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A B S T R A C T

The production of methanol and dimethyl ether (DME) via CO2 hydrogenation was studied using Pd

catalysts supported on a-Ga2O3, a-b-Ga2O3 and b-Ga2O3 polymorphs. The formation of a Pd2Ga

intermetallic compound was observed using XRD and XPS. The catalytic activity improves with an

increase in the content of the Pd2Ga intermetallic compound. The content of Pd2Ga on Pd/Ga2O3 depends

on the Ga2O3 crystalline phase of the catalyst. A slight catalytic deactivation was observed for all samples

studied. The Pd/a-b-Ga2O3 catalyst displayed the largest deactivation. The deactivation appears to be

caused by a loss of basic sites. The selectivity to dimethyl ether is not dependent on the Pd2Ga content,

but depends on the catalyst acidity. This assertion was tested by adding niobia to the catalysts, thus

increasing the DME selectivity from 0 to 53%. The content of Pd2Ga over Pd/Ga2O3 catalysts was

identified to be a crucial parameter for CO2 hydrogenation to methanol.
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1. Introduction

Palladium supported over gallium oxide has become a
prominent catalyst for steam reforming and dehydrogenation of
methanol [1–5], dehydrogenation of ethanol [6] and carbon
dioxide hydrogenation to methanol [7–10].

The gallium oxide polymorphism and stability was studied by
Roy and co-workers in 1952 [11]. All gallia polymorphs can be
converted to the b form at high temperatures, making this
crystalline phase the only thermodynamically stable one. The b
polymorph has a monoclinic structure [11–13], while the a
polymorph has a hexagonal corundum structure [11,14].

Iwasa and co-workers observed the formation of an interme-
tallic compound between palladium and gallium for Pd/Ga2O3

catalysts that modified the catalytic properties of the material for
steam reforming and dehydrogenation of methanol [2,3]. It was
demonstrated that the formation and the ratio of Pd and Ga in this
intermetallic compound depends on the reduction conditions
[15,16]. The different Pd–Ga compounds exhibit similar ortho-
rhombic structures, with the Pbnm space group [17–19].
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Fujitani and co-workers were the first to report the use of a Pd–
Ga2O3 based catalyst for the hydrogenation of CO2 to methanol as
an alternative to Cu/ZnO catalysts [10]. Baltanás and co-workers
demonstrated that the deposition of Ga2O3 over Pd/SiO2 catalysts
significantly enhances the catalytic activity for CO2 hydrogenation
to methanol [20]. It was suggested that the hydrogenation
intermediates involved in methanol synthesis from CO2 are similar
over Pd/Ga2O3 and Cu/ZnO [20–23]. On the other hand, Li and co-
workers demonstrated that the formation of a Pd–Ga intermetallic
compound over the Pd/Ga2O3 catalyst increases the catalytic
performance for CO2 hydrogenation to methanol [16].

A more detailed study of the CO2 hydrogenation to methanol
over Pd supported on different Ga2O3 polymorphs may yield a
better understanding of the catalytic properties needed to promote
this reaction. This work studies the role of Pd catalysts supported
on Ga2O3 polymorphs for the catalytic conversion of CO2 to
methanol, focusing on characterization and CO2 adsorption
aspects.

2. Experimental

2.1. Materials

We used tetraammine palladium (II) nitrate solution (5.0 wt%
as Pd) from Strem Chemicals as metal precursor, niobium (V)
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chloride (99.99%) from Strem Chemicals as Nb2O5 precursor and
gallium (III) nitrate hydrate 99.9998% from Acros Organics as the
precursor for Ga2O3. A commercial catalyst support, Ga2O3 from
Acros Organics, labeled LS-Ga2O3 due to its low surface area, was
used as a comparison. Deionized (DI) water and 25% ammonium
hydroxide in water from Acros Organics were used as solvents. For
catalytic performance tests, the gases used include carbon dioxide
(Food Grade, Praxair), hydrogen (High Purity, Praxair) and helium
(High Purity, Praxair). Each gas was further purified with in-line
VICI Metronics gas purifier traps. Nitrogen (Dry Grade, Praxair) was
used as an internal standard for GC/MS analysis.

