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structural and electronic properties of the bulk, we have grown single crystals of the InPd phase by the
Czochralski method and determined their electronic, thermal, magnetic and hydrogen-absorption
properties. By growing crystals from a high-temperature solution, we could crystallize a slightly off-
stoichiometric In-rich composition Injg4Pdg g, Which contained a significant amount of constitutional
defects in the lattice (Pd vacancies on the Pd sublattice) to retain the CsCl-type structure. The strongly
inhomogeneously broadened >In NMR spectrum and the high residual (T — 0) electrical resistivity
confirmed the presence of constitutional defects. Single crystals of InPd do not absorb hydrogen, as

Keywords:
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B. Thermal properties requested for a good hydrogenation catalyst material. Calculated electronic density of states (DOS) shows
B. Thermoelectric properties large contribution of Pd(d) states at the Fermi level. Application of the electron localizability indicator
E. Electronic structure, calculation reveals ionic and multi-centre In—Pd interactions stabilizing the crystal structure. The electrical and
G. Catalysis thermal conductivities of InPd show metallic character, whereas the thermoelectric power and the Hall

coefficient both show positive sign, revealing that InPd is a predominant hole-type conductor. The
calculated electronic DOS at the Fermi energy is in a good agreement with the experimental value
determined from the low-temperature specific heat. Magnetic measurements have shown that InPd is a
diamagnet. All results are compared to the chemically related intermetallic compound GaPd. The active
—site-isolation concept for increased catalytic selectivity is discussed in relation to the InPd and GaPd
structures.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction polymerization of ethylene to polyethylene to purify the feedstock
from acetylene. In order to avoid poisoning of the downstream

Elemental palladium and palladium-based materials are polymerization catalyst, the acetylene content has to be lowered
important catalysts for the selective hydrogenation of alkynes. This from around 1% to the low ppm range. Here the requirement for the
chemical reaction is applied, for example, in the industrial hydrogenation catalysts is to effectively convert acetylene in a large
excess of ethylene to protect the polymerization catalysts and to do

this at the highest possible selectivity, while avoiding total hydro-
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baruna Filipovi¢a 28a, HR-10000 Zagreb, Croatia. under reaction conditions, as a function of the reactant partial
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pressures in the feed, by both the surface deposits and also by
incorporation of the sub-surface species [3]. During the reaction, a
Pd—X sub-surface phase (X = C, H) is newly formed, which becomes
the actual catalyst for hydrogenation and is responsible for a dra-
matic change in selectivity — an increase in case X = C and a
decrease for X = H. The Pd—C sub-surface phase was found to be
2—3 atomic layers thick, providing selective hydrogenation of al-
kynes, whereas hydrogenation is unselective when proceeding on
Pd surfaces without sub-surface C modification.

At the atomistic level, the increased selectivity of the Pd—C
phase can be explained by the altered kinetics, which is mainly
based on blocking the very active, but unselective, hydridic
hydrogen from the surface. Another way to increase the selectivity
is to surround the transition metal atoms by atoms of another —
inactive — element following the active—site-isolation concept [4].
When Pd atoms are surrounded solely by atoms of another species,
they are isolated by spatial separation and the isolated active sites
on the surface enable only a reduced number of possible adsorption
configurations for the reactants, leading to a narrower range of
reaction products and improved selectivity.

Intermetallic compounds M;,Pd, of palladium with M = Ga or In
also follow the site-isolation concept [5]. Such compounds can be
reproducibly prepared in a controlled manner and possess ordered
crystal structures leading to a uniform surrounding of the catalyt-
ically active sites, so that the number of neighboring sites and the
distances between them are well-defined. By selecting palladium-
based intermetallic compounds with a suitable crystal structure,
the active sites can be tailored to the needs of the chemical reaction.
In many of these compounds, strong covalent bonding between the
Pd and the M atoms is present, providing long-term stability of the
catalytic material under reaction conditions and avoiding deacti-
vation. Crystal structures of the My,Pd, compounds are different
from crystal structures of the constituent elements. Together with
the covalent bonding, this results in a strongly altered electronic
structure that is responsible for the adsorption properties, so that
catalytic properties of the intermetallic compounds are usually very
different from those of the elements forming the compound [6].
Knowing the surface and bulk electronic properties of a given
intermetallic compound is thus essential for the understanding of
its catalytic properties.

Intermetallic compounds in the Pd—Ga system have been
proven to show superior catalytic selectivity and stability over the
commercial Pd-based catalysts [5,7—13]. Catalytic properties of
GaPd and GayPds were tested in the semi-hydrogenation of acet-
ylene in a large excess of ethylene and showed high selectivity and
superior stability with the time-on-stream as compared to the
commercial Pd/Al;03 supported catalyst material [11]. Regarding
the site-isolation concept, the GaPd is especially appealing as it
realizes an FeSi—type cubic crystal structure in which a given Pd
atom possesses no other Pd atom in the first coordination sphere,
providing an ideal site-isolation situation [14] (for the GasPd3
structure of the cubic Ir3Ge; type there is only one Pd atom in the
first coordination sphere [15]). The electronic and other bulk
physical properties of GaPd were reported recently [16] and it was
also demonstrated that this material does not absorb hydrogen,
thus preventing hydride formation that would result in reduced
catalytic selectivity and mechanical instability.

