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Abstract  
A series of gallia-supported Pd-Ga catalysts that consist of metallic nanoparticles on three porous polymorphs of Ga2O3 (α-, β-, and γ-Ga2O3) 
were synthesized by a controlled co-precipitation of Pd and Ga. The effects of formation of Ga-Pd intermetallic compounds (IMCs) were studied 
in four catalytic reactions: methanol steam reforming, hydrogenation of acetylene, and methanol synthesis by CO and CO2 hydrogenation reac-
tions. The IMC Pd2Ga forms upon reduction of α- and β-Ga2O3-supported materials in hydrogen at temperatures of 250 and 310  °C, respectively. 
At higher temperatures, Ga-enrichment of the intermetallic particles is observed, leading to formation of Pd5Ga3 before the support itself is re-
duced at temperatures above 565  °C. In the case of Ga-Pd/γ-Ga2O3, no information about the metal particles could be obtained owing to their very 
small size and high dispersion; however, the catalytic results suggest that the IMC Pd2Ga also forms in this sample. Pd2Ga/gallia samples show a 
stable selectivity towards ethylene in acetylene hydrogenation (≈75  %), which is higher than for a monometallic Pd reference catalyst. An even 
higher selectivity of 80  % was observed for Pd5Ga3 supported on α-Ga2O3. In methanol steam reforming, the Ga-Pd/Gallia catalysts showed, in 
contrast to Pd/Al2O3, selectivity towards CO2 of up to 40  %. However, higher selectivities, which have been reported for Pd2Ga in literature, 
could not be reproduced in this study, which might be a result of particle size effects. The initially higher selectivity of the Pd5Ga3-containing 
samples was not stable, suggesting superior catalytic properties for this IMC, but that re-oxidation of Ga species and formation of Pd2Ga occurs 
under reaction conditions. In methanol synthesis, CO hydrogenation did not occur, but a considerable methanol yield from a CO2/H2 feed was 
observed for Pd2Ga/α-Ga2O3. 
 
Keywords: gallium; hydrogenation; intermetallic phases; palladium; reduction 
 
 
1. Introduction  
 

Pd is an element that is widely applied in heteroge-
neous catalysis. It is, e.g., active in various hydrogenation 
and reforming reactions. It is known that the catalytic prop-
erties of Pd metal can be modified by alloying or formation 
of intermetallic compounds (IMCs).[1] The latter is in par-
ticular interesting, if the selectivity to a desired product can 
be improved without losing the typical high activity of Pd. 
Alteration of the catalytic properties can be either under-

stood in terms of a modified electronic structure[2-5] or by a 
geometrical site isolation at the IMC’s surface.[6-8] 

In the case of Pd-based IMCs, unsupported Ga-Pd 
IMCs have been investigated regarding their intrinsic cata-
lytic properties and dramatic differences compared to mon-
ometallic Pd catalysts have been observed.[1,9-12] The 
selectivity towards ethylene in the semi-hydrogenation of 
acetylene was reported to be higher and more stable at con-
ditions where a pure Pd catalyst produced mainly ethane. 
This effect has been attributed to site-isolation of the active 
Pd atoms by increasing Pd-Pd distances and reducing Pd-
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Pd coordination numbers on the catalyst surface affects 
their adsorbing abilities[13] as well as a modification of the 
electronic structure of the material. The Ga-Pd IMCs stud-
ied in the aforementioned publications are prepared by 
melting the corresponding amounts of Pd and Ga in a high 
frequency induction furnace and subsequent annealing at 
high temperature in inert atmosphere to obtain single-phase 
Ga-Pd IMCs. This approach is very useful to study the 
intrinsic properties of these model materials, but it sacrific-
es surface area. Chemical etching have been proposed to 
increase the surface area, but lead to a partial decomposi-
tion of the IMCs structure and a Pd-enriched surface with 
decreased selectivity.[12,14,15] 

Supported Pd-Ga IMCs nanoparticles have been re-
ported to be accessible by Pd-impregnation of Ga2O3

[16,17] 
followed by co-reduction, preparation in organic phase,[18] 
from co-precipitated hydrotalcite-like precursors[19] and by 
co-impregantion of Pd and Ga on carbon nanotubes.[15] Co-
precipitation was in particular suited for the preparation of 
very small and uniform Pd2Ga particles. Here, we present a 
simple aqueous and robust synthesis of nanocrystalline Ga-
Pd IMCs that is based on co-precipitation of Pd2+/Ga3+ 
solution to yield Ga2O3 in different polymorphs,[20] α-, β- 
and γ-Ga2O3 with a homogeneous distribution of Pd-
species. We have studied the formation of Ga-Pd IMCs in 
reducing atmosphere and present the effect of Gallia modi-
fication on IMC formation. The resulting catalysts were 
characterized using various bulk and surface sensitive 
methods. We use four important test reactions to study the 
catalytic properties of the samples, where monometallic Pd 
is known to be active and selectivity is a major issue. These 
are acetylene hydrogenation, methanol steam reforming 
(MSR) and methanol synthesis by CO and CO2 hydrogena-
tion. Special attention was paid to the modification of the 
catalytic properties with IMC formation and composition 
and to the question whether the formed Ga-Pd IMCs main-
tain these modifications in the chemical potential of the 
different feed gases  
 
 
2. Results and Discussion 
 
2.1. Synthesis and characterization of PdO/gallia 
materials 
 

To obtain the Ga-Pd IMC nanoparticles with uniform 
size supported on α-, β- and γ-Ga2O3, we have used co-
precipitation of a mixed solution of Ga and Pd nitrate with 
sodium carbonate to prepare the precursors with homoge-
neous distribution of Pd and Ga. Syntheses were based on 
the optimal preparation conditions for the different Ga2O3 
modifications in aqueous solution described in our previous 
study.[20] The only modification to the synthesis presented 
therein was that for this study Pd2+ has been added to the 
starting solution to give a molar Ga:Pd ratio of 98:2, result-
ing in a 2 wt-% loading based on Pd/Ga2O3. A detailed 
description of the co-precipitates and their thermal proper 

Table 1. N2 physisorption results for the calcined samples. For com-
parison those of the Pd-free samples from ref [20] are given in paren-
theses. 