2.2. Catalysts preparation

The a, a-b and b Ga2O3 crystalline phases were synthesized
using the procedure reported by Wang and co-workers [24]. Two
main solutions were prepared in DI water, one with 10 wt% gallium
precursor and another with 5 wt% ammonium hydroxide. These
two solutions were mixed in a dropwise manner under vigorous
stirring until the pH value reached approximately 9. The white
precipitate was filtered, washed with distilled water, and dried at
353 K in air to obtain the Ga2O3 precursor. The precursor was
calcined at 673 K for 5 h in air to obtain a-Ga2O3. The a-b-Ga2O3

and b-Ga2O3 samples were obtained by calcining a-Ga2O3 in air at
863 K and 1073 K, respectively. Catalysts with approximately
2 wt% loading were obtained by dispersing the Ga2O3 sample in an
aqueous tetraammine palladium (II) nitrate solution, and heating
at 343 K under constant stirring until the water was completely
evaporated. The resulting powder was dried at 343 K in vacuum,
followed by calcination at 673 K for 6 h. Finally, the sample was
reduced at 573 K in flowing H2 for 6 h.

Pd–Nb2O5/LS-Ga2O3 was prepared by the sequential impreg-
nation of Pd nitrate and Nb chloride precursors on LS-Ga2O3 using
evaporative deposition. The Pd precursor was first deposited on the
support and the material was dried at 313 K for 24 h. Then the Nb
precursor was deposited and the material was dried at 313 K. After
the deposition of both precursors the material was calcined at
673 K in an air atmosphere, followed by H2 reduction at 573 K for
6 h.

2.3. Catalysts characterization

The BET surface area was determined using an accelerated
surface area and porosimetry system Micromeritics ASAP 2020 unit
and nitrogen physisorption at liquid nitrogen temperature. The
number of exposed Pd metal sites was estimated using hydrogen
chemisorption at 308 K.

The crystal structure of the samples was determined using X-
Ray diffraction with a Rigaku Ultima III X-Ray diffractometer
equipped with cross beam optics and a Cu Ka target operating at
40 kV and 44 mA. Standard powder diffraction patterns were
gathered for 2u angles ranging from 20 to 808 at a scanning speed of
28/min and a step size of 0.18.

Galbraith Laboratories (Knoxville, TN) determined the loadings
of palladium on the catalysts using ICP-AES. The samples were
prepared using microwave assisted acid digestion at 453 K for at
least 10 min.

The Pd and Pd2Ga intermetallic compound content over the
Ga2O3 polymorphs was determined using X-ray photoelectron
spectroscopy data between 330 and 350 eV using a PHI VersaProbe
5000 Scanning X-ray Microprobe unit. The compositions were
calculated based on the Pd 3d5/2 signals. All XP spectra were
recorded with fixed analyzer transmission at room temperature,
using monochromatic Al Ka radiation at pass energy of 187.85 eV
leading to FWHM < 0.50 eV for the Ag 3d5/2 peak. Deconvolution of
the spectra was conducted using the PHI MultiPak Software
Version 9 with Gauss-Lorentz product functions after subtraction
of a Shirley background.

For the determination of the isosteric heat of CO2 adsorption,
isotherms up to 0.11 MPa were measured at 308, 328 and 348 K,
using the Micromeritics ASAP 2020 unit. Before the CO2 uptakes
were measured, each sample was pretreated at 543 K in H2 for 2 h
followed by evacuation.

We used infrared spectroscopy of adsorbed CO2 and of adsorbed
pyridine to study the basicity and acidity of our samples,
respectively. In each case pressing about 50 mg of powder at
35 MPa metric tons made a self-supported 1 cm wafer. No phase
transition for Ga2O3 is observed below 20,000 MPa [25]. For CO2

adsorption experiments the disk was placed in the sample holder
of a high-pressure transmission infrared stainless steel cell with
water-cooled CaF2 windows that was attached to a reactor flow
system. The sample was pretreated by reduction in situ at 543 K in
flowing 10% H2 in N2 (150 cm3/min) for 2 h, followed by treatment
in flowing N2 (150 cm3/min) at 543 K for 1 h to remove the gas
phase H2. After the reduction, the sample was cooled to room
temperature and a spectrum of the clean surface taken. The CO2

was adsorbed on the catalysts by flowing pure CO2 (100 cm3/min)
over the samples at 308 K and 0.34 MPa for 1 h. After the
adsorption period, the gas-phase CO2 and any weakly adsorbed
CO2 were removed from the cell by flowing N2 (100 cm3/min) at
308 K until no CO2 was detected in the outlet. Spectra were
collected at room temperature in the absorbance mode using a
Fourier Transform Infrared (FTIR) Spectrometer Thermo Scientific
Nicolet 6700.