Intermetallic compounds of indium and palladium In;;,Pd; are
candidates to be used as catalysts in the methanol steam reforming
(MSR) reaction to produce hydrogen. Catalytic activity of the
In—Pd/In;03 supported catalyst in methanol or ethanol steam
reforming has already been demonstrated, where good catalytic
performance was attributed to the outstanding properties of In,03
and In—Pd intermetallic compounds such as high selectivity to-
wards COj, redox activity and pronounced basicity [17—22]. Lorenz

et al. studied Pd—In;03 interaction due to hydrogen reduction and
its impact on the MSR [21]. They suggested that the easy reduction
of Inp03 enables the low-temperature formation of intermetallic
compounds In;,Pd;,, which are responsible for the observed reac-
tivity and selectivity characteristics. A recent study on the MSR
reaction over the Pd—In,03 catalysts with different metal loading
also attributed high CO, selectivity to the In—Pd compounds [18],
which form easily in a H, reduction environment and show good
catalytic property for the Hy production and low CO selectivity in
the MSR. Methanol decomposition to CO and H, on the InPd(110)
surface has also been studied theoretically by density functional
theory (DFT) [23]. Some works also describe the hydrogenation of
N—-O functional groups employing the intermetallic compound
InPd in a supported state [24,25].

In the present work we focus on physical characterization of
the indium—palladium InPd intermetallic compound. We have
grown bulk material in a single-crystalline form at the composi-
tion InsyPdsg (in at.%), corresponding to the formula Inyp4Pdggg
[26]. Since catalysis proceeds at the surface, single crystals are
preferred for fundamental studies because they allow preparation
of well-defined and oriented surfaces. We present bulk electronic,
thermal and magnetic properties of the Inyo4Pdggs, to serve as a
reference for future experimental and theoretical work on the
catalysis with In—Pd intermetallic compounds. Assessment of
structural disorder in the crystalline lattice by >In NMR spec-
troscopy and hydrogen absorption properties of the material,
when exposed to a hydrogen gas, are presented, too. The results
are compared to those previously obtained on GaPd [16], which
can be considered as a prototype catalyst system based on the
site-isolation concept. Electrical resistivity, magnetic susceptibility
and optical properties of Iny_4Pdi.x on the Pd-rich side of the
phase diagram (Pd content of 50—58 at.%) were investigated
before [27].

2. Synthesis and structural considerations

The phase InPd has a primitive cubic crystal structure of the CsCI
(B2) type, space group Pm3m (no. 221) with the lattice parameter
a = 0.325 nm and two atoms in the unit cell (Fig. 1(a)) [28]. Ac-
cording to the binary phase diagram [29] the homogeneity range of
this phase spreads from 45 to 58 at.% Pd at ~700 °C. An oriented
InPd single crystal was grown by the Czochralski method, and the
details of preparation are described elsewhere [26]. The crystal was
grown from an In-rich solution in order to reduce the growth
temperatures and accordingly also the In losses due to its high
vapor pressure in the melt. By crystal growth from a two-phase
sub-liquidus region one always obtains a specific composition of
the solid phase that is in equilibrium with the liquid at the growth
temperature, so that the final composition of the single crystal
cannot be arbitrarily chosen. In our case we crystallized a slightly
off-stoichiometric In-rich composition, which resulted in crystals
that were in large parts phase-pure and showed radial composi-
tional homogeneity in the central part away from the outer rim. For
the physical-property measurements, we have cut a smaller rect-
angular bar of dimensions 7 x 1.7 x 1.5 mm’ from the homoge-
neous region of the parent monocrystal, where the edges of the bar
were parallel to the cubic axes. The composition of the bar was
determined by EPMA to be Ins;Pd4g (in at.%) with the uncertainty of
0.5% for each element. This corresponds to the chemical formula
In104Pdggs. In the following we shall refer to our sample by its
generic formula InPd, keeping in mind that the actual composition
was slightly off-stoichiometric.

The off-stoichiometry introduces structural disorder into the
InPd crystal lattice. It is known that cubic AB phases (A = Pd, Fe, Ni
or Co, B = In, Ga or Al) can retain the CsCl-type structure even for



58 M. Wencka et al. / Intermetallics 55 (2014) 56—65

InPd

GaPd

GaPd

Fig. 1. (a) The cubic unit cell of InPd according to the structural model of Ref. [28]. (b) The cubic unit cell of GaPd according to the structural model of Ref. [14]. (c) Coordination
polyhedron formed by seven Ga atoms around a central Pd atom (the first coordination shell of Pd). A similar, but reversed arrangement of seven Pd atoms around the central Ga

atom applies also to the first coordination shell of Ga.

strong deviations from stoichiometry by accommodating a large
number of constitutional defects into the lattice [30—34]. Within
the stability region of the InPd phase, constitutional defects on the
In-rich side are vacancies in the Pd sublattice, whereas on the Pd-
rich side the deviation from the ideal composition is realized by
Pd atoms occupying In positions (anti-site disorder). For a partic-
ular In-rich composition Ins;sPdsg 5, the Pd vacancy concentration
on the Pd sublattice was reported to be as high as 6 at.% [32].
Therefore, when growing InPd samples at an off-stoichiometric
composition, large concentration of constitutional defects can be
expected, which could have a pronounced influence on the physical
properties of the material. The site-isolation concept (the In atoms
only in the first coordination shell of the Pd atoms) that is expected
to result in high catalytic semi-hydrogenation selectivity of the
InPd phase would be strictly fulfilled only for the 1:1 stoichiometric
composition, whereas in an In-rich off-stoichiometric lattice, the
diffusion could move the atoms over the empty sites, so that small
direct-bonded Pd clusters might form. In such a case, the site-
isolation concept would be fulfilled to a lesser degree.

Contrary to the InPd phase described above, the chemically
analogous phase GaPd shows only a very narrow homogeneity
range around the 1:1 stoichiometry, so that it can be regarded as a
line compound and there are consequently no constitutional de-
fects in the lattice [35]. The GaPd cubic unit cell [ 14] and the 7-atom
Ga coordination polyhedron around a Pd atom are shown in Fig. 1(b
and c), respectively. For the GaPd samples of good structural quality
(containing no constitutional defects, but other defects like thermal
vacancies are still present), the site-isolation concept is thus prac-
tically ideally obeyed.