Sample Tcalc 
/ °C 

BET-SA  
/ m2/g 

Pore vol-
ume  
/ cm3/g 

Pore diame-
ter[a]  
/ nm 

PdO/α-Ga2O3 400 70 (55)[b] 0.13 (0.14)[b] 7 (10)[b] 

PdO/β-Ga2O3 800 25 (23)[c] 0.091 
(0.15)[c] 

15 (25)[c] 

PdO/γ-Ga2O3 500 91 (116) 0.35 (0.19) 15 (7) 

[a] from BJH analysis. [b] Pd-free sample was calcined at 350 °C. [c] 
Pd-free samples was calcined at 700 °C. 

 
 

 
 
Figure 1. XRD and SEM of calcined samples. The histograms in 
(a), (c) and (e) represent α-Ga2O3, β-Ga2O3 and γ-Ga2O3 with ICSD 
Nr. 27431, 83645 and 152085, respectively. The differences in 
relative peak intensities between the experimental and literature 
data in a) can be explained with preferred orientation of the aniso-
tropic crystallites. 
 
 
ties are given as supporting information. PdO/α-Ga2O3 and 
PdO/β-Ga2O3 have been prepared by calcinations of an α-
GaOOH precursor at different temperatures, while PdO/γ-
Ga2O3 was obtained from an amorphous precursor. Pres-
ence of the different gallia modifications after calcination 
have been confirmed by XRD (Fig. 1a,c,e). 
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Figure 2. Reduction of the PdO/a-Ga2O3 sample. a) The hydrogen 
detector signal at RT versus time for an empty reactor (.....) and the 
reactor containing the sample (−−−). The detector background 
signal was substracted. Independent of sample reduction, the 
amount of pre-filled Ar that is purged out of the reactor leads to a 
signal also for the empty reactor. The difference between  (.....) and 
(−−−) is assigned tot he interaction of hydrogen with Pd (see text). 
(b) The hydrogen detector signal is shown during TPR. The positi-
ve signal corresponds to hydrogen evolution as a result of thermal 
decomposition of Pd hydride and negative signals correspond to 
hydrogen consumption. The dotted vertical lines correspond to the 
reduction temperatures used for catalyst preparation. 
 
 

The textural properties of the three samples were 
found to be similar to those reported previously for the pure 
gallia polymorphs[20] and are reported in Table 1. As a first 
indication of homogenous Pd distribution, no crystalline 
PdO could be detected by XRD and the color of the materi-
als was yellow rather than brown as would be expected for 
bulk-PdO. In agreement with the pure Gallia samples,[20] 
SEM investigation revealed differences in particle mor-
phology (Fig. 1b,d,f). α-Ga2O3 and β-Ga2O3 have been 
prepared from micrometer-sized α-GaOOH particles and 
the “rice grain-like” morphology of the precursor aggre-
gates[20] has been conserved upon calcination at 400 °C (α-
phase, Fig. 1b) and 800 °C (β-phase, Fig, 1d). Larger pores 
are present at the surface of the β-phase after calcination at 
higher temperature. In contrast, the mostly amorphous γ-
Ga2O3, which posseses the highest specific surface area 

(Table 1), exhibits aggregates of very small nanoparticles 
(<10 nm)[20] after calcination at 500 °C (Fig. 1f). 
 
 
2.2. Formation of Ga-Pd IMCs 
 

The IMC formation upon reduction of the calcined 
samples is discussed in detail for the Pd/α-Ga2O3 system in 
the following, detailed information on the β- and γ-Ga2O3 
samples can be found at the end of this section and as sup-
plementary data. Upon feeding of diluted hydrogen over 
the material at room temperature, hydrogen consumption 
occurred instantaneously (Fig. 2a). The H2 consumption at 
room temperature is 0.24 mmol/gcat, which is higher than 
0.17 mmol/gcat expected for stoichiometric reduction PdO 
to Pd metal. This difference as well as the shoulder in the 
TPR profile is attributed to formation of PdHx.[16,21,22] Also 
spill-over of hydrogen to the support material may contrib-
ute.[23-25] TPR experiments were conducted and are dis-
played in Fig. 2b. With increasing temperature, PdHx  is 
decomposed around 44 °С, giving a positive peak of the 
hydrogen detector.  