The characterization of the type of acid sites over the catalysts
surface was performed using pyridine adsorption, in the same FTIR
unit. In this instance the samples were first pretreated under
hydrogen flow at 573 K, pressed and placed in the sample holder of
a transmission infrared stainless steel cell with water-cooled CaF2

windows. The sample disks were pretreated in situ at 623 K in
flowing He (100 cm3/min) for 1 h. After the activation, the sample
was cooled to room temperature and a spectrum of the clean
surface taken. Pyridine was adsorbed on the catalysts by passing a
pyridine saturated helium stream through the cell at 473 K for 1 h
at atmospheric pressure. The pyridine (E.M. Science, 99.92% purity)
saturator was placed in a constant temperature bath kept at 273 K
to produce a vapor pressure of about 640 Pa. After the adsorption
period, the gas-phase pyridine and any weakly adsorbed pyridine
were removed from the cell by flowing helium (100 cm3/min) at
473 K overnight before cooling to room temperature and collecting
a spectrum. Pyridine was desorbed sequentially by flowing He at
523, 573 and 623 K for 1 h at each temperature, followed by
cooling to room temperature and taking a spectrum. The procedure
for the identification of the acid types present is straightforward
and has been described for samples equilibrated with a high
pyridine pressure and subsequently evacuated at increasing
temperatures [26]. The number of Lewis acid sites was estimated
using the Beer–Lambert equation with the integrated molar
extinction coefficients determined by Tamura and co-workers
[27]. The molar extinction coefficient corresponding to Lewis acid
sites at 1440 cm�1 was 1.73.

2.4. Catalytic performance

The catalytic performance for CO2 hydrogenation was studied
using a tubular fixed-bed reactor connected on-line to a GC/MS (HP
6890/HP 5973) and in-line to a CO2 analyzer (Quantek Instruments
Model 906). The reactor was packed with 0.5 g of catalyst with a
particle diameter between 0.41 and 0.31 mm. The reactions were
carried out at 543 K and 1.7 MPa with a H2 to CO2 ratio of
7.5. Before each reaction the catalyst was reduced in situ at 543 K
and atmospheric pressure in flowing 10% H2 in N2 for 2 h.



Table 1
Catalysts characterization.

Catalyst Metal

wt%a

BET Surf.

area (m2/g)

Lewis sites

(mmol/g)b

Metal sites

(mmol/g)

Binding energy (eV) Atomic %c qads
CO2
ðkJ=molÞd

Pd Pd2Ga Pd Pd2Ga

a-Ga2O3 – 62 2.4 – – – – – –

a-b-Ga2O3 – 32 1.2 – – – – – –

b-Ga2O3 – 28 2.0 – – – – – –

Pd/a-Ga2O3 3.9 38 – 63 335.0 336.6 93.0 7.0 17.2

Pd/a-b-Ga2O3 2.2 38 – 67 335.6 336.8 77.0 23.0 21.6

Pd/b-Ga2O3 2.0 22 – 2 335.6 336.7 27.1 72.9 15.3

Pd/LS-Ga2O3 2.0 27 – 14 335.0 336.6 60.1 39.9 –

a As determined by Galbraith Laboratories using ICP.
b Lewis acid sites at reaction temperature estimated by interpolation of the number of acid sites after pyridine desorption at 523 and 573 K.
c XPS-measured Pd atomic percentages as metallic Pd or in Pd2Ga, by deconvoluting the Pd 3d signals (see text).
d Isosteric heat of adsorption.
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3. Results and discussion