The degree of crystallinity and structural order in the investi-
gated InPd material was estimated in comparison to the GaPd
(using the material that was used previously for the determination
of physical properties [16]) from the powder XRD spectra shown in
Fig. 2. X-ray powder diffraction was performed on a STOE diffrac-
tometer equipped with a curved Ge(111) primary monochromator
using the Mo Ka4 radiation A = 0.07093 nm. Powders obtained from
single-phase monocrystals by mechanical grinding were annealed
under vacuum at 800 °C for 12 h prior to the measurement. The
powders were filled-up into 0.3 mm-diameter glass capillaries kept
in rotation to obtain texture-free powder diffraction data. The XRD
patterns of both compounds consist of sharp diffraction lines
typical of materials with good crystallinity and the linewidths are
comparable. The difference in the amount of constitutional defects
between the InPd and the GaPd cannot be discriminated from the
XRD spectra. We shall demonstrate, however, that constitutional
defects in the InPd lattice are clearly manifested in the '°In NMR
spectrum and the residual electrical resistivity.

3. Results

In the following we present the hydrogen absorption properties,
the 15In NMR spectrum, the electronic and thermal transport co-
efficients (the electrical resistivity, the thermoelectric power, the
Hall coefficient and the thermal conductivity), the specific heat and
the magnetic susceptibility of the investigated InPd mono-
crystalline sample. Since the InPd phase symmetry is cubic, no
anisotropy of the tensorial physical properties is expected. Elec-
trical and thermal measurements were conducted by a Quantum
Design Physical Property Measurement System PPMS 9T (except for
the Hall coefficient, which was measured by a laboratory-made
apparatus equipped with a 1 T electromagnet), whereas magnetic

a) InPd
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Fig. 2. Powder XRD spectra of (a) InPd and (b) GaPd materials.
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measurements were conducted by a Quantum Design MPMS XL-5
SQUID magnetometer equipped with a 5 T magnet.

Electronic structure calculations and analysis of chemical
bonding features were accomplished for the ordered stoichiometric
(1:1) InPd model using the experimental value of the lattice
parameter. The electronic density of states (DOS) was obtained with
the WIEN2k program package [36], which is based on the full-
potential (linearized) augmented plane-wave ((L)APW) + local or-
bitals (lo) method. Calculations were performed within the
generalized-gradient approximation (GGA) and employing the
Perdew-Burke-Ernzerhof (PBE) parametrization of the exchange-
correlation potential [37]. The values R-Kmi,x = 10.0 and
Gmax = 16.0 were used and the cut-off energy to separate the core
and valence states was —8.0 Ry. A k-point mesh of 200,000 points
(58 x 58 x 58) in the full Brillouin zone (4960 in the irreducible
Brillouin zone) was used. The atomic sphere radii were set at
r(Pd) = r(In) = 2.45 bohr.

The electron localizability indicator (ELI, Y) was evaluated in the
ELI-D representation [38—40] with an ELI-D module within the
TB—LMTO—ASA program package [41]. Topological analysis of the
electron density, i.e., estimation of the shapes, volumes and charges
of the atoms after Bader (quantum theory of atoms in molecules,
QTAIM [42]), and of the electron localizability indicator, e.g.,
localization of the ELI maxima as fingerprints of the direct atomic
interactions, was performed with the program DGrid [43].

3.1. Hydrogen absorption

A selective hydrogenation catalyst should not absorb any
hydrogen during the chemical reaction, as the hydride formation
involves changes of the structural and electronic properties of the
material that directly influence its catalytic performance, resulting
in reduced catalytic selectivity and mechanical instability. In order
to check for the hydrogen uptake from the gas phase, a bulk piece of
InPd single-crystalline material was placed in a 316 stainless-steel
Sievert's apparatus, where it was exposed to a hydrogen gas
(5.0 grade) of 5 bar pressure at 300 °C for 16 h. Hydrogen uptake
was measured thermogravimetrically and by mass spectrometry,
by detecting desorbed hydrogen in a heating run. While ther-
mogravimetry (TG) detects mass changes of the hydrided material,
mass spectrometry provides information about the distribution of
hydrogen desorption temperatures, which are related to the
hydrogen bonding energies in the host metallic material. The InPd
sample was subjected to a controlled temperature program of a TG-
DTA/DSC Gas Analytical System QMS 403 C Aéolos thermal analyzer
with an attached mass spectrometer, capable of detecting minute
quantities of hydrogen down to 0.005 mass%. The sample was
placed in an alumina pot and attached to a thermocouple on the
microbalance. After three evacuation/argon refill cycles, the sample
was heated from room temperature (RT) to 800 °C with a 20 °C/min
heating rate. The upper temperature of the heating run was
selected by considering that any stable metal hydride will decom-
pose until 600 °C, so that heating up to 800 °C should be enough to
release all the eventually absorbed hydrogen. The mass change of
the sample and the hydrogen molecule counts by the mass spec-
trometer were measured simultaneously. The mass change was
found below the detection limit of our measurement system
(where the background variations are about 0.005 mass%). No
hydrogen release could be noticed also in the Hy mass spectrum up
to the highest temperature (Fig. 3). The vertical axis of the graph
shown in Fig. 3 displays the current of ionized Hy molecules and the
measured current value '™ in the range 10! A corresponds to the
background current, in the absence of any hydrogen release. This
demonstrates that InPd did not absorb hydrogen under the
employed conditions.