Two appreciable hydrogen consumption peaks possi-
bly related to the reduction of gallium species appear 
around 255 and 630 °C with a H2 consumption of 0.16 and 
0.21 mmol/gcat, respectively. Pure α-Ga2O3 cannot be re-
duced with H2 at a temperature less than 627 °С,[20,26] indi-
cating that the addition of Pd effectively promotes the 
reduction of the α-Ga2O3 support. This is attributed to the 
ability of Pd to activate di-hydrogen and then spill very 
reactive atomic hydrogen over onto the Ga2O3 support.[27] It 
is know that under reducing conditions Ga-Pd IMCs can be 
formed from PdO/gallia samples.[23,28] Assuming IMC for-
mation as the only reason for hydrogen consumption, the 
formal Pd0:Ga0 ratio of the product would be Pd1.5Ga after 
step 1 and Pd1.4Ga after step 2. However, this consideration 
does not involve partial reduction of Ga2O3 with Gad+ spe-
cies of intermediate oxidation state (d < 2),[17,29,30] which 
becomes likely at high temperatures. Thus, the real Ga 
content of the formed IMCs is probably lower. The TPR 
data suggests that after room temperature reduction of PdO 
and Pd-hydride decomposition a Pd-rich IMC is formed 
during reduction step 1 at approximately 250 °C and that 
step 2 at 630 °C is most likely due to further (partial) reduc-
tion of the Ga2O3 support. Additional weaker TPR signals 
are detected at 540 and 725 °C, which also might be related 
to formation of Ga-Pd IMCs with increasing Ga-content.  
To get more insight into the IMC formation at higher tem-
perature, the TPR experiment of PdO/α-Ga2O3 was simu-
lated at the ambient pressure XPS beamline ISSIS at 
BESSY-II (Berlin) in 1 mbar H2 with a constant heating 
rate of 2 °C/min up to a temperature of 513 °C, which was 
chosen as a limit to avoid pronounced evaporation of Ga 
species into the reaction chamber. To obtain information 
for both Ga 3d and Pd 3d core levels from the same pene-
tration depth, different excitation energies of the X-ray 
beam were chosen (Ga 3d: 396 eV and Pd 3d: 720 eV) to 
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achieve similar kinetic energy of the produced photoelec-
trons. Due to severe sample charging at low temperature, 
high quality data could only be obtained at temperature > 
300 °C. Fig. 3a exemplifies the Ga 3d binding energy re-
gion. The spectrum was recorded at 317 °C and the main 
signal at 20.55 eV is assigned to Ga3+ from the α-Ga2O3 
support.[17,29-33] Its position remained unchanged, irrespec-
tive of temperature. A broad O 2s signal also originating 
from the Ga2O3 support was additionally observed at 23.65 
± 0.1 eV, and found to be independent of temperature.[33] 
Two other signals are recorded at 19.0 ± 0.2 eV and 18.35 
± 0.1 eV. The intermetallic compound PdGa shows a dou-
blet signal with a stronger component at approximately 
18.5 eV and another one at 19.0,[11] but overlaps with that 
of a partially reduced Gad+ species that is found in Gallia 
under reducing conditions and makes it difficult to resolve 
the doublet. In this work, the positions and half-widths of 
two peaks have been determined in the spectrum taken at 
the highest reduction temperature (at 19.0 ± 0.2 eV and 
18.35 ± 0.1 eV with FWHM = 1.1 ± 0.1 eV and 0.8 ± 0.1 
eV, respectively) and kept constant during fitting of the 
other spectra. The two signals are assigned to Gaδ+ and 
(inter)metallic Ga0, respectively.[17,29-31] The absolute val-
ues for the surface concentration and peak positions of the 
reduced Ga species resulting from this evaluation have to 
be treated with care, because the low amount of these spe-
cies in comparison with Ga3+ and the uncertainties due to 
peak overlapping lead to large errors. However, despite 
significant data scattering some clear trends can be ob-
served during the in-situ experiment, which are regarded to 
be reliable on a semi-quantitative basis.  

The Pd 3d region at 308 °C is shown in Fig. 3b. Al-
ready at this temperature, a significant modification of the 
Pd electronic state compared to metallic Pd was observed: 
The Pd 3d5/2 peak is shifted by 0.9 eV to higher binding 
energy. This observation is consistent with previous studies 
of Ga-Pd IMCs,[11] in which filling of the valence d band of 
Pd was explained by covalent interactions between Pd and 
Ga. On basis of the core level integrals a Pd0:Ga0 ratio near 
2:1 was determined for the lowest reduction temperature of 
the XPS study (Fig. 3c). Considering that this temperature 
already exceeds the first TPR signal, there is good agree-
ment between XPS and TPR indicating that the IMC Pd2Ga 
was formed during reduction step 1. As the reduction tem-
perature was increased to ca. 450 °C, a slow and gradual 
Ga-enrichment of the IMC was detected down to a total 
Pd0:Ga0 ratio close to 1:1. Simultaneously, a shift of the Pd 
3d5/2 binding energy to 336.15 ± 0.1 eV was detected indi-
cating that at least part of the newly reduced Ga interacts 
with the Pd species in the IMC. This corresponds to the 
temperature regime between the two TPR peaks, where no 
clear reduction signals have been detected (Fig. 2b). Thus, 
contrary to the initial formation of Pd2Ga, further Ga en-
richment of the IMC towards phases like Pd5Ga3,or PdGa 
does not seem to be associated with a well-resolved reduc-
tion step, but seem to be rather a gradual process, which 
involves continuous H2 consumption. Starting from approx 

 
 
Figure 3. Examples of a) Ga3d and b) Pd3d in situ core level XPS 
spectra of the Pd/α-Ga2O3 during reduction with data fitting. 
CPS=counts per second. c) Dynamic changes in the XPS spectra 
over the temperature range between approximately 300 and 500 
°C. 
 
 
imately 450 °C a strong increase in Gad+ and Ga0 concen-
tration was detected, but now without pronounced further 
change of the Pd0:Ga0 ratio or the Pd 3d5/2 binding energy 
(Fig. 3c). This simultaneous enrichment of reduced Ga 
species and Pd at the surface is ascribed to the beginning 
evaporation of volative Ga(I) species. This temperature 
regime corresponds to the onset of the second reduction 
step observed in TPR, which now can be assigned to the  
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Figure 4. Enlarged sections of the XRD patterns of PdO/a-Ga2O3 
after reduction at a) 250 and b) 550 °C. Although the peaks of the 
gallia support did not changed in comparison to the calcined samp-
les (Figure 1), new peaks appeared at positions expected for the 
Pd2Ga IMCs in the sample reduced at 250 °C 
 
 
reduction of the Ga2O3 support to lower-valent Ga species. 
The lower reduction temperature compared to Ga2O3 with-
out Pd is due to the ability of the IMCs to activate dihydro-
gen. Interestingly, the formation of Pd2Ga seems not to 
proceed via PdHx as has been reported in the case of the 
synthesis of unsupported Pd2Ga nanoparticles[18] – most 
likely due to the higher temperature necessary for the re-
duction of Ga2O3 compared to GaCl3, which is outside the 
stability range of PdHx.  

