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A B S T R A C T

PdCuZn/SiC catalysts were synthesized with different Pd:Cu:Zn molar compositions and tested in the hydro-
genation of carbon dioxide to methanol at atmospheric pressure. Trimetallic catalysts were compared with the
corresponding bimetallic ones (PdZn/SiC, CuZn/SiC and PdCu/SiC). Catalysts were characterized by N2 ad-
sorption/desorption, temperature-programed reduction (TPR), X-ray diffraction (XRD), transmission electron
microscopy (TEM), energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS). The
Pd0 active sites were related to carbon monoxide formation via reverse water-gas-shift (RWGS), whereas the
PdZn alloys catalyzed methanol synthesis. The role of copper in trimetallic catalysts was to inhibit the deposition
of metallic palladium by forming a PdCu alloy that proved to be less active to CO formation. Moreover, the active
sites of trimetallic catalysts were smaller and better dispersed than those of the corresponding bimetallic ones,
probably due to a synergistic effect between the three metals. The catalyst with a molar composition of
37.5:12.5:50 Pd:Cu:Zn (mol.%) was selected as the most active for the methanol synthesis, as this sample showed
the highest activity and selectivity to methanol. The role of copper was also shown to be crucial in trimetallic
catalyst by comparing the best example with an equivalent bimetallic PdZn/SiC with a Pd:Zn molar ratio of
37.5:62.5.

1. Introduction

Carbon dioxide emissions not only lead to dramatic environmental
problems, from their contribution to global warming [1] to acidification
of the oceans [2], but also to important economic issues [3]. The de-
velopment of new legislation concerning CO2 emissions and the chal-
lenging targets set by the global Paris Agreement and the EU 2030
Framework for Climate and Energy are forcing governments and com-
panies to implement innovative solutions to prevent and reduce CO2

emissions [4].
In this sense, the valorization of CO2 has gained attention in recent

decades [5–9] since it provides both a reduction of atmospheric emis-
sions and the synthesis of added-value chemicals. In this respect, the
hydrogenation of CO2 (Eq. (1)) has been assessed as one of the potential
valorization routes, from which CO, hydrocarbons, alcohols or alde-
hydes can be produced [6,8].

xCO2 + (2x − z + y/2) H2 → CxHyOz + (2x − z) H2O (1)

Methanol is reported to be one of the most interesting products (Eq.
(2)) because it is used as a solvent and a feedstock for the production of

chemicals [7,10]. Furthermore, methanol could be used as an alter-
native fuel in the energy distribution infrastructure that currently exists
or it could be blended with gasoline [11]. The economic limitation of
this reaction is currently related to the use of high amounts of hydrogen
in the process, which could be overcome by applying different tech-
nologies such as the electrolysis of water using renewable energies (e.g.,
solar energy) [12].

+ ⇆ + = −°CO 3H CH OH H OΔH 49.5kJ/mol2 2 3 2 25 C (2)

Due to the stable nature of the CO2 molecule, this reaction needs to
overcome a high thermodynamic barrier. CO2 activation takes place at
150–200 °C and at this temperature the reverse WGS reaction (Eq. (3)),
which has an adverse effect on methanol production, also occurs.

+ ⇆ + =°CO H CO H OΔH 41kJ/mol2 2 2 25 C (3)

Therefore, the use of catalysts to control the selectivity towards the
different products is a prerequisite. Although metals such as Au
[13–15], Ag [16] or Mo [17] have been used in CO2 hydrogenation to
methanol, copper- and palladium-based catalysts have been the most
widely studied because of their well-known properties and high effi-
ciency in this reaction [18–24]. Indeed, the bimetallic Pd-Cu
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configuration has also been studied at high pressure and the main
conclusion was that the PdCu alloy formed was a crucial factor for the
bimetallic promotion [25]. On the other hand, zinc oxide (ZnO) has
been reported to enhance the catalytic performance of Cu and Pd. In the
case of Pd, ZnO is necessary to form the PdZn alloy, which has proven
to be more active and selective to methanol than the corresponding
isolated metals [22,24]. Regarding Cu catalysts, Ahouari et al. [18]
summarized the role of ZnO as follows: (i) it promotes higher dispersion
of Cu, thus preventing the agglomeration of Cu particles, (ii) it im-
proves the resistance of Cu particles to poisoning by feed gas impurities,
(iii) ZnO, as a basic oxide, partially neutralizes the acidity of the cat-
alyst and enhances CO2 adsorption on the catalyst surface and (iv) ZnO
also acts as a reservoir of atomic hydrogen and provides this gas to
achieve methanol synthesis on the Cu surface.