4.0

3.5

<
Tg GaPd
et

1.5 InPd

1.0 T T T T T T T T
0 100 200 300 400 500 600 700 800 900

7(°C)

Fig. 3. H, mass spectrum of the InPd sample (previously subjected to a pressurized
hydrogen gas) upon heating the material from RT up to 800 °C. The corresponding
spectrum of GaPd (reproduced from Ref. [16]) is shown as well. The vertical axis dis-
plays the current of ionized H, molecules. For both materials the current value I in the
range 107" A corresponds to the background current. No hydrogen release can be
noticed during heating, indicating no previous hydrogen uptake.

The hydrogen mass spectrum of monocrystalline GaPd (repro-
duced from Ref. [16]) is also shown in Fig. 3 for comparison. Hy-
drogenation of GaPd was performed under different conditions,
using higher pressure of 55 bar but less clean H, atmosphere
(4.6 grade), so that comparison to the InPd is only qualitative. The
detected current value I°?"® was also in the range 10~ "' A, again
corresponding to the background current in the absence of any
hydrogen release. Both InPd and GaPd thus fulfill the requirement
of no hydrogen absorption as requested for a selective hydroge-
nation catalyst.

3.2. Assessment of static disorder in the InPd lattice from "> In NMR
spectrum

A convenient way to observe static disorder in the lattice on the
local atomic scale is to determine the NMR spectrum of quad-
rupolar nuclei with spin I > 1/2, like "®In (I = 9/2) in the case of
InPd. The nuclear electric quadrupole moment interacts with the
electric field gradient (EFG) tensor produced by the neighboring
electric charges (ionic and electronic) at the position of the reso-
nant nucleus. Since the EFG falls with the distance from the charges
as 1/r3, the electric quadrupole interaction is sensitive to local
chemical environments only. When the resonant nucleus is located
on a crystallographic site with cubic symmetry, the three diagonal
elements Vj; (i = x, y, z) of the EFG tensor become equal and the EFG
tensor becomes a scalar. Since Vs obey the Laplace equation
(Vxx + Vy y+ Vi = 0), this requires V;; = 0 and the electric quad-
rupolar interaction vanishes. Consequently, the NMR spectrum of
ordered lattices where the resonant nuclei occupy crystallographic
sites with cubic symmetry consists of one or more sharp lines (with
their number being equal to the number of inequivalent sites of the
resonant nuclei in the unit cell). Any departure of the local chemical
environment from cubic symmetry due to structural and/or
chemical (substitutional) disorder will result in nonvanishing
electric quadrupole interaction, which introduces inhomogeneous
broadening of the NMR spectrum due to random variation of the
EFG tensor over the subsequent unit cells. The InPd unit cell con-
tains one In atom occupying a cubic crystallographic site at (0,0,0),
so that the "In NMR spectrum of a structurally ordered InPd
monocrystalline sample at a stoichiometric 1:1 composition should
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consist of a single sharp line. For non-stoichiometric compositions,
the Pd vacancies on the Pd sublattice for In-rich samples and Pd
antistructure atoms (Pd atoms on the In sublattice) for Pd-rich
samples will distort cubic symmetry of the local chemical envi-
ronments around the resonant "In nuclei and introduce inho-
mogeneous broadening of the NMR spectrum. The width of the
5[h NMR spectrum can thus be considered as a measure of
structural perfectness of the investigated InPd sample.

The >In NMR experiment was conducted in a magnetic field
By = 4.7 T. The InPd monocrystalline sample was placed in a
magnetic field at an orientation where one of the cubic axes was
parallel to the field. The NMR absorption spectrum was found to be
very broad, extending over a frequency interval of about 10 MHz,
and was recorded by a frequency-sweep technique. The °In NMR
spectrum at the temperature T = 80 K is shown in Fig. 4. The
spectrum exhibits a typical structure of a quadrupole-perturbed
Zeeman resonance, where the narrow, high-intensity line in the
middle of the spectrum corresponds to the second-order quadru-
pole-perturbed central transition (1/2 < —1/2) of a spin [ = 9/2
spectrum, whereas the broad “background” line that extends over
about 10 MHz represents overlapping first-order quadrupole-per-
turbed +1/2 & +3/2, +3/2 & +5/2,+5/2 & +7/2and +7/2 < +9/2
satellite transitions. The quadrupolar shape of the spectrum reveals
that the electric quadrupole interaction is nonzero due to
nonvanishing EFG at the sites of '°In nuclei, demonstrating that
the symmetry of the electric charge distribution within the local
chemical environments around the In sites is lower than cubic.
Intrinsic structural disorder on the InPd lattice (Pd vacancies on the
Pd sublattice in the case of our In-rich sample) is predominantly the
origin of this broken local symmetry. The continuous nature of the

InPd

39 40 41 42 43 44 45 46 47 48 49 50
v(MHz)

Fig. 4. '"°In frequency-swept NMR spectrum of the InPd monocrystal at T= 80 K in a
magnetic field By = 4.7 T.

inhomogeneous broadening of the NMR spectrum reveals that
structural disorder is realized in many different configurations over
the subsequent unit cells. Our investigated InPd monocrystalline
sample thus contains structural disorder of intrinsic origin, as ex-
pected for an off-stoichiometric In-rich composition.

Comparing the features of the '°In NMR spectrum of InPd to the
69Ga (spin I = 3/2) NMR spectrum of GaPd (as reported in Ref. [16]),
we note that the %°Ga lines were found narrow (full width at half
height of 50 kHz only), showing well resolved central and satellite
lines as typical for an ordered lattice. The Ga atoms are not located
on cubic sites in the GaPd unit cell, so that the EFG at the position of
the ®°Ga nuclei is nonzero and the electric quadrupole interaction
consequently does not vanish. The orientation-dependence of the
69Ga spectral lines in a magnetic field has enabled the determina-
tion of the ®°Ga EFG tensor, which was found to possess 3-fold
symmetry due to the specific structure of the GaPd unit cell. No
spread in the orientation of the EFG tensor's principal axes and
eigenvalues was detected, confirming excellent structural order of
the GaPd lattice, as expected for a stoichiometric 1:1 compound.
The monocrystalline GaPd material can thus be grown to a high
structural perfection, whereas our InPd material contains a signif-
icant degree of intrinsic structural disorder due to its off-
stoichiometric composition.