From XPS and TPR investigations, two reduction 
temperatures have been chosen for the PdO/a-Ga2O3 sam-
ple: 250 °C (reduction step 1) and 550 °C at the onset of 
reduction step 2. According to the experimental data the 
lower reduction temperature is just sufficient for formation 
of a Ga-Pd IMC, while the higher reduction temperature 
should yield a heavily reduced sample but without reduc-
tive decomposition of the gallia support. XRD patterns are 
shown in Figure 4. Peak positions of the a-Ga2O3 support 
remained unchanged regardless of reduction temperature 
and are marked by circles. Phase identification of the Ga-
Pd IMCs is hardly possible by means of XRD alone, as 
only very weak and broad reflections can be detected, 
which is ascribed to the low total amount of Pd and the 
small particle size. In addition, the XRD patterns of differ-
ent Ga-Pd phases show a rough similarity and overlap of 
strong reflections with those of the a-Ga2O3 support further 
prevent unambiguous assignment. However, the pattern of 
the IMC Pd2Ga[34] seems to provide the best explanation for 
the experimentally observed scattered intensity in the re-
gion where the strongest peaks are expected (Fig. 4) for the 
sample reduced at lower temperature. The situation is more 
complicated for the higher reduction temperature, where no 
assignment is possible. High resolution TEM provides sup 

 
 
Figure 5. a,b) TEM and c,d) HRTEM of Pd2Ga/a-Ga2O3 (a,c) and 
Pd5Ga2/a-Ga2O3 (b,d) prepared from PdO/a-Ga2O3 by reduction at 
250 °C and 550 °C, respectively. Insets of parts c) and d) show the 
fast Fourier transform (FFT) analyses of the respective selected 
areas. 
 
 
port for the phase Pd5Ga3

[35] (see below), which is the next 
Ga-richer compounds in the Ga-Pd phase diagram.[36] 

TEM, HAADF STEM and EDX elemental maps 
were used to characterize the crystal structure, the particle 
size and morphology of the Ga-Pd particles and the ele-
mental distribution in the materials. TEM images in Figure 
5 show the typical morphology of the PdO/α-Ga2O3 aggre-
gates after reduction at low and high reduction temperature. 
It can be seen that the sample has basically conserved the 
initial morphology of the calcined precursor (Fig. 5a,b). 
The contrast fluctuations of the particles indicate a high 
porosity in agreement with the pore openings observed by 
SEM at the surface of the materials after calcination (Fig. 
1a).  

HAADF-EDX mapping (presented as supplementary 
data) indicates a homogeneous distribution of the elements 
suggesting a good dispersion and small particle size of 
most metal particles with the exception of a few larger Pd-
rich particles. High resolution images (Fig. 5c, d) confirm 
the presence of spherical particles with an average size of 
around 5–8 nm for both reduction temperatures indicating a 
good stability against thermal sintering. From the Fourier 
transformed lattice fringes, the present phases could be 
identified as Pd2Ga and Pd5Ga3, respectively, in agreement 
with TPR, XPS and XRD results.  

The PdO/b-Ga2O3 and PdO/g-Ga2O3 samples have 
been subjected to similar TPR, XRD and TEM investiga-
tion and selected characterization results are presented in 
Table 2 (more detailed information can be found as sup-
plementary data). The major difference between the two 
crystalline α-Ga2O3 and β-Ga2O3 supported samples was 
that the two TPR signal were found at slightly higher  
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Figure 6. TEM (a), and HRTEM (b) images of the PdO/g-Ga2O3 
sample reduced at 160 °C. The inset of part b) shows the corre-
sponding FFT analysis. 
 
 
temperature for the latter. The reduction temperatures have 
been adjusted to 310 and 565 °C accordingly. Otherwise, 
the same IMCs and similar particle sizes have been ob-
tained, with the exception that small peaks of Pd2Ga were 
still present in the XRD pattern of PdO/β-Ga2O3 reduced at 
565 °C in addition to Pd5Ga3. 

In case of the amorphous PdO/g-Ga2O3 sample, a dif-
ferent behavior has been observed. Three TPR peaks were 
detected at 144, 268 and 449 °C. 160 and 500 °C have been 
chosen as reduction temperatures. The amorphous struc-
ture, the highly aggregated g-Ga2O3 nanoparticles as well 
as the homogeneous distribution of Pd have been main-
tained during reduction (Fig. 6 and supplementary data). 
The Fourier transformed HRTEM image in Figure 6b 
shows no features that allow structural characterization of 
the gallia material or the Pd-containing phases for this 
sample. 
 
 
2.3. Catalytic performance 
 

Ga-Pd IMCs have been reported to be promising cat-
alysts for selective hydrogenation,[1,9,10,14] methanol synthe-
sis[37] and methanol steam reforming.[16,23,38,39] Dramatically 
different selectivities of the Ga-Pd catalysts compared with 
pure monometallic Pd have been reported in all cases and 
all three reactions have been conducted with selected Ga-
Pd/gallia catalysts. The catalytically tested samples are 
summarized in Table 3.  
 

2.3.1. Semi-hydrogenation of acetylene 
 

Semi-hydrogenation of acetylene in a large excess of 
ethylene is an important step in the purification of the eth-
ylene feed for the polyethylene production. Presence of 
acetylene leads to poisoning of the polymerization catalyst 
by adsorbing at the active sites for ethylene and blocks the 
polymerization process, so it must be reduced to a level less 
than 1 ppm.[40,41] It was demonstrated that palladium-based 
catalysts are extremely effective for selective hydrogena-
tions.[42-46] Moreover, the Ga-Pd IMCs with the well-
ordered crystal structure have been reported to exhibit high 
selectivity to the semi-hydrogenated product and long-term 
stability in acetylene hydrogenation. This has been related 
to the isolated active sites, the high structural stability, and 
absence of segregation or bulk-hydride formation.[1,9,14] 

In this work, the selectivity of the Ga-Pd/gallia cata-
lysts towards ethylene was determined in an excess of eth-
ylene to confirm the formation of an intermetallic surface. 
Unmodified monometallic bulk-Pd[47] as well as 
Pd/Al2O3

