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Abstract
The structurally well-defined intermetallic compounds PdGa and Pd3Ga7 constitute suitable catalysts for the selective hydrogenation of acetylene.
The surface properties of PdGa and Pd3Ga7 were characterized by X-ray photoelectron spectroscopy, ion scattering spectroscopy and CO chemisorption. Catalytic activity, selectivity and long-term stability of PdGa and Pd3Ga7 were investigated under different acetylene hydrogenation
reaction conditions, in absence and in excess of ethylene, in temperature-programmed and isothermal long-term experiments. Chemical treatment
with ammonia solution – performed to remove the gallium oxide layer introduced during the milling procedure from the surface of the intermetallic compounds – yielded a significant increase in activity. Compared to Pd/Al2O3 and Pd20Ag80 reference catalysts, PdGa and Pd3Ga7 exhibited a
similar activity per surface area, but higher selectivity and stability. The superior catalytic properties are attributed to the isolation of active Pd
sites in the crystallographic structure of PdGa and Pd3Ga7 according to the active-site isolation concept.

Keywords: palladium, gallium, PdGa, Pd3Ga7, acetylene hydrogenation, site isolation, intermetallic compound, X-ray
photoelectron spectroscopy, ion scattering spectroscopy, CO chemisorption, chemical etching

1. Introduction
Selective hydrogenation of acetylene (C2H2 + H2 →
C2H4, ΔH = -172 kJ/mol) is an important industrial process
to remove traces of acetylene in the ethylene feed for the
production of polyethylene. Because acetylene poisons the
catalyst for the polymerization of ethylene to polyethylene,
the acetylene content in the ethylene feed has to be reduced
to the low ppm range [1-3]. Moreover, economic efficiency
requires high selectivity of the acetylene hydrogenation in
the presence of an excess of ethylene to prevent the hydrogenation of ethylene to ethane. Typical hydrogenation catalysts contain palladium dispersed on metal oxides. While
palladium metal exhibits high activity, it possesses only
limited selectivity and long-term stability because of the
formation of ethane by total hydrogenation as well as C4

species and higher hydrocarbons by oligomerisation reactions [4-5].
Modification of palladium catalysts by adding promoters or alloying with other metals has been shown to
result in an increased selectivity and long-term stability in
the hydrogenation of acetylene [6-7]. However, the catalytic performance of these modified Pd catalysts remains
insufficient and further improvements in selectivity may
decrease the costs for the production of polyethylene. In
addition to unsatisfactory selectivity, the long-term stability
of palladium catalysts has to be improved. Catalyst deactivation by carbonaceous deposits requires frequent exchange or regeneration of the catalyst in the hydrogenation
reactor. Moreover, fresh or regenerated catalysts show high
activity and local overheating (“thermal run away”) of the
reactor and, consequently, lead to increased ethylene consumption and loss in selectivity.
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The limited selectivity of Pd catalysts in acetylene
hydrogenation can be attributed to the presence of activesite ensembles on the catalyst surface [6, 8-9]. Active-site
isolation increases Pd-Pd distances on the catalyst surface
and may lead to only weakly π-bonded acetylene on top of
an isolated Pd atom. Furthermore, the sequential hydrogenation of acetylene to ethylene via vinyl and vinylidene
intermediates requires a decreasing active site size [10].
Therefore, a reduction of neighbouring palladium sites on
the surface should yield preferred hydrogenation of acetylene to ethylene [2, 11-17].
In the intermetallic compounds PdGa [18-20] and
Pd3Ga7 [20-22] the Pd atoms are only surrounded by gallium atoms in the first coordination shell and, thus, may be
promising catalysts with an improved selectivity and longterm stability in acetylene hydrogenation [23]. Furthermore, modification of the electronic structure by promoting
or alloying of the Pd catalyst to tailor adsorption or desorption properties may be employed to increase the selectivity
in hydrogenations [6]. In addition to the local structure
around the active Pd sites compared to Pd metal or conventional Pd alloys, Pd-Ga intermetallic compounds exhibit a
modified electronic structure which may further improve
their catalytic performance in acetylene hydrogenation
[10].
Part I of this work describes the preparation of the
Pd-Ga intermetallic compounds PdGa and Pd3Ga7 and elucidates their thermal and structural stability under various
reaction conditions [24]. Part II presents results of the surface characterization by X-ray photoelectron spectroscopy,
ion scattering spectroscopy and CO chemisorption measurements. The catalytic performance of PdGa and Pd3Ga7
in acetylene hydrogenation was investigated and compared
to Pd/Al2O3 and an unsupported palladium-silver alloy.

2. Experimental
2.1. Synthesis and Materials
Details of the preparation of the Pd-Ga intermetallic
compounds are described in Part I [24]. The alloy referred
to as Pd20Ag80 in the following, was prepared by melting
together 1.2047 g Ag (99.995% ChemPur) and 0.3035 g Pd
(99.95% ChemPur) three times in an arc melter under argon. Subsequently, the regulus obtained was enclosed in an
evacuated quartz glass ampoule and annealed at 800 °C for
six days. After the heat treatment, the regulus was filed and
the phase purity of the obtained Pd-Ag alloy (Cu type of
structure, Fm 3 m, a = 4.0456(6) Å) was confirmed by Xray powder diffraction (STOE STADI P diffractometer, Cu
Kα1 radiation, λ = 1.540598 Å, curved Ge monochromator).