The combination of these three metals has been reported
previously in the literature [26–29]. Melían-Cabrera et al. [27] com-
pared CuO/ZnO with Pd-promoted CuO/ZnO catalysts (PdO:-
CuO:ZnO = 2:28:70 wt.%) under an operating pressure of 60 bar and
found a considerable improvement when Pd was used. They suggested
that this improvement was a result of an enhancement of the spillover
mechanism of H2 due to the presence of Pd, as well as a further stabi-
lization of Cu due to possible PdCu alloy formation. More recently,
Siriworarat et al. [29] studied the influence of Pd loading (5, 10 and
15 wt.%) on a Pd-Cu-Zn catalyst in which Cu and Zn were settled at
25 wt.%. In this study, which was carried out at 250 °C and 25 bar, the
highest performance was observed on using the catalyst containing
15 wt.% Pd, 25 wt.% Cu and 25 wt.% Zn, which gave methanol se-
lectivity and space time yield of 25% and 112 g kg cat−1 h−1, respec-
tively. Although these papers revealed that the combination of these
metals improves the methanol yield, they only considered the role of Pd
as a promoter of Cu/Zn catalysts and did not obtain an optimum
composition for the catalyst. As Pd is reported to be active in this re-
action, an in-depth study on the Pd-Cu-Zn composition is still necessary.

Regarding supports, different materials have been used to date
(Al2O3, CeO2, SiO2, ZrO2, CNF, CNT, etc.) [22,30–36]. However, the use
of β-SiC in this reaction has not been widely reported in the literature
[37], even though it has shown excellent properties in many reactions
[38–43]. β-SiC exhibits high thermal conductivity and mechanical
strength, low specific weight and chemical inertness, so that this sup-
port is appropriate to avoid interactions with the active phases.

In the work reported here trimetallic Pd-Cu-Zn catalysts were pre-
pared, characterized and tested in the synthesis of methanol from CO2

hydrogenation at atmospheric pressure. Taking into account the sec-
ondary role of Zn in Pd/ZnO and Cu/ZnO formulations (see above), a
highly enough proportion of Zn was deposited in each catalyst. On the
other hand, as Pd and Cu are reported to be the active phases in these
formulations, the proportion of these metals was modified in a broad
range in order to get an optimal trimetallic formulation. These catalysts
were compared with the corresponding bimetallic ones (PdCu, PdZn
and CuZn). In all cases, β-SiC was used as a support. To the best of our

knowledge, there is a lack of studies that deal with this reaction at
atmospheric pressure [21,22,24,44,45].

2. Experimental

2.1. Catalyst preparation

Catalysts were prepared by the impregnation method using β-SiC
(SICAT CATALYST, pellets) as support and three different nitrates as
precursors of the Cu, Pd and Zn: copper(II) nitrate trihydrate [Cu
(NO3)2·3H2O, Panreac, 99.95% purity], palladium(II) nitrate [Pd
(NO3)2·xH2O, Aldrich] and zinc nitrate hexahydrate [Zn(NO3)2·6H2O,
Panreac, 99% purity].

Firstly, 5 g of the support were placed in a glass vessel and kept
under vacuum at room temperature (∼25 °C) for 2 h to remove water
and other impurities adsorbed on the structure. Secondly, an aqueous
solutions of the corresponding metal nitrates were poured over the
support, using the appropriate quantities to obtain catalysts with a total
amount of 0.01 mol and different Pd, Cu and Zn contents, as shown in
Table 1. Thirdly, the solvent was removed under vacuum at 90 °C for
2 h. After impregnation, the catalysts were dried at 120 °C overnight.

The calcination was carried out at 500 °C in a Nabertherm HTC 03/
15 furnace, which was open to the atmosphere. This temperature was
kept constant for 3 h and the heating rate was 5 °C min−1. Prior to the
reaction, the catalysts were reduced in situ in a 25% v/v H2/N2 stream
at a flow rate of 100 Ncm3 min−1 from room temperature to 500 °C
with a heating rate of 1.3 °C min−1.