[1,12,14] are known to exhibit low selectivities to 
ethylene and to favor the total hydrogenation to ethane. 
First, all three catalysts have been reduced at the lower 
reduction temperature to obtain the IMC Pd2Ga, and 
PdO/α-Ga2O3 additionally at 550 °C to obtain Pd5Ga3. Prior 
to the catalytic test, the samples were pretreated in 5% H2 
at the corresponding reduction temperature (Table 2). After 
purging the residual H2 out of the reactor, the temperature 
was changed to 200 °C and the feed was switched to the 
ethylene-rich acetylene hydrogenation feed. Figure 7a and 
b show the conversion of acetylene and selectivity to eth-
ylene during time-on-stream. A commercial Pd/Al2O3 cata-
lyst (5 wt.-% Pd) purchased from Sigma-Aldrich is shown 
as a reference sample for monometallic Pd.  

All tested catalysts do not reach a stable steady state 
conversion over 20 h on stream. In case of the catalysts 
reduced at lower reduction temperature, a slight decay of 
conversion is observed between beginning and end of the 
experiment. For the Pd2Ga/gallia catalysts supported on the 
crystalline α- and β-Ga2O3 this decay was approximately 20 
and 16% after 20 hours. Pd2Ga/α-Ga2O3 showed an activity 
higher by roughly 11% compared to Pd2Ga supported on β-
Ga2O3. This is probably related to the higher specific sur-
face area of the α-Ga2O3 support, which was calcined at 
lower temperature and to the slightly lower particle size of 
Pd2Ga in this sample (Tab. 2). The Ga-Pd/γ-Ga2O3 catalyst 
shows an initial activity similar to the Pd2Ga/β-Ga2O3 sam-
ples, but a strong deactivation in the first 6 hours TOS. 
After 20 hours TOS, the activity of the γ-Ga2O3 supported 
catalyst is only 35% and that of the β-Ga2O3-supported 
sample and approximately 80% of that of the α-Ga2O3-
supported catalyst. In contrast, the Pd5Ga3/α-Ga2O3 cata-
lysts reduced at high temperature shows an activation from 
10 to 70 % conversion after 20 hours TOS, which is not 
near to finish at the end of the experiment. The amount of 
sample used was higher, so the activity should not be di-
rectly compared to the other three samples. Such an  
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Figure 7. Comparison of the catalytic performances of different 
Ga-Pd/gallia catalysts in the semi-hydrogenation of acetylene. a) 
Conversions of acetylene and b) the selectivity towards ethylene. 
The catalyst masses and reduction temperature can be found in 
Table 3. 
 
 
activation behavior has also been observed for Pd2Ga cata-
lysts prepared from hydrotalcite-like precursors.[19] and will 
be subject of further studies. The Pd/Al2O3 catalysts 
showed a strong deactivation under these conditions proba-
bly due to the formation of carbonaceous deposits at the Pd 
surface. Similarly, coking and green oil formation may also 
contribute to the observed deactivation of the Ga-Pd IMC 
catalysts. 

The selectivities towards ethylene were between 74–
77% for all gallia-supported samples reduced at lower tem-

perature. These values are higher than that obtained for 
monometallic Pd (ca. 20%) and typical for the IMC 
Pd2Ga.[10] This confirms that the IMCs have been formed, 
probably also in the γ-Ga2O3-supported sample. For the 
Pd5Ga3/α-Ga2O3 catalyst, a slightly but significantly higher 
selectivity of 80% has been detected suggesting that the 
change in IMCs composition is reflected in favorable in-
trinsic catalytic properties. Interestingly, the selectivities of 
all samples are relatively stable throughout the whole ex-
periment, despite the considerable changes of conversion in 
particular of the Pd2Ga/γ-Ga2O3 and Pd5Ga3/α-Ga2O3 cata-
lyst. This may indicate that the change in conversion is 
rather related to an increased/decreased accessibility of the 
active IMCs particles than to a change of the active phase 
itself. Accessibility can be increased by changes in the 
metal-support-interaction after high temperature reduc-
tion[48] in case of Pd5Ga3/α-Ga2O3 or by breakdown of po-
rosity of the amorphous support aggregates of Pd2Ga/γ-
Ga2O3 or coke formation[49] under reaction conditions. 
 
 
2.3.2. Methanol steam reforming 
 

Methanol steam reforming (MSR) yielding H2 and 
CO2 according to CH3OH + H2O à CO2 + 3 H2 is among 
the most promising processes for on-board hydrogen pro-
duction for fuel cells.[50,51] Many studies have focused on 
Cu-based catalysts, mainly due to the extensive use of Cu-
based catalysts in methanol synthesis and the activity of 
these catalyst formulations also in the formal reverse reac-
tion MSR. Cu-catalysts suffer from some significant draw-
backs, including deactivation, pyrophoricity, and high-
temperature sintering.[50, 51] Pd and other group VIII metals 
are also active for the conversion of methanol. However, 
they tend to not be selective for the reforming reaction but 
rather catalyze the decomposition of methanol (CH3OH à 
CO + 2 H2), which generates large amounts of CO. CO is 
an undesired by-product, which poisons the downstream 
fuel cell catalyst. Thus, a high selectivity to CO2 is a major 
goal of MSR catalyst development. Pd supported on ZnO, 
Ga2O3 and In2O3, instead of inert supports, has been report-
ed to possess a high activity and selectivity to CO2 compa-
rable to state-of-the-art Cu/ZnO-based catalysts.[16,17,23,38,39] 
This increase in CO2-selectivity has been related to IMCs 
formation. 