2

2.2. Chemical Etching
To increase the active catalyst surface, chemical
etching was performed using ammonia solution at various
pH-values. Commercial ammonia solution (Merck, 25%,
p.a.) was diluted with distilled water to the required pHvalue. pH measurements were performed with a Knick pHMeter 761 Calimatic and a Mettler-Toledo Inlab 422 electrode calibrated with buffer solutions (Merck centiPUR pH
= 7 and pH = 9). Usually, 30 to 50 mg PdGa or Pd3Ga7
were added to 75 ml of the ammonia solution and stirred
for 10 minutes at 300 K. The solution was filtered and the
powder was washed with additional 50 ml of the ammonia
solution. Etched samples were dried for 120 min in a desiccator evacuated to 10 mbar and stored under Ar in a glove
box.

2.3. XPS and ISS
X-ray photoelectron spectroscopy (XPS) and ion
scattering spectroscopy (ISS) were performed with a Leybold LHS 12 MCD UHV system. The samples for the
measurements were prepared from milled PdGa and Pd3Ga7
powder. XPS data were obtained using Al Kα radiation
(1486.6 eV) and a pass energy of 48 eV resulting in a spectrometer resolution of 1.1 eV. Shirley background correction and numeric integration of the peak areas were
employed for XPS data reduction. Elemental composition
of the near-surface region was estimated from the peak
areas obtained using the corresponding sensitivity factors
[25]. The palladium content was calculated from a sum of
the Pd3d3/2 and Pd3d5/2 peaks and the carbon content was
obtained from the C1s peak. Because of the overlapping
O1s and Pd3p3/2 peaks in the XP spectra, the Pd3p3/2 peak
area was calculated from the Pd3d3/2 and Pd3d5/2 peak areas
assuming a factor of 2.9 for the (Pd3d3/2 + Pd3d5/2)/Pd3p3/2
ratio [25]. Subsequently, the Pd3p3/2 peak area obtained
was subtracted from the O1s peak area to calculate the
oxygen content in the near-surface region. The determined
values possess a relative error of 10%. The amounts of
gallium and gallium oxide were determined by fitting the
Ga2p3/2 peak with two Gauss-Lorentz profile functions
(30% Lorentzian). Due to the overlapping signals, the relative error of the concentration is in the region of 20-30%.
All XPS spectra were corrected for charging effects by
setting the binding energy of the C1s peak to 284.6 eV
[26].
Ion scattering spectroscopy was performed using He
ions with a kinetic energy of 2 keV and an emission current
of 10 mA resulting in an ion current of 1.65 μA at the sample. For ISS measurements of PdGa the first two scans
were averaged and the following scans were averaged in
groups of ten. In the case of Pd3Ga7, the first three scans
were averaged and the following scans were averaged in
groups of ten. Milled samples of PdGa and Pd3Ga7 were
measured first by XPS followed by ISS measurements and
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another XPS measurement to reveal the surface composition of the materials and the influence of the ion scattering
thereon. The influence of a hydrogen treatment on the surface composition was determined by XPS measurements
before and after reduction of milled PdGa in 200 mbar H2
at 573 K for 30 min. After a second hydrogen treatment at
673 K for 30 min, XPS spectra were taken again followed
by ISS and XPS measurements. Because of the reduced
thermal stability of Pd3Ga7, XPS and ISS measurement
were performed before and after a single hydrogen treatment at 573 K according to the procedure described above.

2.4. CO Chemisorption
Carbon monoxide chemisorption measurements were
carried out in an Autosorb 1C (Quantachrome Instruments).
The samples (PdGa: 1.5 g, Pd3Ga7: 1 g, Pd/Al2O3: 180 mg)
were pre-treated in the sample cell by heating them to different reduction temperatures – 673 K (Pd3Ga7), 773 K
(PdGa) or 473 K (Pd/Al2O3) in helium flow (20 ml/min),
followed by an isothermal hydrogen treatment for 30 min
(20 ml/min of hydrogen flow) and evacuation (180 min) at
the pretreatment temperature. The samples were cooled
down to 300 K under vacuum and additionally evacuated
for 180 min. Subsequently, the CO chemisorption measurements (CO 4.7, Westfalen Gas, Germany) were performed at 300 K.
The active Pd surface area was determined by stepwise measuring the amount of chemisorbed and physisorbed CO. An initial CO pressure of 10.7 kPa was
employed, followed by nine equidistant steps up to a final
pressure of 106.7 kPa. The pressure drop in the sample cell
can be used to calculate the amount of CO adsorbed. Both
the extrapolation method and the dual isotherm method
were used to distinguish between chemisorbed and physisorbed CO and to determine the active-surface area. A
stoichiometric factor of 1.5 was used to account for the
presence of on-top and bridged bond CO molecules on the
Pd surface [27-28]. Further details are given elsewhere [2932].