3.3. Electronic structure and chemical bonding

The theoretical electronic DOS g(e) of the stoichiometric 1:1
InPd is shown in Fig. 5(a). Below the Fermi level ef, the DOS consists
of three well separated regions. The low-energy range (e < —5eV)is
composed mainly of In(s), Pd(d) and interstitial states. The DOS
between -5 and —2 eV is formed mainly by In(p), Pd(d) and
interstitial states, with minor admixture of Pd(s). The DOS in the
Fermi-level region (shown in the inset on an expanded scale) is
formed predominantly by the In(p), Pd(d) and interstitial states.
The splitting of the Pd(d) states into three groups reveals their
partial participation in the chemical bonding, where the main part
remains localized. The electronic DOS of InPd reveals a nonzero
density of states at e indicating metal-type behavior in the elec-
tronic transport properties. Its value at ef amounts to g(er) = 0.70
states/(eV-cell).

The electronic DOS of GaPd was reported before (see Fig. 3 of
Ref. [8]), where its subdivision into partial DOSs is also discussed.
The DOSs of GaPd and InPd are in general similar to each other with
an important difference in the Fermi-level region, which affects
their electronic transport properties. To demonstrate this differ-
ence, we reproduce in Fig. 5(b) the total DOS of GaPd, with the
Fermi-level region shown on an expanded scale in the inset. In the
case of GaPd, the DOS variation around efis strong and monotonous
and the Fermi energy is pinned to the negative slope of the DOS, so
that (dg(e)/de),, <O0. In the InPd case, ¢F is located just slightly
above a local minimum and the variation of the DOS around «f is
much weaker. The Fermi level is pinned to the positive-slope side of
the DOS minimum, so that (dg(e)/de), >0, but the derivative
(dg(e)/de),, is considerably smaller than the (absolute) derivative
in the GaPd case. This point will be discussed in the analysis of the
thermoelectric power and the Hall coefficient.

Further insight into the organization of the crystal structure was
obtained by applying the analysis of atomic interactions in real
space within the electron localizability approach. Integration of the
electron density within the atomic basins in accordance with the
Quantum Theory of Atoms in Molecules (QTAIM) revealed relevant
charge transfer and yielded effective charges of In%>* and Pd®>-,
which are quite similar values to those previously obtained in GaPd
[8]. In accordance with the electronegativities of the constituting
elements, palladium species carry the negative and the indium
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Fig. 5. (a) Calculated total electronic DOS of stoichiometric (1:1) InPd together with
the contributions of relevant atomic states. (b) The total DOS of GaPd. The insets show
the Fermi-level region on an expanded scale.

atoms the positive charge. The charge transfer represents only a
part of atomic interactions which are responsible for the organi-
zation of the crystal structure of InPd. The covalent interactions
were analyzed by applying the electron localizability indicator ELI-
D. Analysis of the distribution of ELI-D in InPd reveals maxima on
the line between the In atoms (Fig. 6). Further analysis shows that
each bonding basin is in contact with the core basins of two indium
and four palladium atomic core basins. As this was already shown
for Als;Co; [44], such multi-centre interaction may be considered as
a pre-stage of metallic bonding and represents this kind of in-
teractions in the framework of electron localizability approach. The
ELI-D distribution in the penultimate shells of palladium deviates
from a spherical one (Fig. 6). The structuring of the penultimate
shell indicates a participation of these electrons in the bonding
within the valence region (cf. DOS above). Combining the QTAIM
and ELI-D results leads to the conclusion that the crystal structure
of InPd is stabilized by ionic and multi-centre In—Pd interactions.

3.4. Electronic and thermal transport properties

3.4.1. Electrical resistivity

The electrical resistivity p(T) of InPd, measured by a standard
four-terminal technique in the temperature range between 2 and
350 K, is shown in Fig. 7. Away from the low-temperature

o interaction

In°

o o

[001]

0.5 I 1.6

[010] v

[100]

Fig. 6. Chemical bonding in stoichiometric (1:1) InPd: ELI-D distribution (Y) in the
(200) plane. 6¢-In,Pd4 denotes a six-centre interaction between the nearest two in-
dium and four palladium atoms.

saturation limit, the resistivity increases linearly with tempera-
ture, where the positive temperature coefficient (PTC) demon-
strates predominant role of the electron—phonon inelastic
scattering mechanism in the temperature dependence of p. The
saturation of p to a constant plateau in the T — O limit is due to

quenched defects in the structure. The resistivity values are

metallic, amounting at RT to pfid =23 pocm and the residual

resistivity is pifd = 16.6 pQcm. The relatively high residual re-
sistivity value is a consequence of the intrinsic quenched disorder
in the InPd lattice due to its off-stoichiometric composition. For
comparison, the RT resistivity of the elemental Pd metal amounts to
pggOK = 11 uQcm, which is a factor of 2 smaller than the RT re-
sistivity of InPd.
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Fig. 7. Temperature-dependent electrical resistivity p of InPd. The resistivity of GaPd
(reproduced from Ref. [16]) is shown for comparison.
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Comparing the InPd resistivity to the resistivity of GaPd [16]
(also shown in Fig. 7), the latter also exhibits a PTC with the RT
value of p$3bd = 18 pQem, which is close to the RT resistivity of
InPd. The main difference is the residual resistivity, which for the
GaPd amounts p§3*4 = 3 pQcem, being thus much smaller than the
residual resistivity of InPd. The reason for that is much lower
density of structural defects in the stoichiometric GaPd. The elec-
trical resistivity results are thus in agreement with a considerably
better structural order of the GaPd lattice as compared to InPd.