3.1. Characterization

Table 1 shows the BET surface area of the Ga2O3 supported
catalysts. The catalysts surface area decreases while the crystalline
phase changes from a to b phase. This is the first signal of changes
in structure. As shown in Fig. 1, XRD measurements confirmed the
crystal structure changes. Fig. 1 displays the powder XRD patterns
for the pure a and b phases of Ga2O3, as well as the XRD pattern for
a polycrystalline structure of Ga2O3 containing mainly the a phase,
together with a low concentration of the b phase. The low
concentration of the b phase crystalline domains in the material is
due to the calcination temperature used to generate the mixed
structure (863 K), above which the b phase begins to form, as it
was confirmed by Wang and co-workers [24]. The presence of the
b phase is indicated by the appearance of a characteristic peak
located at 30.58, shown in the inset of Fig. 1, and a change in the
relative intensities of the characteristic peaks of the a phase. The
absence of the diffraction peaks at 31.58 and 35.58 that are
characteristic for the b phase in the a-b-Ga2O3 sample is
consistent with the (just) incipient formation of the b phase in
the outer region of a-b-Ga2O3 as it was observed with UV Raman
by Wang and co-workers [23]. The LS-Ga2O3 sample also featured
the b phase.
Fig. 1. Powder XRD patterns of the Ga2O3 polymorphs. The a-Ga2O3 sample was

calcined in air at 673 K for 5 h. The a-b-Ga2O3 sample was first calcined in air at

673 K for 5 h followed by calcination at 873 K for 3 h. The b-Ga2O3 sample was first

calcined in air at 673 K for 5 h followed by calcination at 1073 K for 3 h.
The formation of intermetallic PdxGa species over Ga2O3

polymorphs occurs depending on the reduction temperature at
which the Pd/Ga2O3 catalyst is exposed, and the crystalline phase
of the Ga2O3 polymorph [1,15]. Lorenz and co-workers studied the
formation of Pd2Ga and PdGa under H2 flow at temperatures
between 373 K and 873 K on a-Ga2O3 and g-Ga2O3 [1]. They
observed that the fraction of Pd2Ga on a-Ga2O3 and g-Ga2O3 was
close to one hundred percent by reducing at 523 K and 673 K under
H2 flow. On the other hand, Haghofer and co-workers studied the
formation of Pd2Ga and PdGa under H2 flow at temperatures
between 303 K and 773 K on b-Ga2O3 [15]. In this case, they
observed the formation of Pd2Ga at 673 K and PdGa at 773 K
[15]. All catalysts reported in this study were reduced at 573 K in
H2 and then analyzed using XRD. In this study the only PdxGa
species identified over the Ga2O3 polymorphs was Pd2Ga.

The XRD patterns for the Pd impregnated Ga2O3 polymorphs are
shown in Fig. 2. These XRD results are consistent with the
formation of Pd2Ga species on Pd/b-Ga2O3 and Pd/LS-Ga2O3,
according to the work of Haghofer and co-workers [15]. The
appearance of two characteristic peaks for Pd2Ga at 39.6 and 40.38
for Pd/a-Ga2O3 and Pd/a-b-Ga2O3 also support the formation of
Pd2Ga over these materials. Moreover, a characteristic peak of
a-Ga2O3 in the patterns of Pd/a-Ga2O3 and Pd/a-b-Ga2O3,
overlapping the main characteristic peak of Pd2Ga, increased its
intensity after Pd deposition on these supports. Also an XRD peak
at 44.78 in the Pd/a-Ga2O3 and Pd/a-b-Ga2O3 diffractograms is
Fig. 2. Powder XRD patterns of the Pd/Ga2O3 catalysts following calcination in air at

673 K for 6 h and reduction in H2 at 573 K for 6 h.



Fig. 4. Infrared spectra of pyridine adsorbed on the Ga2O3 polymorphs at 473 K

normalized by the surface area of the sample.
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overlapped by a peak corresponding to the a-phase of both
supports. These results are consistent with those obtained by
Lorenz et al. [1], who observed the formation of Pd2Ga over a-
Ga2O3 at a similar reduction temperature.

The Pd2Ga content on the catalysts surface was estimated by
deconvoluting the XPS spectra of the samples. Fig. 3 shows the
deconvoluted XPS spectra of Pd 3d core levels for the Pd
supported on the Ga2O3 polymorphs and Table 1 summarizes
the binding energies (BE). We did not find evidence for the
formation of PdGa intermetallic species. The XPS spectra were
deconvoluted using two spin-orbit doublets corresponding to
metallic Pd with a Pd 3d5/2 BE signal of approximately 335.3 eV
and the second corresponding to Pd2Ga intermetallic compound
with a Pd 3d5/2 BE signal of about 336.6 eV. The shift in BE from
335.3 eV to 336.6 eV is attributed to the formation of Pd2Ga over
the different Ga2O3 polymorphs [15]. Table 1 summarizes the
atomic fraction of Pd present as metallic Pd and the atomic
fraction present as Pd in Pd2Ga (i.e., the XPS-measured surface
percentages) on the Ga2O3 polymorphs. The highest Pd2Ga
content was obtained for the samples containing the b-Ga2O3