set-up, were separated on a molsieve column. Acetylene,
ethylene and ethane were separated on an alumina column.
The total concentration of C4 hydrocarbons (1-butene, 1,3butadiene, n-butane, trans- and cis-2-butene) was determined using a dimethylpolysiloxane column. Higher hydrocarbons were also separated on the siloxan column but
not further quantified because of the presence of many
different C6 and C8 hydrocarbons and their low total concentration (less than 0.1% of absolute product stream concentration). Argon (6.0) and helium (6.0) were used as
carrier gases for the molsieve column and for the other
columns, respectively. A measurement cycle including
stabilization, sampling, injection and separation took between 4 and 5 minutes.
Acetylene hydrogenation experiments were carried
out under two different reactive gas atmospheres: gas composition A (2% acetylene and 4% hydrogen in helium) and
gas composition B (0.5% acetylene, 5% hydrogen and 50%
ethylene in helium). Solvent free acetylene (2.6), hydrogen
(5.0) and helium (5.0) were used for studies under gas
composition A, while a mixture of 2% acetylene in helium
(C2H2: 2.6, He: 4.6), hydrogen (5.0), ethylene (3.5) and
helium (5.0) was used for studies under gas composition B.
The solvent free acetylene was obtained from Linde (Germany), while all other gases were obtained from Westfalen
Gas (Germany).
Activity and selectivity of the materials in the hydrogenation of acetylene were measured by temperatureprogrammed as well as by isothermal experiments. In the
temperature programmed mode, the composition of the
product gas stream was measured every 15 K, after stabilizing the catalysts for 15 min, in the range from 298 K to 613
K (gas composition A). In the isothermal mode, the experiments were performed at 393 K (gas composition A)
and 473 K (gas composition B). The conversion Conv was
calculated using the following equation:

Conv =

C feed − C x
C feed

where Cx is the acetylene concentration in the product
stream and Cfeed is the acetylene concentration in the feed
before the reaction. With the gas composition A, the selectivity SelA is calculated according to

Sel A =

2.5. Catalysis Measurements
Catalytic investigations were performed in a plug
flow reactor consisting of a quartz glass tube with a length
of 300 mm, an inside diameter of 7 mm and a sintered glass
frit to support the catalyst. For temperature control, a thermocouple was placed inside the catalyst bed. The reactant
gases were mixed with Bronkhorst mass flow controllers to
a total flow of 30 ml/min. A Varian CP 4900 micro gas
chromatograph (GC) and a Pfeiffer Omnistar quadropol
mass spectrometer (MS) were used for effluent gas analysis. The Varian MicroGC contained four modules, each
with an individual column and a thermal conductivity detector. Hydrogen and helium from the feed gas, and possible oxygen and nitrogen impurities because of leaks in the

3

where

CC 4 H x

Cethylene
Cethylene + Cethane + 2CC4 H x

is the sum of the C4 hydrocarbons. The

change in ethylene concentration ΔCethylene cannot be accurately measured in an excess of ethylene (gas composition
B) and, hence, cannot be used for calculating the selectivity. Therefore, the selectivity SelB was calculated from the
following equation, with Cfeed as the acetylene concentration before and Cx as the acetylene concentration after the
reactor:

SelB =

C feed − C x
C feed − C x + Cethane + 2CC4 H x
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Calculation of the selectivity with gas composition B
assumes that acetylene is only hydrogenated to ethylene,
which may be further hydrogenated to ethane. The amount
of higher hydrocarbons and carbon deposits formed was
assumed to be negligible. In addition to hydrogenation of
acetylene to ethane, ethylene from the feed may be hydrogenated to ethane, which is included in the selectivity equation. To measure the selectivity at the same conversion for
different catalysts, the used amounts were adjusted according to the specific activity of the catalysts as determined in
previous experiments. The activity Act of the samples was
calculated using the following equation:

Act =

4

Table 1: Surface composition retrieved from XPS data (at%) of
milled PdGa, after hydrogen treatment at 573 and 673 K as well as
after ISS measurements

Conv ⋅ C feed ⋅ Cexр
mcat

where mcat is the amount of used catalyst in g and the constant Cexp is 1.904 g/h. The constant was introduced to convert the acetylene flow from [ml/min] units to [g/h], is
based on the perfect gas model

M acet ⋅ p ⋅ F
R ⋅T
where Macet is the molecular weight of acetylene (26
g/mol), p the pressure (1.013 bar) and F the total gas flow
through the reactor at room temperature (1.8 l/h at 300 K).
R is the universal gas constant (8.3144 J/(molK)) and T the
temperature (300 K).
To improve the flow characteristics the corresponding amount of unsupported sample was diluted with 30 mg
(gas composition A) or 50 mg (gas composition B) inactive
boron nitride (hexagonal, 99.5%, 325 mesh, Aldrich). A
commercial Pd/Al2O3 catalyst (5 wt.-% Pd, Aldrich) was
used as reference in both gas compositions. Additionally,
an unsupported palladium silver alloy Pd20Ag80 was used as
benchmark catalyst for studies with gas composition B.