Conversion of methanol and selectivity to CO2 and 
CO were monitored versus time under isothermal condition 
at 250 °C with a MeOH:H2O ratio of 1:1 at atmospheric 
pressure (Fig. 8). The catalysts were pretreated in 5% H2 at 
the corresponding reductive temperature (Table 2) and 
purged with He. A Pd/Al2O3 catalyst was tested for com-
parison (for details on this sample, see supplementary in-
formation). As expected for elemental Pd, this catalyst was 
completely unselective to CO2 and exclusively catalyzed 
methanol decomposition. It can be seen that the presence of 
Ga in the Pd2Ga/gallia catalysts prepared at low reduction  
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Figure 8. Methanol conversion (¢) and CO (∆), CO2: (�) selec-
tiveity in the MSR reaction with a) Pd2Ga/α-Ga2O3, b) Pd5Ga3/α-
Ga2O3, c) Pd2Ga/β-Ga2O3 and d) Pd2Ga,Pd5Ga3/β-Ga2O3, e) Ga-
Pd/g-Ga2O3 reduced at 160 °C, and f) a Pd/Al2O3 reference. 
 
 
temperatures generally favors the selectivity towards CO2. 
In this reaction a marked effect of the gallia polymorph can 
be observed and the selectivity increases in the order γ-
Ga2O3 (ca. 20%) < α-Ga2O3 (ca. 30%) < β-Ga2O3 (ca. 
40%). In all cases, the increased CO2 selectivity was rather 
stable after 2 hours time-on-stream and is assigned to the 
formation of the IMC Pd2Ga, which modifies the catalytic 
properties of Pd metal. It is noted, however, that other au-
thors[16,17] report selectvities of more than 80% for Pd2Ga, 
which was not reached in this study. This is tentatively 
related to the difference in IMCs particle size of the cata-
lysts presented here compared to those of the abovemen-
tioned studies, which give relatively sharp XRD peaks and 
are assumed to be significantly larger. This assumption is in 
agreement with an observation made in the Pd-Zn system, 
where a lower selectivity towards CO2 was found for cata-
lysts with a smaller particle size.[52] Another explanation 
for the lower selectivity might be the incomplete conver-
sion of Pd metal to the IMCs, in particular for the g-Ga2O3-
supported sample, which was reduced at very low tempera-
ture. The critical dependence of the selectivity in the MSR 
reaction on the pre-treatment conditions of Pd/Ga2O3 cata-
lysts has been investigated in the work of, e.g., Iwasa et 
al.,[23] Haghofer et al.[17] and Lorenz et al.[39] These authors 
found high selectivities only after reduction at 400 to 500 
°C, while lower temperatures yielded only moderate selec-
tivities comparable to the values observed in this study. 
Reduction at even higher temperature of 700 °C can lead 
again to a decrease in selectity.[39] However, from our char-

acterization results, we have no indication of incomplete 
reduction or residual metallic Pd after reduction. On the 
other hand, it has to be considered that already the presence 
of low amount of monometallic Pd may be responsible for 
a significant drop of the CO2-selectivity. CO from metha-
nol decomposition may then further decompose the inter-
metallic surface.[17] Thus, the selectivity in the MSR 
reactions might be taken as a sensitive measure for the ratio 
of monometallic and intermetallic Pd species in the cata-
lysts. Assuming that a high CO2-selectivity is an indicator 
for the intermetallic phase, our samples should contain a 
significant amount of monometallic Pd, which, as it cannot 
be identified in the freshly reduced catalysts, has probably 
formed by decomposition of the intermetallic phase under 
reaction conditions. 

At high reduction temperatures, the IMC Pd5Ga3 was 
formed on the α- and at least partially on the β-Ga2O3 sup-
port. Interestingly, a significant increase in the initial CO2 
selectivity was observed, which is in agreement with litera-
ture reports and can be attributed to the formation of Ga-
richer IMCs.[53] The highest selectivity towards CO2 detect-
ed in this study was around 70% as the initial value for the 
Pd5Ga3/β-Ga2O3 catalyst. Unfortunately, this effect was not 
stable and vanished with time-on-stream. After 300 min on 
stream, the selectivity values previously observed for the 
low temperature reduced samples are reproduced for the α- 
and β-Ga2O3 supported catalysts after high temperature 
reduction. These results suggest that the Ga-richer Pd5Ga3 
is not stable under MSR conditions. It might be converted 
back into Pd2Ga, but also the Pd2Ga surface has been re-
cently reported to partially decompose under MSR condi-
tions into monometallic Pd and oxidized gallia patches.[17] 
Such decomposition may be triggered by H2O in the MSR 
feed or by CO in the product stream.[17] Our results indicate 
that the Ga-richer Pd5Ga3 phase might be even more sensi-
tive to decomposition leading to a re-oxidation of Ga-
species and yielding a state similar to that obtained after 
low temperature reduction.  

The high temperature treatment goes hand-in-hand 
with a decrease in conversion. In case of the Pd/γ-Ga2O3, 
the catalyst is even mostly inactive after high temperature 
reduction (see supplementary information). This is most 
pronounced for the a-Ga2O3-suported catalysts and can be 
explained with the loss of surface area due to sintering of 
the support material as is seen from the BET data in Ta-
ble 2 and/or to particle embedment due to strong metal 
support interaction at high reduction temperature. Sintering 
effects of the metal particles during sample pre-treatment 
can be excluded as no significant increase in metal particle 
size was detected by TEM after high temperature reduction.  
 