crystalline phase, i.e., Pd/b-Ga2O3 and Pd/LS-Ga2O3. The differ-
ence in Pd2Ga abundance over the Ga2O3 polymorphs may
depend on the Ga2O3 crystalline phase stability at 573 K under H2,
facilitating an induced reduction of the support by the spill of
atomic hydrogen activated by Pd over the surface [16,28]. The low
number of metals sites for Pd/b-Ga2O3 and Pd/LS-Ga2O3

determined using H2 chemisorption is caused by a combination
of higher Pd2Ga content, lower Pd loading and lower surface area
for these samples as shown in Table 1.

Fig. 4 shows FTIR spectra for pyridine adsorbed on the Ga2O3

polymorphs at 473 K normalized by the surface area of the
sample. Only Lewis acidity is observed for the Ga2O3 supports,
with characteristic bands between 1400 cm�1 and 1650 cm�1

[26]. When the spectra are normalized by the surface area of the
samples the Lewis acidity at 473 K increases from a-Ga2O3 to
Fig. 3. XPS spectra (Pd 3d signals) for the supported Pd/Ga2O3 catalysts following

calcination in air at 673 K for 6 h and reduction in H2 at 573 K for 6 h. For clarity the

fit line was displaced from the experimental line by 500 A.U.
b-Ga2O3 progressively. The effect of supporting Pd on the Ga2O3

polymorphs is shown in Fig. 5. The addition of the metal causes
complex FTIR spectra for adsorbed pyridine with broad convo-
lute bands near the bands observed for adsorption of pyridine on
the supports. There is evidence from surface science studies
under ultra high vacuum (UHV) conditions that pyridine has four
main coordination modes when adsorbed to transition metal
surfaces [29,30]. In one of those modes of adsorption, pyridine is
dissociatively adsorbed with the formation of a-pyridyl species
with both the nitrogen and a-carbon bonded to the surface.
Under UHV conditions the formation of a-pyridyl species
(C5H4N) at room temperature was observed on metal single
crystals such as Cu(1 1 0) [31], Ni(1 0 0) [32], Pt(1 1 1) [29,31],
Ru(0 0 1) [29,33] and W(1 1 0) [34]. For Pd(1 1 1) at 310 K
pyridine adsorbs associatively to the surface predominately
through the nitrogen lone pair [35]. On the other hand, Skotak
and Karpiński observed H2 evolution indicative of the formation
Fig. 5. Infrared spectra of pyridine adsorbed on Pd/Ga2O3 catalysts at 473 K

normalized by the surface area of the sample.



Fig. 7. Infrared spectra of CO2 adsorbed on Pd/Ga2O3 catalysts at 308 K and

0.34 MPa.

O. Oyola-Rivera et al. / Journal of CO2 Utilization 9 (2015) 8–1512
of a-pyridyl species during pyridine TPD from Pd/Al2O3 starting
at around 393–423 K depending on the Pd loading [36]. Based on
surface science results for pyridine adsorbed on Pt(1 1 1) and
W(1 1 0), Shen and coworkers assigned new bands observed after
the adsorption of pyridine on Ni/Al2O3 around 1553, 1416 and
1393 cm�1 to the a-pyridyl species adsorbed on Ni [37]. These
authors also assigned bands at around 1600, 1489 and
1443 cm�1 to molecular pyridine adsorbed on Ni [37]. From
the previous discussion it is clear that pyridine adsorption on
metals supported on metal oxides is difficult to interpret due to
the overlapping of bands for the adsorbed pyridine on the
support and supported metal and the formation of a-pyridyl
species on the metal that also give bands that overlap with bands
for pyridine adsorbed on the support. The overlapping bands lead
to difficult assignments of spectral bands. Deconvolution of the
spectra in Fig. 5 reveals the appearance of strong absorption
bands located at 1551 to 1557 cm�1, corresponding to the
formation of a-pyridyl species adsorbed on Pd, and at 1591 to
1593 cm�1 that we believe correspond to pyridine molecularly
adsorbed on Pd.