C

exр

=

3. Results and Discussion
3.1. Surface Characterization of PdGa and
Pd3Ga7
In the bulk structures of PdGa and Pd3Ga7 palladium
atoms exclusively possess gallium atoms as nearest
neighbors. Furthermore, the compounds exhibit a pronounced stability under hydrogenation reaction conditions
as determined by in situ DSC/TG, in situ XRD and in situ
EXAFS investigations [10, 24]. From the stoichiometry of
PdGa and Pd3Ga7, an average surface composition of 50%
gallium and 50% palladium, and 70% gallium and 30%
palladium, respectively, may be assumed. Because the real
composition and the structure of the surface of these materials may differ from those of the bulk, the milled and pretreated Pd-Ga intermetallic compounds were further characterized by various surface sensitive techniques.
XPS data of PdGa revealed that the near-surface region of milled but unetched material mainly consists of

Figure 1: XPS data of the Ga2p3/2 peak of milled PdGa (a) untreated, (b) after H2 treatment at 573 K, (c) after H2 treatment at
673 K, and (d) after ISS. The shoulder at lower binding energy
represents a reduced Ga species.

oxygen and gallium (Table 1 and Fig. 1), while the concentration of palladium amounted to only 6%. After hydrogen
treatment at 573 K and 673 K for 30 minutes, the oxygen
content decreased from 57% to 49% and 47%, respectively.
The palladium concentration in the near-surface region
increased to 10% after hydrogen treatment at 673 K and
reached 17% after the ISS measurements. The XPS data of
air milled PdGa exhibited only a broad Ga2p3/2 peak at
1118.5 eV indicating that only gallium oxide is present on
the surface [33]. The reduced gallium species on the surface of the milled PdGa intermetallic compound seems not
to be detectable by XPS under the conditions employed.
After hydrogen treatment at 573 K and 673 K, a shoulder of
the Ga2p3/2 peak at lower binding energy was observed
indicative of the formation of a reduced gallium species
(Figure 1). After ion sputtering during the ISS measurements, a very broad (FWHM > 4 eV) Ga2p3/2 peak appeared representing a mixture of metallic and oxidized
gallium. Curve fitting of the Ga2p3/2 peak resulted in an
increased metallic gallium content. However, 74% of the
gallium remains in an oxidized state after hydrogen treatment at 673 K (Table 2). The Ga2p3/2 peak measured after
hydrogen treatment at 673 K exhibited a binding energy of
1116.7 eV, which is in good agreement with the value for
metallic gallium (1116.3 eV [33]). The Pd3d5/2 peak of
PdGa after hydrogen treatment at 673 K was located at a
binding energy of 335.7 eV similar to previously reported
values for as-prepared PdGa (336.0 eV) [10,34].
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XPS data of milled Pd3Ga7 showed a similar oxygen
content of the near-surface region as PdGa. In contrast to
PdGa, the amount of oxygen was not significantly reduced
after thermal treatment in hydrogen. The palladium content
of the surface was very low and remained at 2% after hydrogen treatment at 573 K. Only after He ion sputtering
during ISS measurements, the oxygen content was reduced

Table 2: Amount of oxidized and metallic Ga at the surface of
milled PdGa and Pd3Ga7, and after H2 treatment calculated from
Ga2p3/2 XPS peak refinement (at%)

Figure 2: ISS data of milled but chemically unetched PdGa (averaged first two scans) and after additional H2 treatment at 673 K.
Peaks at 1750 eV (Pd), 1650 eV (Ga) and 910 eV (O) are indicated.

to 36% and the gallium and palladium content increased to
51% and 11%, respectively. XPS data of milled Pd3Ga7
exhibited one broad Ga2p3/2 peak indicating that only gallium oxide was detected on the surface. While the width of
the Ga2p3/2 peak decreased after hydrogen treatment at 573
K, no additional shoulder was observed (Table 2). Only
after He ion sputtering, two Ga2p3/2 peaks were obtained,
revealing a mixture of metallic gallium and gallium oxide
in the near-surface region.
The observed gallium oxide layer indicates a segregation of gallium to the surface of PdGa and Pd3Ga7 followed by oxidation to gallium oxide. Since all syntheses
were performed in an argon-filled glovebox with moisture
and oxygen levels less than 1 ppm the surface mostly oxidized during the milling of the samples in air. After reductive treatment at elevated temperatures, no segregation of
Pd atoms to the surface of the Pd-Ga intermetallic compounds and no formation of Pd clusters or overlayers was
detected. Hence, the structural stability as determined by in
situ XRD and EXAFS does also hold for the near-surface
region of the intermetallic compounds used [24].

