X-ray diffraction
determined the surface orientations to be within 0.3° precise.

STM measurements were performed with an Omicron low-
temperature STM at 77 K and at a base pressure below 5 x 10! mbar
with a mechanically cut Pt/Ir-tip. STM data were analyzed using the
WSxM software.”!

Sample preparation in UHYV consists of several sputter-annealing
cycles (sputtering: Ar", 1keV; annealing: 20 min at 870 K) until
a sharp (1 x1) LEED pattern was obtained. During preparation, no
change in the surface stoichiometry of PdGa was observed.!'” The
LEED investigations were carried out with an Omicron multi-
channelplate Specta-LEED and acquired with a CCD camera at
1 eV/frame. Video analysis was performed using the Spectaview
software from Omicron. /-V profiles for the single spots were
background corrected. The angle of incidence was perpendicular to
the surface, thus allowing for averaging over the symmetry equivalent
spot profiles leading to an improved signal to noise ratio.?'??

Relative surface energies have been computed using DFT slab
calculations, employing the PWSCF code. Simulated STM vacancy
heights have been computed using supercell DFT slab calculations
employing the CP2KF”! code (for further details see the Supporting
Information).
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