Since pyridine is not a good test molecule to study the acidity of
Pd catalysts supported on Ga2O3, the relationship between the
catalyst acidity and selectivity to DME was compared using the
acidity determined for the Ga2O3 supports. The number of acid
sites were estimated using the Beer–Lambert equation based on
the pyridine remaining on the surface after desorption at
temperatures between 473 and 623 K. As observed in Fig. 6, on
a mass basis the number of Lewis acid sites decreases monotoni-
cally with an increase in the desorption temperature. This
reduction in the number of acid sites with the increase in the
desorption temperature of pyridine is related to the relative acid
strength [38]. The decrease in acidity with the increase in
temperature is higher for b-Ga2O3 than for the other Ga2O3

samples. Thus, the reduction in acidity for b-Ga2O3 may be
attributed to a weaker acid strength compared with the other
supports. The acidity on b-Ga2O3 is reduced from 2.6 to
approximately 2.0 mmol/g, thus having less acid sites than a-
Ga2O3 but having more acid sites than a-b-Ga2O3 at the reaction
temperature (543 K).
Fig. 6. Number of Lewis acid sites on the Ga2O3 supports as a function of pyridine

desorption temperature. The number of acid sites were estimated using the Beer–

Lambert equation based on the pyridine remaining on the surface after desorption

at temperatures between 473 and 623 K.
3.2. CO2 adsorption

FTIR spectra after CO2 adsorption for Pd supported over Ga2O3

polymorphs were collected at 308 K and 0.34 MPa in a N2

atmosphere, as shown in Fig. 7. Two characteristic bands at
1630 and 1580 cm�1, which are observed for all samples, correspond
to two low strength basic sites. The band at 1630 cm�1 corresponds
to CO2 bonded as bicarbonate and the band at 1580 cm�1

corresponds to CO2 bonded as a bidentate carbonate on the catalyst
surface [39,40]. The CO2 adsorption properties change depending on
the Ga2O3 polymorph present and the ratio of the peak area for
bidentate carbonate and bicarbonate bands changes between
phases. The bicarbonate to bidentate carbonate ratio of the IR peak
areas for these bands are 1.0, 1.3 and 3.5 for Pd supported on a-
Ga2O3, a-b-Ga2O3 and b-Ga2O3, respectively. Hence, the content of
bicarbonate species is higher for Pd supported on b-Ga2O3. The
bicarbonates require surface hydroxyl groups that are considered
weak base sites whereas bidentate carbonates require the partici-
pation of an adjacent cationic site that are medium-strength basic
sites [40,41]. These carbonate species induce the formation of
formate species in the presence of H2 on the catalysts surface
[42–44]. The formate species are intermediates for CO2 hydrogena-
tion and were previously identified as possible precursors for the
formation of methoxy groups for methanol synthesis [42–44].

FTIR spectra for CO2 adsorption over a-Ga2O3 at temperatures
from 323 to 473 K were collected, as shown in Fig. 8. The
abovementioned bands decreased in intensity with increasing
temperature confirming a moderate interaction between the CO2

molecule and the Ga2O3 basic sites, in agreement with the work of
Collins et al. [39].

The isosteric heat of adsorption, qads
CO2
¼ �DHads

CO2
, was calculated

using the Clausius Clapeyron equation from adsorption data from
308 to 348 K for the Pd supported catalysts over the Ga2O3

polymorphs, as shown in Table 1. The isosteric heat seems to be
influenced by the Ga2O3 crystalline phase. The isosteric heats of
adsorption for the samples with predominantly the alpha phase
display a slightly larger value than the ones associated with the
beta phase.

3.3. Catalytic performance

The main reaction product for CO2 hydrogenation on Pd/Ga2O3

at 543 K and 1.72 MPa is methanol. Dimethyl ether (DME) is also



Fig. 8. Infrared spectra of CO2 adsorbed on a-Ga2O3 at 323 K and atmospheric

pressure followed by desorption at 373, 423 and 473 K in flowing He

(100 cm3 min�1).