5

In contrast to XPS which reveals the composition of
the near-surface region within a few nanometers, ISS is
more surface sensitive and yields the composition of the
top most surface layer. During ISS measurements the surface layers will be removed by He ions, leading to a depth
profiling of the material studied. ISS spectra (first 2 scans)
of untreated PdGa and of PdGa after hydrogen treatment at
673 K are depicted in Figure 2. The kinetic energy of the
scattered He ions depends on the energy of the incident
beam, the incident angle and the mass of the scattering
atoms on the surface of the material studied [26]. Because
scattering at heavier elements results in He ions with higher
kinetic energy, the peak in the ISS spectra at the highest
kinetic energy can be assigned to Pd atoms on the surface.
An ISS peak at a kinetic energy of 1650 eV corresponds to
Ga atoms, while light elements like carbon and oxygen
scatter He ions with kinetic energy in the range from 800 to
1000 eV.
After hydrogen treatment at 673 K the Pd/Ga peak
ratio increased from 0.59 to 0.77 (Figure 2). Because the
total cross-sections of the various elements in ISS depend
on various unknown factors, the elemental composition of
the surface region cannot be accurately quantified from the
ISS data taken. Assuming a stoichiometric composition
(1:1) of both the surface and the bulk of PdGa, the amplitude of the Pd peak should be higher than the corresponding Ga amplitude. Conversely, the ISS spectra indicate an
excess of gallium on the surface in agreement with the XPS
data, thus clearly excluding the segregation of palladium to
the surface. While the amplitude of the oxygen ISS peak
was reduced after the hydrogen treatment of PdGa, a high
concentration of oxygen persisted on the surface. A series
of ISS scans of untreated PdGa resulted in different spectra
compared to those of hydrogen treated PdGa. After eight
series of ISS scans, the Pd peak was higher than the Ga
peak and the amount of oxygen on the surface was significantly reduced.
ISS measurement of Pd3Ga7 revealed similar results
compared to PdGa. Hydrogen treatment at 573 K resulted
in a slightly decreased oxygen peak and an increased Ga
peak. No change in the Pd peak was observed. A series of
ISS measurements resulted in an increasing amount of Ga
and Pd on the surface while the amount of oxygen decreased. However, the estimated amount of Pd on the surface remained low compared to the expected composition
of Pd3Ga7.
The fact that Pd is detectable by ISS excludes a total
coverage of the surface of PdGa and Pd3Ga7 by the gallium
oxide layer. Since the Pd:Ga ratio is lower than 1:1, no
segregation of Pd or Pd overlayers were detected in agreement with the XPS data. XPS and ISS experiments showed
that sputtering with He atoms removes the gallium oxide
layer more efficiently than reduction with hydrogen. However, the gallium oxide that covers the surface of the milled
in air Pd-Ga intermetallic compounds will mostly remain
under hydrogenation conditions.
To characterize the active Pd surface, CO chemisorption measurements were conducted. Prior to the measure-
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ments, PdGa and Pd3Ga7 were reduced in hydrogen in the
temperature range from 323 K to 773 K and 673 K, respectively. Carbon monoxide adsorption experiments at 300 K
showed no chemisorption of CO on the surface of reduced
PdGa and Pd3Ga7. On the other hand, CO chemisorption
measurements of Pd/Al2O3 at 300 K resulted in an active
Pd surface area of 5.6 m2/g and a metal dispersion of 26%.
A detection limit of 0.02 m2 Pd metal surface area was
estimated for the sorption equipment used.
Because CO chemisorbs strongly on Pd metal surfaces [35], the presence of regular metallic Pd at the surface
of the Pd-Ga intermetallic compounds can be excluded, in
good agreement with the XPS and ISS measurements. Furthermore, CO adsorbs strongest in the fcc position on
Pd(111). Adsorption on top of the Pd atom is energetically
less favoured by 0.5 eV [36]. PdGa and Pd3Ga7 do not
show the structural motif of a threefold Pd site, thus, the
energy barrier for the on top adsorption of CO may be the
reason, why CO is not adsorbed at 300 K.
The surface characterization of PdGa and Pd3Ga7 by
XPS, ISS and CO chemisorption revealed a partial Ga2O3
coverage which can not be removed completely by hydrogen treatment at elevated temperatures. Ga2O3 originates
from segregation and oxidation of Ga during the milling
process, resulting in a lower than expected Pd:Ga ratio on
the surface. According to CO chemisorption measurements
the presence of elemental Pd on the surface can be ruled
out. Since the temperatures employed for the hydrogen
treatment of PdGa and Pd3Ga7 were higher here than in the
catalytic investigation with gas composition B (see below)
the surface composition should be alike under the reaction
conditions employed.

3.2. Chemical Etching of Pd-Ga Intermetallic
Compounds
To increase the active Pd surface area the Ga2O3 surface layer on the intermetallic compounds was removed by
chemical etching. Ammonia solution is well-known for
chemical etching of semiconductors like GaAs [37-39].
Chemical etching, however, may result in the formation of
neighboring Pd atoms and, thus, Pd clusters or Pd overlayers by dissolution of Ga from the bulk structure of the PdGa intermetallic compounds. The latter will cause a significant loss in selectivity of the corresponding catalyst under
acetylene hydrogenation conditions and an increased formation of ethane. Therefore, maintaining selectivity while
increasing hydrogenation activity of an etched material
requires an optimized etching procedure.
PdGa and Pd3Ga7 could be successfully chemically
etched to obtain a higher activity at nearly the originally
high selectivity (see below). The lower pH value required
for a successful etching of PdGa (pH 9.8) compared to
Pd3Ga7 (pH 10.5) indicates a facilitated dissolution of gallium oxide from the surface of PdGa. This may be caused
by a reduced interaction at the interface between gallium
oxide and PdGa, a more amorphous structure of the gallium

6

Figure 3: Product composition during hydrogenation of acetylene
(2% C2H2 + 4% H2 in helium, gas composition A) on 50 mg PdGa
(top) and 0.5 mg Pd/Al2O3 (bottom).

oxide or a thinner layer of Ga2O3 on PdGa. Using a higher
pH for the etching solution resulted in a further increase in
activity but a decreased selectivity and enhanced ethane
formation. Similarly, an etching solution with an even
lower pH of 9.0 had to be employed to maintain high selectivity of the etched catalysts with gas composition B.
The varying influence of the pH of the ammonia solution used on the selectivity of the etched Pd-Ga intermetallic compounds indicates that ammonia solution is not the
most suitable agent to selectively remove the gallium oxide
layer without structural degradation of the underlying intermetallic compound. Hence, further investigations will
have to focus on more selective chemical etching procedures that permit to fully explore the superior catalytic
properties of Pd-Ga intermetallic compounds [40].