 
2.3.3. Methanol synthesis 
 

Methanol is an important base chemical and potential 
synthetic fuel. Industrial methanol synthesis is based on  
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Figure 9. a) Methanol synthesis rates and b) selectivities of 
Pd2Ga/α-Ga2O3 (�) and a Cu/ZnO/Al2O3 reference catalyst (n). 
 
 
conversion of syngas (H2/CO/CO2) over Cu/ZnO/Al2O3 
catalysts.[24,53,54] Pd has been considered as an alternative 
more active metal than copper and the activity and selectiv-
ity of Pd-based catalysts have been reported to depend on 
the type of metal oxide support, in which the metal-support 
interaction influences their structural and electronic charac-
ter.[25,47,55-64] It is assumed that CO2 is the major carbon 
source for methanol over Cu-based catalysts,[53] while on 
Pd it is produced from CO.[65] If CO2/H2 is used as a feed, 
methanol synthesis CO2 + 3 H2 à CH3OH + H2O competes 
with the reverse water gas shift reaction (rWGS) CO2 + H2 
à CO + H2O. We have carried out methanol synthesis 
from CO/H2 (CO:H2 = 1:1.7, 250 °C, 20 bar) and CO2/H2 
(CO2:H2 = 1:3, 250 °C, 30 bar) mixtures to study the effect 
of IMCs formation on the catalytic properties. 

After pretreatment in 5% H2 at the corresponding re-
ductive temperature (Pd/Ga2O3 reduced at high temperature 
is pretreated at 400 °С due to experimental limitations) and 
purging with Ar, the catalytic performance in CO hydro-
genation over Pd-Ga/α-, β- and γ-Ga2O3 with low and high 
reductive temperature was measured and detailed results 
are reported in the supporting information. All catalysts are 
far less active and selective compared to conventional Cu-
based catalysts. Only the Pd2Ga/α-Ga2O3 reduced at 250 °С 
showed a significant selectivity to methanol at the begin-
ning of the reaction but deactivates rather fast to 0% selec-
tivity after 24 hours. All other catalysts did not produce 
methanol at any time from CO. Other products observed 
are mainly hydrocarbons due to the Fischer-Tropsch (F-T) 
reaction.[48] The same result was obtained for the monome-
tallic Pd/Al2O3 reference catalysts showing that IMC for-
mation did not have a clear beneficial effect on the catalytic 
properties of the catalysts in methanol synthesis from CO, 
which is probably related to the instability of the IMC sur-
face in the presence of CO.[17]  

In contrast to methanol synthesis from CO, the 
Pd2Ga/a-Ga2O3 catalyst shows stable activity and good 
selectivity towards methanol synthesis from CO2. The 
mass-normalized activities for methanol synthesis and the 
accompanying reverse water gas shift reaction from CO2 
hydrogenation are shown in Figure 9A for Pd2Ga/a-Ga2O3 

and a conventional Cu/ZnO/Al2O3 reference catalyst (see 
supporting information for more details on this sample). 
The Pd2Ga/a-Ga2O3 catalyst shows only 20% of the activity 
of the mass normalized activity of the Cu-based catalyst at 
230 °C, However, when the activity is normalized by active 
metal content (Pd and Cu respectively), the Pd2Ga/a-Ga2O3  
appears 5 times more active. From an Arrhenius plot of 
Figure 9A, apparent activation energies of 66 and 75 
kJ/mol for methanol synthesis and rWGS are measured for 
the Pd2Ga/a-Ga2O3. In comparison, the Cu based catalyst 
exhibits a similar apparent activation energy for methanol 
synthesis (53 kJ/mol) but a significantly higher apparent 
activation energy for rWGS (120 kJ/mol). As a result of 
these differences in apparent activation energies, the meth-
anol selectivity of Pd2Ga/a-Ga2O3 remains almost constant 
(50-60%) within the entire temperature range, whereas that 
of the copper-based catalyst increases drastically with de-
creasing temperature from 35 to 93% as shown in Figure 
9B.  

The presence of methanol synthesis activity during 
CO2 hydrogenation on Pd2Ga/a-Ga2O3 and its absence dur-
ing CO hydrogenation are consistent with the findings of 
Iwasa et al.,[37] who attributed this behavior to the for-
mation of Ga-Pd IMCs. Cu-based catalysts show a similar 
methanol synthesis activity behavior with respect to CO 
and CO2 hydrogenation,[66] and CO2 has been suggested as 
the carbon source for methanol formation on both catalysts. 
However, the differing apparent activation energies of 
rWGS between Cu-based and Pd intermetallic catalysts 
suggests mechanistic dissimilarities.  
 
 

 
 
Figure 10. Flow rate variation studies on a) a Cu/ZnO/Al2O3 refer-
ence catalyst and b) Pd2Ga/a-Ga2O. 
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Further mechanistic differences in CO2 hydrogena-
tion between Cu and Pd based catalysts can be observed  
from the results of space velocity variation study as shown 
in Figure 10. Upon increasing the feed flow rate, the reac-
tion products (H2O, MeOH and CO) are diluted, whereas 
the concentration of reactants (CO2 and H2) remains nearly 
constant. In the absence of external mass transfer limita-
tions, the effects of product inhibition can be indirectly 
observed. For the Cu-based catalyst (Figure 10A) the rate 
of methanol synthesis rises dramatically with increasing 
gas flow rate, suggesting strong product inhibition. The rate 
of rWGS, however remains nearly constant at flows greater 
than 50 ml/min (Figure 9B). Sahibzada et al.[66] showed 
that this behavior is related to the inhibition of methanol 
synthesis by water. In the case of Pd2Ga/a-Ga2O3, the rates 
of rWGS and methanol synthesis both rise with increasing 
gas flow rate, suggesting that both rWGS and methanol 
synthesis are product inhibited.  
 