The nomenclature of the catalysts is shown in Table 1. Trimetallic
catalysts are denoted as XPdCuZn/SiC, where X indicates the theore-
tical molar percentage of metallic palladium in the sample.

2.2. Support/catalyst characterization

The Cu, Pd and Zn metal loadings were determined by atomic ab-
sorption (AA) spectrophotometry on a SPECTRA 220FS analyzer.
Samples (ca. 0.5 g) were treated with 2 mL HCl, 3 mL HF and 2 mL
H2O2 followed by microwave digestion (250 °C). Surface area/porosity
measurements were carried out on a QUADRASORB 3SI sorptometer
apparatus with N2 as the sorbate at −196 °C. The samples were out-
gassed at 250 °C under vacuum (5 × 10−3 Torr) for 12 h prior to ana-
lysis. Specific surface areas were determined by the multi-point BET
method and the mesopore size distribution with the BJH method.
Specific total pore volume was evaluated from N2 uptake at a relative
pressure of P/P0 = 0.99. The relative error of the all the experiments
was ± 5% Temperature-programed reduction (TPR) experiments were
conducted in a commercial Micromeritics AutoChem 2950 HP unit with
TCD detection. Samples (ca. 0.15 g) were loaded into a U-shaped tube
and ramped from room temperature (∼25 °C) to 900 °C (10 °C min−1),
with a reducing gas mixture of 20% v/v H2/Ar (60 cm3 min−1). XRD
experiments were conducted on a Philips X’Pert instrument using

Table 1
Nomenclature and main physical properties of the catalysts.

Metal loading (mol.%) Surface area
(m2 g−1)

Total pore volume x 102

(cm3 g−1)
Average pore
radius (nm)

XRD – Particle
diameter (nm)a

TEM – Particle
diameter (nm)

Palladium Copper Zinc

Nomenclature Theo. Exp. Theo. Exp. Theo. Exp.

SiC – – – – – – 25 14.1 11.5 – –
CuZn/SiC – – 50 54 50 46 17 10.7 12.5 52 (Cu) 40.2
PdZn/SiC 50 55 – – 50 45 29 11.7 8.0 22 (PdZn) 20.0
PdCu/SiC 50 40.7 50 59.3 – – 25 16.8 13.4 53 (PdCu) 50 (Cu) 28.5
12.5PdCuZn/SiC 12.5 16 37.5 40 50 44 21 13.4 13.0 26 (PdCuZn) 35 (Cu) 25.6
25PdCuZn/SiC 25 30 25 24 50 46 23 13.4 11.5 14 (PdCuZn) –
37.5PdCuZn/SiC 37.5 39.4 12.5 14.3 50 46.3 29 12.5 8.4 11 (PdCuZn) 12.5

a In brackets, the compound which it refers to.
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nickel-filtered Cu-Kα radiation. Samples were scanned at a rate of
0.02° step−1 over the range 5° ≤ 2θ≤ 90° (scan time = 2 s step−1).
Transmission electron microscopy (TEM) analyses were carried out on a
JEOL JEM-4000EX unit with an accelerating voltage of 400 kV.
Samples were prepared by ultrasonic dispersion in acetone with a drop
of the resulting suspension evaporated onto a holey carbon-supported
grid. The instrument was equipped with an energy dispersive X-ray
spectroscopy (EDS) unit. Saturation was assumed to be complete after
three successive peaks showed the same peak areas.

The particle size was calculated from TEM images. The mean par-
ticle size evaluated as the surface-area weighted diameter (ds) was
computed according to:

∑

∑
=d

n d

n d
s

i i i

i i i

3

2
(4)

where ni represents the number of particles with diameter di
(Σini ≥ 200).

XPS analyses were performed on an ESCAPlus Omicron spectro-
meter using a monochromatized Mg source (MnKα 1253.6 eV). The
high-resolution spectra were recorded with a 40 eV pass energy, and
the constant charging of the samples was corrected by referencing all
energies to the C1s peak at 284.6 eV. Curve fitting was performed using
the CasaXPS software.

2.3. Catalyst activity

Catalytic performance tests were carried out in a tubular quartz
reactor (45 cm length and 1 cm diameter). The catalyst, which con-
sisted of pellets that were 3 mm length and 1 mm diameter, was placed
on a fritted quartz plate located at the end of the reactor. The amount of
catalyst used in the experiments was 0.8 g.