3.3. Acetylene Hydrogenation
(Gas Composition A)
Unetched PdGa showed high activity in acetylene
hydrogenation with gas composition A (2% acetylene and
4% hydrogen) (Figure 3) in the range of 370 to 570 K with
a maximum at 430 K and an activity of 0.639 g/(gcath).
Chemically untreated Pd3Ga7 also showed high activity in
the temperature range from 390 K to 570 K with a maximum of 0.313 g/(gcath) at 490 K. Under these conditions
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Figure 4: Conversion (top) and selectivity (bottom) during acetylene hydrogenation (temperature dependent, gas composition A) on
PdGa (50 mg), Pd3Ga7 (100 mg) and Pd/Al2O3 (0.5 mg).

more C4 hydrocarbons than ethane were obtained as byproducts. In contrast, acetylene hydrogenation on Pd/Al2O3
(activity at 450 K: 64.07 g/(gcath)) resulted in more ethane
than C4 hydrocarbon formation (Figure 3). Figure 4 shows
the acetylene conversion of 50 mg PdGa, 100 mg Pd3Ga7
and 0.5 mg Pd/Al2O3. The conversion rapidly increased
with increasing temperature in the sequence PdGa,
Pd/Al2O3 and Pd3Ga7 and all three catalysts reached a conversion level of 80%. Above 500 K the acetylene conversion of Pd/Al2O3 decreased faster than that of the
intermetallic compounds. Moreover, Figure 4 depicts a
significantly higher selectivity to ethylene in the temperature range from 330 K to 470 K for the Pd-Ga intermetallic
compounds compared to Pd/Al2O3. At temperatures above
470 K the selectivity of Pd3Ga7 is similar to that of
Pd/Al2O3 and higher compared to that of PdGa.
Acetylene hydrogenation on PdGa and Pd/Al2O3
with gas composition A was measured isothermally at 393
K in acetylene feed for 17 hours (Figure 5) to investigate
the deactivation behavior of PdGa and Pd/Al2O3. In the first
two hours, PdGa showed a deactivation from 55% to 45%
acetylene conversion followed by a slow increase to about
50% acetylene conversion and an activity of 0.378 g/(gcath)
(Figure 5). The selectivity of PdGa remained constant at
80%, while Pd/Al2O3 exhibited a pronounced deactivation
behavior during the first two hours from about 95% to 30%
conversion. Further deactivation resulted in only 15%
acetylene conversion and an activity of 10.81 g/(gcath) after

7

Figure 5: Acetylene conversion and ethylene selectivity of 50 mg
PdGa (top) and 0.5 mg Pd/Al2O3 (bottom) in acetylene hydrogenation (isothermal at 393 K under gas composition A).

17 hours time on stream. The selectivity of Pd/Al2O3 in
acetylene hydrogenation to ethylene exhibited a maximum
of 70% after two hours and slowly decreased to 55% after
24 hours time on stream.
Chemical etching of PdGa using an ammonia solution at pH = 9.8 resulted in a ten times higher activity
(6.860 g/(gcath) at 450 K) in acetylene hydrogenation while
maintaining the high selectivity (Figure 6). Acetylene conversion and selectivity of PdGa depended strongly on the
etching conditions used. Increasing the pH to 10 or higher
resulted in a further increase in activity, which was accompanied by a strong loss in selectivity. Catalytic performance
of Pd3Ga7 in acetylene hydrogenation was less dependent
on varying the pH of the ammonia solution. The highest
activity – keeping relatively high selectivity of Pd3Ga7 –
was obtained at a pH of 10.5. The maximum in acetylene
conversion as a function of temperature was shifted by 40
K to lower temperatures and only 15 mg of chemically
etched Pd3Ga7 sufficed to reach 80% conversion of acetylene and resulted in nearly seven times higher activity
(2.092 g/(gcath) at 450 K) compared to untreated Pd3Ga7.
The chemically etched Pd3Ga7 sample maintained a similar
high selectivity as untreated Pd3Ga7.
Untreated Pd-Ga intermetallic compounds showed a
low activity compared to Pd/Al2O3. After chemical etching
(pH = 9.8 for PdGa, pH = 10.5 for Pd3Ga7) the activity with
gas composition A (2% acetylene and 4% hydrogen) was
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a strong deactivation from 100% to 40% conversion during
20 hours (Figure 7 + Table 3). In addition to a high conversion of acetylene, the untreated intermetallic compounds
PdGa and Pd3Ga7 possessed a high and long-term stable
selectivity of about 70% (Figure 7, Table 3) compared to
50% selectivity of Pd20Ag80 and only 20% selectivity of
Pd/Al2O3.
Isothermal catalysis experiments were performed by
heating the chemically etched intermetallic compounds in
helium to a reaction temperature of 473 K followed by
switching to the ethylene-rich feed (gas composition B).
Generally, the same tendencies were observed as for gas
composition A: an increase of the pH-value leads to increasing activity and decreasing selectivity and long-term
stability (Fig. 8). Detailed investigations of the etching

Figure 6: Catalytic performance of untreated (50 mg) and chemically etched (5 mg, pH 9.8) PdGa in acetylene hydrogenation with
gas composition A.

improved by 6.7 times for Pd3Ga7 and by 10 times for
PdGa. In total, activation of milled PdGa and Pd3Ga7 in
hydrogen is clearly inferior to chemical etching in increasing the active Pd surface area.