 
3. Conclusion 
 

A series of gallia-supported Ga-Pd catalysts that con-
sists of metallic nanoparticles on three porous polymorphs 
of Ga2O3, α-, β- and γ-Ga2O3, has been synthesized by a 
controlled co-precipitation of Pd and Ga. The effect of 
formation of Ga-Pd IMCs has been studied in four catalytic 
reactions. The IMC Pd2Ga forms upon reduction of α- and 
β-Ga2O3–supported materials in hydrogen at temperatures 
of 250 and 310 °C, respectively. At higher temperature Ga-
enrichment of the intermetallic particles is observed leading 
to the formation of Pd5Ga3 before the support material is 
reduced at T > 565 °C. In the case of Ga-Pd/γ-Ga2O3 no 
direct information metal particles could be obtained due to 
a very small size and high dispersion, but the catalytic re-
sults suggest that the IMC Pd2Ga also forms in this sample. 
The Pd2Ga/gallia samples show a stable selectivity towards 
ethylene in acetylene hydrogenation around 75%, which is 
higher than expected for monometallic Pd catalysts. An 
even higher selectivity of 80% was observed for Pd5Ga3 
supported on α-Ga2O3. In contrast to Pd/Al2O3, the Ga-
Pd/gallia catalysts showed selectivity towards CO2 in 
methanol steam reforming of up to 40%. However, higher 
selectivities that have been reported for Pd2Ga in literature 
could not be reproduced in this study, which might be re-
lated to a particle size effect or incomplete IMC formation. 
The initially higher selectivity of the Pd5Ga3-containing 
samples was not stable suggesting superior catalytic prop-
erties of this IMC, but re-oxidation to Pd2Ga under reaction 
condition. In methanol synthesis, no productivity from CO 
hydrogenation, but considerable methanol yield from a 
CO2/H2 feed has been observed for Pd2Ga/α-Ga2O3.  

In summary, Ga-Pd/Ga2O3 catalysts containing IMCs 
could be successfully synthesized. The effect of the differ-
ent gallia polymorphs is small for α- and β-Ga2O3, but sig-
nificant for γ-Ga2O3. The catalytic properties of Pd have 
been found to be positively affected by IMC formation for 

selective hydrogenation, methanol steam reforming and 
CO2 hydrogenation, but no such effect was observed for 
CO hydrogenation.  
 
 
Experimental Section 
 

To prepare the Ga-Pd IMCs/α- and β-Ga2O3 poly-
morphs, their precursor was synthesized by controlled pre-
cipitation at pH 6 and temperature of 55 °С using co-
feeding of appropriate amounts of 0.1 M mixed palladium 
and gallium nitrate (Ga:Pd = 98:2, molar ratio) solution and 
0.345 M sodium carbonate solution as the precipitating 
agent. Both solutions were added simultaneously dropwise 
into a 2 L automated reactor, which was filled prior to the 
precipitation with bidistilled H2O (300 mL).[67] The mixed 
nitrate solution was automatically pumped with a constant 
dosing rate (16 mL/min) and the sodium carbonate solution 
was added to maintain a constant pH. After completion of 
addition, the precipitates were aged for 24 h at the precipi-
tation temperature under stirring. That whole process was 
conducted in a computer-controlled automated reactor sys-
tem (Labmax, Mettler-Toledo). After filtration, the precipi-
tate was washed twice with bidistilled water (400 mL). 
Then, the precipitate was dried at 80 °С in air for 12 h. The 
PdO/α- and β-Ga2O3 were produced by calcinations of the 
dried samples at 400 and 800 °С, respectively, in air for 2 
h. Finally, to obtain the Ga-Pd IMCs, the reduction of Pd/α-
Ga2O3 was performed in 5% H2 at 250 and 550 °С; Pd/β-
Ga2O3 was reduced by 5% H2 at 310 and 565 °С. 

To prepare the Ga-Pd IMCs/γ-Ga2O3 catalyst, 0.1 M 
mixed palladium and gallium nitrate (Ga:Pd = 98:2, molar 
ratio) solution and 0.345 M sodium carbonate solution as 
precipitating agent were added simultaneously dropwise 
into the 2 L reactor, prefilled with bidistilled H2O (300 
mL). While the dosing rate was unchanged, pH and tem-
perature were lower compared with the preparation of the 
precursor for the Ga-Pd IMCs/α and β-phase (pH = 4, T = 
25 °С). After completion of addition, the precipitate was 
directly filtered without aging and washed two times with 
ethanol (400 mL). Then, the precipitate was dried at room 
temperature (RT) in air for 3 days. The PdO/γ-Ga2O3 was 
produced by calcination of the dried samples at 500 °С in 
air for 2 h. Finally, to obtain the Ga-Pd IMCs, the reduction 
of Pd/γ-Ga2O3 was performed by 5% H2 at 160 and 500 °С. 

Acetylene hydrogenation was performed in a plug-
flow stainless steel reactor with an inner diameter of 9 mm 
(PID & Engtech, MicroActivity). Activity, selectivity and 
long-term stability were investigated in a feed of 0.5% 
C2H2, 5% H2 and 50% C2H4 in helium (total flow of 40 
ml/min) at 200 °С isothermally for 20 h on stream. Reac-
tant and product composition were analyzed with a Varian 
CP 4900 micro gas chromatograph. Methanol steam re-
forming (MSR) was carried out in a continuous fixed-bed 
flow reactor at 250 °С and atmospheric pressure in a flow 
of CH3OH:H2O = 1:1. The product stream was analyzed by 
a HP6890 gas chromatograph, equipped with a HP plot Q 
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column, a nickel catalyst methanizer and a flame ionization 
detector. Methanol synthesis from CO was carried out at 
250 °С and 2.0 MPa using H2/CO gas mixtures in a stain-
less steel flow reactor. Gas phase analytic was done my 
means of gas chromatography. Methanol synthesis experi-
ments involving CO2 were also carried out in a stainless 
steel fixed bed flow reactor. The catalysts were reduced in 
situ at 523K (2 K/min) for 2 hours in 100 ccm (STP) of 
20% H2 in He. A 3:1 H2/CO2 mixture (100 mL/min) con-
taining 4% Ar (as internal standard) was used to measure 
the catalytic activity at 523 K and 30 bar. Online analysis 
of products was performed with a GC (Agilent 6890). After 
the start of the reaction, the catalysts were allowed to stabi-
lize for 4 hr time on stream. After this period, the activation 
energies of methanol synthesis and rWGS were measured 
in the temperature range of 463-548 K, with 2 hr allowed 
for each temperature point. 

The characterization methods used and more experi-
mental details on the catalytic measurements are described 
in the Supporting Information. 
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