3.4.2. Thermoelectric power

The thermoelectric power is sensitive to the sign of charge
carriers and hence distinguishes between the electrons and holes.
The thermopower (the Seebeck coefficient S) of InPd was measured
between 2 and 380 K and the result is shown in Fig. 8. The ther-
mopower is small and positive with the RT value amounting to
about SJPd. = 0.7 uV/K. For comparison, the thermopower of GaPd
(also shown in Fig. 8) is negative, but also relatively small (its RT
value amounts to S§34 = —3.6 uV/K).

3.4.3. Hall coefficient

The Hall coefficient is another quantity sensitive to the sign of
charge carriers and distinguishes between the electrons and holes.
The measurements were performed in the temperature interval
from 90 to 400 K by a standard ac technique using five-point
method in magnetic fields up to 1 T. The experimental error was
+0.1 x 107'° m3C~L. The temperature-dependent Hall coefficient
Ry = Ey[jxB; of InPd is shown in Fig. 9. RI?™ s positive and decreases
slowly with increasing temperature. The R}_‘,‘P d values are in the

range 10719 m3C™' (the RT value amounts to R}};‘;%Ol<z

0.7 x 10~19 m3 ¢ 1), which is typical for regular metals and alloys
with the charge carrier density of the order 10723 cm3. The small
temperature variation of R}L?Pd by less than a factor of two within
the investigated temperature interval very likely originates from
the temperature-dependent changes of the Fermi surface.

The Hall coefficient of GaPd [16] is shown in Fig. 9 for compar-
ison. RGP is qualitatively similar to R7™ in both magnitude and
the type of temperature dependence. The main difference to InPd is
the fact that the Hall coefficient and the thermopower of InPd both
show positive sign (Rif" > 0, SI"Pd > 0), whereas they are of oppo-

site signs for GaPd (RG>0, S6Pd <0). This result, which is
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Fig. 8. Temperature-dependent thermoelectric power S of InPd. The thermopower of
GaPd (reproduced from Ref. [16]) is shown for comparison.
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Fig. 9. Temperature-dependent Hall coefficient Ry of InPd. The Hall coefficient of GaPd
(reproduced from Ref. [16]) is shown for comparison.

related to the question whether the electrons or holes are the
majority charge carriers, will be discussed in the Discussion section.

3.4.4. Thermal conductivity

The thermal conductivity « of InPd is displayed in Fig. 10. k
increases rapidly in the low-temperature region up to about 20 K,
whereas at higher temperatures the growth becomes slower and
linear. The RT value amounts toxJid = 38 W/mK. The thermal
conductivity of GaPd is also displayed in Fig. 10 for comparison,
showing faster low-temperature increase up to about 30 K and then
slower growth at higher temperatures with the RT value of
«d =50 W/mK. The reference value for the Pd metal is

xrd = 72 W/mK, so that both InPd and GaPd can be classified as
moderate thermal conductors.

InPd

3.5. Specific heat and the electronic density of states at the Fermi
energy e

The electronic DOS determines the adsorption properties of any
catalytic material. The value of the DOS at the Fermi energy ef is
conveniently determined from the low-temperature specific heat
C(T), which also yields the Debye temperature fp of the lattice
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(K

Fig. 10. Temperature-dependent thermal conductivity « of InPd. The thermal con-
ductivity of GaPd (reproduced from Ref. [16]) is shown for comparison.
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vibrations. For nonmagnetic metals and alloys like our InPd (to be
verified in the following section on magnetic properties), the spe-
cific heat is a sum of the electronic and lattice terms. The electronic
specific heat depends linearly on temperature, Ce(T) = vT, with the
electronic specific heat coefficient y = (72 /3)k§g(gp), where g(ef) is
the DOS at er At low temperatures below about 10 K, the lattice
specific heat can usually be well approximated by the Debye model
and is expressed as a function of temperature in the form
Car(T) = aT>. The lattice specific heat coefficient « is related to the
Debye temperature via the relation 6p = (127*R/5«)'/3, where R is
the gas constant. The total specific heat at low temperatures can be
written as.

C(T) = 4T + oT3. (1)

The measurements of the specific heat of InPd were performed
in the temperature range between 2 and 300 K. The low-
temperature specific heat is displayed in Fig. 11 in a C/T versus T>
plot, whereas the specific heat in the entire investigated tempera-
ture range is displayed in the inset. The analysis of the C/T data with
Eq. (1) in the temperature range between 2 and 5 K (solid line in
Fig.11) yielded the experimental values ympd = 0.92 mJ/mol-K? and
0'5“"1 = 243 K. The reference values of the electronic specific heat
coefficient for the constituent metals are 4™ = 1.69 mJ/mol-K? and
7: =9.36 mJ/mol-K?, so that ¥4 is much closer to y™™ than it is to
e
The electronic specific heat coefficient is a convenient quantity
to estimate the deviation of a given metallic system from free-
electron-type metals and alloys. For that we compare the experi-
mentally derived electronic specific heat coefficient y to the cor-
responding theoretical free-electron value +yg calculated from
vr = 0.136(A/d)*3(e/a)'/® mJ/mol-K? [45], where A is the molar
mass in g, d the density in g/cm® and e/a the number of valence
electrons per atom. For our IngsPdps4g composition we take
A=110.8 gand d = 10.45 g/cm? [33], whereas the ionicity of Pd and
In in InPd was estimated before experimentally from magnetic
susceptibility data [46] to be about Pd®®* and In'%, yielding e/
a = 0.81. The free-electron value of the electronic specific heat
coefficient is then obtained as y[?™ = 0.60 mJ/mol-K?, yielding the
thermal effective mass m* of the conduction electrons as
m*/m = y'nPd /yInPd — 153 where m is the free-electron mass. The
departure of m*/m from unity is of the same order as for free-
electron-like metals and alloys, where the mass enhancement

C/T (mJ/mol-K?)