3.4. Acetylene Hydrogenation in an EthyleneRich Feed (Gas Composition B)
Activity, selectivity and long-term stability of untreated and chemically etched Pd-Ga intermetallic compounds in acetylene hydrogenation were determined in an
excess of ethylene with gas composition B (0.5% C2H2 +
5% H2 + 50% C2H4 in helium) and compared to the catalytic performance of Pd/Al2O3 and the unsupported
Pd20Ag80 alloy. First, isothermal catalysis experiments were
performed by heating the untreated intermetallic compounds and the reference materials (PdGa: 40 mg, Pd3Ga7:
100 mg, Pd/Al2O3: 0.15 mg and Pd20Ag80: 200 mg) in helium to a reaction temperature of 473 K followed by
switching to the ethylene-rich feed. The acetylene conversion and the corresponding selectivity obtained are plotted
in Figure 7. During 20 hours time on stream Pd3Ga7
showed a constant acetylene conversion of 99%. PdGa
reached a constant acetylene conversion of about 90% after
two hours time on stream. Pd20Ag80 showed a nearly constant conversion level of 85%, whereas Pd/Al2O3 exhibited

Figure 7: Conversion (top) and selectivity (bottom) of PdGa (40
mg), Pd3Ga7 (100 mg), Pd/Al2O3 (0.15 mg) and Pd20Ag80 (200 mg)
in acetylene hydrogenation (isothermal at 473 K with gas composition B).

Table 3: Acetylene conversion and selectivity of PdGa and Pd3Ga7
samples milled in air, as well as of the reference catalysts
Pd/Al2O3, and Pd20Ag80 after 20 h in an excess of ethylene (gas
composition B) at 473 K
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mechanism, like dissolving of surface gallium oxides
and/or dissolving bulk gallium from the intermetallic compounds, by BET, SEM, EDX, XPS and chemical analysis
will be published elsewhere [40-41].
With gas composition B (excess of ethylene) the activity was improved by a factor of 15 for Pd3Ga7 and a
factor of 30 for PdGa by chemical etching. Given the low
BET surface area of PdGa and Pd3Ga7 and a partial coverage of the surface by gallium oxide even after an optimized
chemical etching, it appears that the activity per surface
area, for instance, for etched PdGa is at least similar to that
of Pd/Al2O3 (Table 3).

3.5. Increased Selectivity and Stability of PdGa
and Pd3Ga7
The hydrogenation pathway from acetylene to ethylene and further to ethane (reactions 1-3) does not require
assemblies of active sites in contrast to the oligomerisation
reaction (4) leading to higher hydrocarbons [15,42,43].
Higher hydrocarbons can be dehydrogenated to form carbon deposits and, thus, deactivate the catalyst [44-49].
C2H2 + H2 → C2H4 (1) hydrogenation of acetylene to ethylene
C2H4 + H2 → C2H6 (2) hydrogenation of ethylene to ethane

Figure 8: Conversion and selectivity of untreated PdGa (40 mg),
PdGa chemically etched at pH 9.8 (1.5 mg) and pH 9.0 (5 mg) and
Pd20Ag80 (200 mg) in acetylene hydrogenation (isothermal at 473
with gas composition B).

C2H2 + 2 H2 → C2H6 (3) hydrogenation of acetylene to ethane
n C2H2 + m H2 → C2nH2n+2m (4) di- and oligomerisation (n = 2, 3,
4, ..; m = 1, 2, 3, ...)

Di-σ-bonded acetylene and ethylene as well as vinylidene and ethylidyne species have been proposed as
precursors for the acetylene oligomerisation. The main
product of reaction 4 is 1,3-butadiene which can be further
hydrogenated to 1-butene, n-butane, cis- and trans-butene
(referred to as C4-hydrocarbons). C6- and higher hydrocarbons are also formed in small quantities.
In an excess of ethylene (gas composition B), ethane
may be formed by total hydrogenation of adsorbed acetylene (reaction 3) or by adsorption and hydrogenation of
ethylene from the gas phase (reaction 2). In the first case, a
direct hydrogenation reaction path from acetylene to ethane
[1,50-52] and a Horiuti–Polyani mechanism with consecutive addition of hydrogen [53,54] have been proposed. Because of the very low formation of ethane with gas
composition A, a direct hydrogenation path from acetylene
to ethane appears to play only a minor role on the surface
of PdGa and Pd3Ga7 (Figure 3). Instead, the low ethane
concentration and the formation of C4 hydrocarbons indicate a preferred Horiuti–Polyani mechanism with consecutive addition of hydrogen. So, to obtain high selectivity in
the semi-hydrogenation of acetylene in an excess of ethylene (gas composition B), minimizing the hydrogenation of
ethylene (reaction 2) is most important .
The extremely high hydrogenation power of Pd –
leading to unselective hydrogenation – is partly due to the