Fig. 9. Effect of time on stream on CO2 conversion for Pd catalysts supported on

Ga2O3 polymorphs at 543 K, 1.72 MPa and WHSV = 27 h�1.
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observed as a result of methanol dehydration on the acid sites of
Ga2O3 [45–47]. The turnover frequency (TOF) was estimated using
the initial CO2 conversion and the exposed Pd metal sites (pure Pd)
as determined by H2 chemisorption. A control experiment using
the b-Ga2O3 support did not display measurable activity for CO2

hydrogenation.
Table 2 allows comparing the reaction results for the complete

set of Pd catalysts supported on the Ga2O3 polymorphs. The TOF
changes with a change in the Ga2O3 crystal phase and increases
with an increment in the Pd2Ga content present on the catalyst
surface. Based on the observed catalytic performances, the
catalyst prepared with the b-Ga2O3 crystal phase, featuring the
highest content of Pd2Ga (and, thence, the lowest amount of
metallic Pd) showed the highest TOF. Yet, it is not entirely obvious
whether the increase of the Pd2Ga content over the surface
improved the catalysts activity, because the CO2 conversion was
(somewhat) higher on Pd/a-Ga2O3 than on Pd/a-b-Ga2O3 or Pd/
b-Ga2O3. The first two catalysts had about the same surface area
and Pd2Ga surface percentage, but the Pd/a-Ga2O3 had a higher
loading of Pd. Rather, it is highly likely that the metallic function in
all these catalysts is sufficient for supplying atomic hydrogen,
while the oxidic surface of the different gallia polymorphs (where
the actual, progressive hydrogenation of the chemisorbed
carbonaceous intermediates proceeds [48]) deserves special
attention or scrutiny.
Table 2
Catalytic performance for CO2 hydrogenation at pseudo-steady state on Pd/Ga2O3,

Pd/LS-Ga2O3 and Pd–Nb2O5/LS-Ga2O3.a

Catalyst XCO2 (%) TOF (s�1) DME

selectivity (%)

Pd/a-Ga2O3 14 0.27 22

Pd/a-b-Ga2O3 12 0.23 12

Pd/b-Ga2O3 12 8.8 13

Pd/LS-Ga2O3 12 1.1 4

6b 0.9 0

Pd–Nb2O5/LS-Ga2O3
c 5 1.5 53

a Reaction conditions: P = 1.7 MPa, T = 543 K, molar H2:CO2 = 7.5, WHSV = 27 h�1.
b Molar H2:CO2 = 6.4, WHSV = 44 h�1.
c Pd loading = 2 wt%, Surface area = 19 m2 g�1, exposed metal sites = 4 mmol g�1.
As mentioned above, the ratio of bicarbonate to bidentate
carbonate species adsorbed on the Ga2O3 surface changed with a
change in the Ga2O3 crystal phase and a higher ratio between these
species was observed for Pd supported on the b-Ga2O3 polymorph.
The highest TOF corresponded to the highest ratio of bicarbonate to
bidentate carbonate observed. This finding suggests that the
increase in the activity for CO2 hydrogenation may be promoted by
an adequate formation of bicarbonate species on the gallia surface.

An analysis of the change in conversion of CO2 as a function of
time on stream (TOS) indicates that there was some deactivation in
all the materials studied, as shown in Fig. 9. Pd/a-b-Ga2O3 had the
highest deactivation with TOS. This catalyst had the lowest Pd2Ga
content as well. This observation suggested us that a-b-Ga2O3

might be less stable than the other polymorphs under the
experimental conditions used. Thus, the decrease in CO2 conver-
sion might be attributed to the catalyst deactivation caused by a
reduction of the number of basic active sites on the Ga2O3

polymorphs [49]. The reduction of basic sites over a-b-Ga2O3 was
confirmed by comparing the CO2 adsorption isotherms of Pd/a-b-
Ga2O3 before and after reaction, as shown in Fig. 10. The CO2

uptake for Pd/a-b-Ga2O3 decreased to about 52% of the original
value at 0.1 MPa equilibrium pressure. One possible explanation
may be that exposure to high concentrations of H2 at high
temperature during the reaction can cause a partial reduction of
Fig. 10. CO2 adsorption isotherms for fresh and deactivated Pd/a-b-Ga2O3 at 308 K.

The samples were degassed at 423 K for 6 h before adsorption.
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Ga2O3 that in turn can cause a decrease in the number of basic sites
on the surface by the loss of oxygen in the structure. Therefore, it
could be that catalyst deactivation is due to a higher loss of basic
sites in a-b-Ga2O3, by the progressive superficial reduction of
Ga2O3, than on the other – more stable- polymorphs.