The temperature of the catalyst was measured with a K-type ther-
mocouple (Thermocoax) placed inside the inner quartz tube. The entire
reactor was placed in a furnace (Lenton) equipped with a temperature-
programed system. Reaction gases were Praxair certified standards of
CO2 (99.999% purity), H2 (99.999% purity) and N2 (99.999% purity).
The gas flows were controlled by a set of calibrated mass flowmeters

(Brooks 5850 E and 5850 S).
The hydrogenation of CO2 was carried out at atmospheric pressure

in the temperature range 150–300 °C. The total flow rate used in the
experiments, which involved a CO2/H2 mixture (CO2/H2 = 1/9 v/v),
was 100 Ncm3 min−1. Gas effluents were monitored with a micro gas
chromatograph (Varian CP-4900) fitted with a PoraPLOT Q column and
a molecular sieve column, each of which was connected to a thermal
conductivity detector (TCD). All catalytic tests were performed twice
and the relative error was less than 5%.

Catalytic parameters were calculated as follows (Eq. (5)–(7)):

=− −Formation rate μmol min g F
Catalyst weight

( · · )i
i1 1

(5)

=
−

×Selectivity F
F F

(%) 100i
i

CO CO
0

2 2 (6)

=
−

×CO conversion
F F

F
(%) 100CO CO

CO
2

0

0
2 2

2 (7)

where Fi represents the molar flow (μmol min−1) of the i component
(CH3OH or CO).

3. Results and discussion

3.1. Textural properties

The main textural properties of the support and the prepared cata-
lysts are listed in Table 1 and the corresponding nitrogen adsorption-
desorption isotherms are plotted in Fig. 1.

It can be observed that all isotherms corresponded to type II–IV
according to the IUPAC classification, and this is characteristic of
macroporous and mesoporous materials. A slight volume increase in the
middle relative pressure range (0.2–0.5) was observed, whereas a sharp
increase took place at high partial pressure (0.8–1) [46,47]. The ob-
served H3-type hysteresis loop (IUPAC classification), which is char-
acteristic of mesoporous materials, is associated with nitrogen capillary
condensation [46]. It is worth noting that the shapes of the catalyst
isotherms were almost identical to that of the β-SiC support, indicating

Fig. 1. Nitrogen adsorption–desorption isotherms
and mesopore distributions of the support and pre-
pared catalysts.
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that the support surface structure did not suffer any significant change
after metal incorporation. The variations in the BET surface area, pore
volume and average pore radius observed in the catalysts when com-
pared to the support are due to the partial blockage of the β-SiC pores.
This blockage is clearly observed in the mesopore distribution of CuZn/
SiC (Fig. 1c), which exhibited the same shape as the support but a lower
percentage of pores for each radius. Copper particles led to blockage of
the pores but the incorporation of palladium led to a decrease in the
size of these pores. This behavior can be observed in the mesopore
distributions of the trimetallic catalysts (Fig. 1d), where it can be seen
that the higher the quantity of palladium, the smaller the pore size. This
fact suggests that the presence of Pd led to the formation of smaller
metal particles, which partially blocked the pores and thus created
smaller ones.

3.2. Metal reducibility

TPR experiments (Fig. 2) were conducted in order to identify an
appropriate reduction temperature for all of the catalysts. The results of
the TPR analyses for bimetallic catalysts are shown in Fig. 2a. Firstly,
CuZn/SiC analysis gave rise to a single broad peak at around 200 °C,
which was assigned to the combination of the reduction of Cu2+ to
Cu1+ and Cu1+ to Cu00 [21]. Moreover, a small broad peak was ob-
served between 450 °C and 680 °C, which can be attributed to ZnO
reduction. The PdCu/SiC profile showed a peak at around 50 °C with a
shoulder at 90 °C, which was caused by the combination of the reduc-
tion of PdO to metallic Pd and the reduction of copper (CuO to Cu00).
Therefore, it can be concluded that Pd catalyzed the Cu reduction and

led to a shift of the corresponding Cu reduction peak to lower tem-
peratures. Finally, PdZn/SiC showed a small peak at around 55 °C,
which was also assigned to the reduction of PdO to metallic palladium
[48], as well as broad peaks above 400 °C (similar to those that can be
seen more clearly in trimetallic catalysts, Fig. 2b), which are commonly
related to crystalline PdZn alloy formation [49–51]. It is important to
note that the TPR profile of the support did not show any noticeable
peak.