.rr—""¥ """
0 10 20 30 40 50

2 2
" (K9
Fig. 11. Low-temperature specific heat of InPd in a C/T versus T? plot. Solid line is the fit

with Eq. (1). The specific heat in the entire investigated temperature range (2—300 K)
is displayed in the inset.

originates from the electronic band structure, the coupling of
electrons to phonons and the electron—electron interactions.

We are also able to determine the DOS value g(ef) in absolute
figures from the equation vy = (w2 /3)k2g(er) = 2.358 g(er), where y
is given in units [m]/mol-K?] and g(ef) is then obtained in units
[states/(eV-atom)]. The experimental value of 4™ yields
g(er) = 0.39 states/(eV-atom). This is to be compared to the theo-
retical value g(er) = 0.70 states/(eV-cell) (Fig. 5), obtained for the
1:1 stoichiometric InPd. Since there are two atoms in the InPd unit
cell, the theoretical value can be recalculated to g(ef) = 0.35 states/
(eV-atom), giving fair matching to the experimental value obtained
for the off-stoichiometric Inyg4Pdg.g6.

Comparing to the GaPd compound [16], we find that its elec-
tronic specific heat coefficient y*2"4 = 1.41 mJ/mol-K? is somewhat
higher than yP (0.92 mJ/mol-K?), so that the experimental DOS at
epvalue of GaPd is by a factor y2P4/yI"Pd — 153 |arger than the DOS
of InPd. The lower DOS at &f of InPd is one reason for its larger
electrical resistivity (lower electrical conductivity) at elevated
temperatures and lower electronic thermal conductivity, as
compared to GaPd.

3.6. Magnetic properties
Magnetic susceptibility y = M/H was determined in the tem-

perature range 1.9—300 K in the magnetic field H = 10 kOe. The
susceptibility (Fig. 12(a)) is negative diamagnetic and largely

0.0
a) InPd
-0.5-
=
£-1.01
=
g
(0]
w 1.5
=
<
2.0
_2.5 T T T T T
0 50 100 150 200 250 300
T (K)
1.0
b)
05
)
E
g 0.0
L
=
-0.5-
-1.0-
60  -40 20 0 20 40 60
H (kOe)

Fig. 12. (a) Temperature-dependent magnetic susceptibility x = M/H of InPd in the
magnetic field H = 10 kOe. (b) Magnetization versus the magnetic field, M(H), at
T=5K
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temperature-independent, except in the low-temperature limit
below about 20 K, where a small Curie upturn is observed due to
paramagnetic impurities (very likely the residual impurities in the
starting materials for the InPd synthesis). The RT susceptibility
amounts to 300 k = —2.1 x 107> emu/mol. The Larmor diamagnetic
core susceptibility of InPd was calculated from literature tables to
be in the range xgia = (2.2, —1.9) x 10~> emu/mol for different
possible ionization states of the In and Pd elements, so that ygia
accounts for practically all the experimentally determined sus-
ceptibility at RT. This suggests that the two conduction-electron
contributions to the susceptibility (the positive Pauli para-
magnetic spin susceptibility and the negative Landau orbital
diamagnetic susceptibility), which are of the same order of
magnitude as xqi,, largely compensate each other.

The magnetization versus the magnetic field, M(H), experiment
performed at T = 5 K for the magnetic field sweep +50 kOe is
shown in Fig. 12(b). The negative-sloping M(H) straight line con-
firms the diamagnetic nature of InPd, in agreement with the
negative susceptibility . InPd is thus a simple diamagnetic inter-
metallic compound, as can be expected on the basis of magnetic
properties of the constituent elements In and Pd. Simple diamag-
netism was reported also for the GaPd compound [16].

4. Discussion and conclusions

The InPd intermetallic compound is a candidate material for the
use as a catalyst in the methanol steam reforming reaction. Due to
its CsCl-type structure, where the atoms of one chemical species are
surrounded solely by atoms of the other species in the first coor-
dination shell, the compound is expected to follow the site-
isolation concept that assures high catalytic selectivity. In addi-
tion, strong In—Pd bonding should provide long-term stability of
the compound, which is expected to prevent catalyst deactivation
with time under the reaction conditions. Since catalysis proceeds at
the surface, well-defined and oriented surfaces prepared from
single-crystalline slices are preferred for fundamental studies. For
that reason we have grown large single crystals of the InPd phase by
the Czochralski method. By performing crystal growth from a high-
temperature solution, we could crystallize a specific, slightly off-
stoichiometric In-rich composition Ins;Pd4g, which yielded crys-
tals that were in large parts phase-pure and showed radial
compositional homogeneity in the central part. A consequence of
the off-stoichiometry was the introduction of constitutional defects
into the lattice (the Pd vacancies on the Pd sublattice), in order that
the compound could retain the CsCl-type structure. Since the
knowledge of bulk physical properties of the material is important
to connect catalytic properties of the surface to the structural and
electronic properties of the bulk, we have determined the elec-
tronic, thermal, magnetic and hydrogen-absorbing properties of
the InPd monocrystal. Throughout the paper the results are
compared to the GaPd compound, which can be grown at the 1:1
stoichiometric composition and is considered as a prototype cata-
lyst system that practically ideally obeys the site-isolation concept.