formation of ß-palladium hydride and, thus, the presence of
bulk-dissolved, very active hydrogen species [6,55-66].
Applying gas composition B to Pd/Al2O3 results in the
hydrogenation of a significant part of ethylene from the
feed and, correspondingly, in low selectivity. Interestingly,
Pd can be switched to a selective catalyst, i.e. performing
exclusively hydrogenation of alkynes to alkenes, by the
formation of a sub-surface Pd-C phase which isolates the
bulk dissolved, very active hydrogen from the surface
[65,66]. However, the observed Pd-C phase is not stable in
the absence of a hydrocarbon feed.
Aiming at the development of more stable and more
selective catalysts the alloying of Pd with different metals,
Ag [67], Sn [68], Au [69] or Ni [70] has been described.
Industrial catalysts for the semi-hydrogenation of acetylene
are based on Pd-Ag alloys with improved catalytic properties [7]. At high Ag/Pd ratio a partial isolation of Pd sites is
achieved, decreasing the amount of oligomerisation products as well as ethane, thus increasing stability and selectivity (Pd20Ag80 in Figure 7). However, in disordered alloys
one component tends to segregate to the surface, leading to
either deactivation of the catalyst or loss of the selectivity
by the formation of extended Pd active-sites. Furthermore,
segregation of palladium goes hand in hand with the corresponding subsurface chemistry (e.g. the presence of hydrides). These effects are responsible for the only moderate
selectivity of alloy systems.
The intermetallic compounds used in this study are a
class of materials that can circumvent most of the listed
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drawbacks. They are well ordered and exhibit localized,
covalent interactions between Pd and Ga [10,34]. The coordination of the isolated Pd atoms is fixed by the crystal
structure, while Pd-Ga interactions stabilize the structure
and prevent sub-surface chemistry as well as hydride formation. These properties result in significantly higher selectivity and long-term stability of PdGa and Pd3Ga7 in the
ethylene-rich feed of gas composition B (Figures 3 and 7,
Table 3).
The reason for the absence of detectable CO chemisorption on PdGa and Pd3Ga7 at room temperature, besides
the low surface area and the low Pd surface concentration,
may be the modification of the electronic structure of the
intermetallic compounds compared to palladium metal.
Quantum-chemical ab initio calculations of the band structures and chemical bonding in PdGa and Pd3Ga7 (electron
localization function ELF and electron localization indicator ELI) showed a significant contribution of covalent
bonding which may account for the reduced adsorption
energy of CO on the Pd sites of the intermetallic compounds [10,34].
PdGa exhibits a higher activity-per-mass ratio than
Pd3Ga7. The higher activity can predominantly be assigned
to the higher Pd content in PdGa (60.4 wt.-%) compared to
Pd3Ga7 (39.5 wt.-%), which is also displayed in the Pd
concentration of the surface (6% and 2%, respectively).
Under the reaction conditions employed, untreated PdGa
and Pd3Ga7 show a similar selectivity in acetylene hydrogenation. Conversely, chemical etching of Pd3Ga7 results in
a more pronounced loss of selectivity compared to chemically etched PdGa. The decreased selectivity of chemically
etched Pd3Ga7 may be caused by dissolution of Ga atoms
from the bulk and preferred formation of ensembles of Pd
atoms on the surface and is subject to more detailed research.
The combination of stable site-isolation, altered electronic structure and the absence of hydride formation
makes PdGa and Pd3Ga7 ideally suited, selective and longterm stable hydrogenation catalysts. Further investigations,
employing other well-characterized and unsupported palladium-containing intermetallic compounds, will help to
understand the influence of the three effects on the selectivity and stability of catalysts in the semi-hydrogenation of
acetylene.

4. Conclusions
In Part I of the work presented here, the particular
structural properties of selected Pd-Ga intermetallic com-
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pounds were described. In situ structural investigations of
PdGa and Pd3Ga7 during thermal treatment in different gas
atmospheres yielded a high structural stability without a
detectable formation of hydrides or carbides. Moreover, as
presented in Part II, PdGa and Pd3Ga7 possess superior
catalytic properties in acetylene hydrogenation. Both intermetallic compounds exhibit a higher selectivity in acetylene hydrogenation than commercial supported Pd/Al2O3
and an unsupported Pd20Ag80 alloy. PdGa and Pd3Ga7
showed no deactivation during long-term acetylene hydrogenation compared to Pd/Al2O3.
The high selectivity and high stability can be assigned to the active-site isolation in the crystallographic
structure of Pd-Ga intermetallic compounds which results
in a “geometric effect”, leading to weakly π-bonded acetylene molecules on top of isolated Pd atoms, an “electronic
effect” resulting in a modification of adsorption and desorption properties and a “kinetic effect” due to the decreased availability of hydrogen because of the absence of
Pd hydrides.
“Active-site isolation” was the guiding concept of
our knowledge-based investigation on improved acetylene
hydrogenation catalysts. The successful application of
structurally well-defined palladium containing intermetallic
compounds confirms the value of a rational approach to
catalyst development. The concept of using intermetallic
compounds with at least partly covalent bonding interactions rather than alloys is a suitable way to arrive at longterm stable catalyst with pre-selected electronic and local
structural properties.
Our concept yielded a material whose preparation,
composition and structure would hardly have been obtained
by any high-throughput screening in the periodic table of
the elements. New preparation techniques and improved
chemical treatment procedures will be pursued in the future
and will yield high surface area materials with improved
activity while maintaining high selectivity and stability in
acetylene hydrogenation.
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