Table 2 shows the selectivity to DME of the Pd/Ga2O3 catalysts
at similar conversions (12–14%). The highest selectivity to DME
was obtained over Pd/a-Ga2O3. Several reaction mechanisms for
methanol conversion to DME have been proposed. While some
works have attributed said conversion to the dehydration of
methanol to DME on Brønsted sites, others ascribed it to Lewis sites
[46,50–53]. The acidity results presented in Section 3.1 for Pd/
Ga2O3 do not allow to ascertain whether Brønsted or Lewis sites
favor the dehydration of methanol to DME. On the other hand, the
selectivity to DME over Pd/Ga2O3 catalysts can be related to the
acidity of Ga2O3 polymorphs supports. The supports only display
Lewis acidity. The DME selectivity increases as the number of acid
sites increases on Ga2O3 supports at the reaction temperature.
Therefore, these results suggest that the DME selectivity over Pd/
Ga2O3 catalysts depends on the number of Lewis acid sites for
these catalysts.

As mentioned above, DME is produced from the dehydration of
methanol as a result of the acidity of Ga2O3, which is rather
moderate. Based on this, niobium oxide (Nb2O5) was added to the
Pd/LS-Ga2O3 catalyst surface in an attempt to increase the
selectivity to DME of the catalyst, as Nb2O5 is often used in
dehydration reactions due to its high acidity [54–57]. Adding
niobia to the Pd/LS-Ga2O3 catalyst caused a 30% loss in surface area.
However, for similar pseudo-steady state conversions of CO2 (5–6%
obtained by changing the WHSV) the TOF almost doubled upon
addition of Nb2O5, and the DME selectivity increased dramatically
for Pd–Nb2O5/LS-Ga2O3, up to 53% from mere traces on Pd/LS-
Ga2O3. Thus, this demonstrates that the selectivity to DME can be
enhanced by the addition of strong acidic species on the catalyst
surface.

Fig. 11 shows the change in selectivity to methanol and DME
over time on stream (TOS) for the Pd–Nb2O5/LS-Ga2O3 catalyst. The
first product that was observed was DME and was the only product
observed for 8 h of TOS. Methanol was first observed after 9 h TOS.
The selectivity to DME gradually decreased, from 100% to 53%,
between the 10 and 20 h on stream and remained nearly constant
thereafter. Noteworthy, in this experiment no reaction products
were observed until after 1 h on stream, which suggests that the
preparation method (subsequent deposition of niobia onto the Pd/
LS-Ga2O3 catalyst might have caused an occlusion of the palladium
Fig. 11. Effect of time on stream on methanol and DME selectivity for Pd–Nb2O5/LS-

Ga2O3 at 543 K, 1.72 MPa and WHSV = 27 h�1.
crystallites and/or a combination with the niobia (that merits to be
explored further indeed) which progressively gave way to exposed,
free metal–or intermetallic-particles with TOS. Nonetheless, these
results show that the selectivity to DME can be enhanced by the
addition of Nb2O5 onto the surface and that increase remains
constant once the steady state is reached.

4. Conclusions

The catalytic activity of Pd supported over Ga2O3 seems to be
related to the formation and content of the intermetallic
compound Pd2Ga. The Pd2Ga content varies depending on the
Ga2O3 polymorphs. The catalytic activity is also a function of the
CO2 adsorption properties on the different Ga2O3 polymorphs,
specifically by the formation of bicarbonate as a precursor of
formate species. The reduction of the number of basic sites on
Ga2O3 during the reaction appears to cause catalyst deactivation.
The catalysts selectivity depends on the acidity of the gallia; the
increment in the number of acid sites increases the conversion of
methanol and DME. Thus, both the formation of the intermetallic
compound Pd2Ga and the type of Ga2O3 polymorph have a strong
impact on the catalytic hydrogenation of CO2. The addition of a
strong acid, Nb2O5, to Pd/LS-Ga2O3 was also evaluated for the
increase in selectivity towards DME. Under the same experimental
conditions, our results confirm that the addition of niobia to the
catalyst surface increases the selectivity to DME substantially.
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[12] J. Åhman, G. Svensson, J. Albertsson, Acta Crystallogr. Sect. C: Cryst. Struct.

Commun. 52 (1996) 1336–1338.
[13] S. Geller, J. Chem. Phys. 33 (1960) 676.
[14] M. Marezio, J.P. Remeika, J. Chem. Phys. 46 (1967) 1862–1865.
[15] A. Haghofer, K. Föttinger, F. Girgsdies, D. Teschner, A. Knop-Gericke, R. Schlögl, G.
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