The strongly inhomogeneously broadened In quadrupole-
perturbed Zeeman NMR spectrum and the relatively high residual
T — O electrical resistivity confirm the presence of a large con-
centration of constitutional defects in the InPd lattice at the given
off-stoichiometric composition, suggesting that the site-isolation
concept could be fulfilled to a lesser extent in the investigated
InPd than it is in the GaPd. InPd did not absorb any hydrogen when
exposed to a Hy atmosphere. Comparison to the GaPd shows that
both compounds fulfill the requirement of no hydrogen absorption,
as requested for a selective hydrogenation catalyst material.

The electronic and thermal transport coefficients of InPd show
that the electrical and thermal conductivities are typical metallic

and not much lower than the corresponding conductivities of GaPd.
The main difference between the two compounds is that InPd
shows much higher residual electrical resistivity (the inverse
electrical conductivity) pr—o than GaPd due to the presence of
constitutional defects in the lattice. The thermal conductivity of
InPd is smaller than that of GaPd for two reasons: (1) the electronic
contribution is smaller because of smaller electronic DOS at ef in
the InPd and (2) the lattice contribution is smaller because the
defects in the InPd lattice impede phonon propagation.

The thermoelectric power and the Hall coefficient are both
sensitive to the sign of charge carriers and can hence be used to
determine whether the investigated compounds are electron- or
hole-type conductors. At low temperatures, the temperature
dependence of the thermopower can be described by the Mott's
expressionS(T) = (w?k3/3e)(d In o(¢)/de),, T, where o(e) is the
spectral conductivity function. Spectral conductivity is related to
the electronic DOS g(e) via the Einstein relation a(e) = (e?/V)g(e)
D(e), where D(e) is the electronic spectral diffusivity and V is the
sample volume. Under the assumption that the energy dependence
of the spectral diffusivity can be neglected in the vicinity of the
Fermi level, D(¢) = D(ef), dIna(e)/de can be replaced by ding(e)/de.
The sign of the thermopower is consequently determined by two
factors: the sign of the electric charge e and the sign of the DOS
derivative at the Fermi energy (dg(e)/de),.. We consider first the
case of GaPd where the experiments yielded S5 < 0 and RG?d > 0.
The theoretical GaPd DOS (Fig. 5(b)) shows that the derivative
dg(e)/de in the Fermi-level region is negative so that (dg(e)/de),, <0
and the charge carriers must have positive sign (holes) in order that
the thermopower is negative. Holes should yield positive Hall co-
efficient, which is indeed observed in Fig. 9. GaPd is thus a pre-
dominant hole-type conductor. For InPd, on the other hand, the
thermopower and the Hall coefficient are both positive, R};’Pd >0
and S™P4 > 0, but their values are considerably smaller than in
GaPd. The theoretical InPd DOS (Fig. 5(a)) shows that the derivative
dg(e)/de at the Fermi-level is positive, (dg(e)/de),, >0, so that the
charge carriers must have positive sign (holes) in order that the
thermopower is positive. This is again in agreement with the pos-
itive Hall coefficient RIf™4, so that InPd is also a predominant hole-
type conductor. The fact that the (absolute) derivative (dg(e)/de),,
of InPd is much smaller than the corresponding derivative of GaPd
then accounts for the much smaller (absolute) thermopower of
InPd, as compared to GaPd.

The experimental electronic DOS at ef value of InPd was deter-
mined from the low-temperature specific heat, amounting to
g(eF) = 0.39 states/(eV-atom), which is close to the theoretical value
g(er) = 0.35 states/(eV-atom) obtained from first-principles calcu-
lations. The value of the electronic specific heat coefficient y™Pd
was found to be close to that of pure indium metal, but far from the
value of the palladium metal. The departure of y™P4 from the free-
electron value by a factor 1.53 is of the same order as for free-
electron-like metals and alloys. Comparing to the GaPd com-
pound, we find that the experimental DOS at er value of GaPd is by a
factor 1.53 larger than the DOS of InPd (accidentally by the same
factor as the ratio of the experimental and theoretical free-electron
electronic specific heat coefficients of InPd).

Regarding the magnetic properties, InPd is a simple diamagnetic
intermetallic compound and so is GaPd, as can be expected on the
basis of nonmagnetic nature of the constituent elements of both
compounds.

By considering the InPd and GaPd catalytic performance, the
basic question remains to which degree the two compounds obey
the site-isolation concept that is of essential importance for the
catalytic selectivity in a given chemical reaction. Since more or-
dered structures lead to more uniform surroundings of the active
sites and hence improved selectivity, the well-ordered
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stoichiometric 1:1 GaPd seems to be a better example of the site-
isolation concept than the investigated InPd, where under the
employed growth conditions phase-pure monocrystals could be
grown only at an off-stoichiometric In-rich composition, but at the
expense of introducing a large concentration of Pd vacancies to
retain the CsCl-type structure. Another deficiency comes from the
broad existence region of the binary InPd phase in the In—Pd phase
diagram, which makes atomic diffusion possible to some extent
similar to an alloy, so that long-term stability of the investigated
InPd catalyst material may be compromised. Since these problems
are absent in PdGa, which is almost a line compound at the stoi-
chiometric 1:1 composition, its catalytic performance is expected
to be better as compared to our off-stoichiometric InPd. A future
experimental test of the stability and catalytic selectivity of InPd in
a realistic chemical reaction should give the answer to this ques-
tion. It should also be noted that crystal growth at higher temper-
atures with some tricks to tackle the In vapour pressure might
enable to grow InPd from a congruent melt to obtain a more or less
stoichiometric compound, where the site-isolation concept would
then be fulfilled to a better extent.
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