If the amount of hydrogen consumed for these peaks were calcu-
lated, only a small proportion of palladium would have been reduced.
According to the literature [49,50], hydrogen consumption occurs ra-
pidly when hydrogen is fed over the catalyst at room temperature and
PdO is partially converted to PdHx [48]. These palladium hydrides are
then decomposed to metallic palladium [24]. A proper quantification of
such changes was not possible to carry out as hydrogen was in contact
with the catalyst before the TPR data recording started, so that it was
not possible to draw any conclusion concerning this fact.

As the amount of Pd increased, the trimetallic catalyst profiles
changed from the CuZn/SiC-type to the PdZn/SiC-type. In this way, the
profile for 12.5PdCuZn/SiC showed a broad peak (50 °C) with two
shoulders (60 and 140 °C), which are ascribed to Pd (PdO → Pd00) and
Cu (Cu2+ → Cu+ → Cu00) reduction, respectively. As mentioned above,
this finding revealed how palladium catalyzes the reduction of copper
particles and thus decreases the temperature of the reduction peak. The
25PdCuZn/SiC profile was similar to that of the bimetallic PdCu/SiC,
with the shoulder for the trimetallic catalyst shifted to higher tem-
peratures due to the lower amount of Pd. Finally, the 37.5PdCuZn/SiC
sample showed a pattern similar to that of PdZn/SiC. All of the trime-
tallic catalysts showed different broad peaks above 400 °C and these
could be related to the formation of PdZn alloy during the reduction
process [52], in a similar way to PdZn/SiC.

Bearing in mind the TPR results, 500 °C was selected as an appro-
priate reduction temperature to ensure the complete reduction of all
metals and the formation of the PdZn alloy, which is an active phase for
methanol formation [22,24]. It is worth noting that the β-SiC structure
remained unchanged at this temperature, since this material did not
show any appreciable peak in the temperature range studied.

3.3. Crystalline structure and active metal phases

The X-ray diffractograms of reduced bimetallic and trimetallic cat-
alysts are shown in Fig. 3. On the one hand, the diffractograms of bi-
metallic catalysts contain the main peaks related to the metallic phases
or alloys formed, as well as those attributed to the β-SiC (JPCDS 02-
1050). Hence, the CuZn/SiC diffractogram showed the metallic cubic
copper crystal structure (JPCDS 85-1326), whereas the PdZn/SiC dif-
fractogram contained the peaks of the PdZn alloy (JPCDS 06-0620).
Finally, the PdCu/SiC diffractogram showed the peaks related to PdCu
alloy (JPCDS 48-1551) along with those of metallic copper. The pre-
sence of ZnO in all of the catalysts prepared with zinc was expected but
the main diffraction peak at 2θ = 36.2° (JCPDS 80-0075) was hidden
by those of β-SiC.

The peak identification was more difficult in the case of trimetallic
catalysts as it was expected that some diffraction peaks would overlap.
Although it could be asserted that 12.5PdCuZn/SiC contained metallic
copper particles in its structure, the other peak at around 41° could
correspond to PdZn, PdCu or both alloys, the main diffraction peaks of
which appear at similar values (2θ–41.2° and 41.4°), respectively. The
same problem was found in the diffractograms of 25PdCuZn/SiC and
37.5PdCuZn/SiC, for which it was not possible to identify the broad
peak and its shoulder observed between 2θ = 40° and 45°. Even if the
identification were easier, the peak could shift respect its corresponding
2θ value, which would indicate the formation of alloys as observed in
other metal configurations [53,54]. Nevertheless, it was not possible to
conclude anything from XRD results. Finally, although diffraction peaks
of Pd0 were expected, the high reflections of β-SiC along with the high

Fig. 2. Temperature-programed reduction (TPR) profiles of (a) bimetallic and (b) tri-
metallic catalysts.
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dispersion of this metal made impossible any identification.
The particle size diameters obtained by XRD, which were calculated

from the main diffraction peaks of the corresponding compounds, are
listed in Table 1. The results are consistent with the N2 adsorption/
desorption results. On the one hand, larger metal particles, which
blocked the pores of the support, were expected for CuZn/SiC and
PdCu/SiC. On the other hand, smaller metal particles were found as the
palladium content increased in trimetallic catalysts. These smaller
metal particles partially blocked the β-silicon carbide pores, thus de-
creasing their size. It is important to note that the average particle sizes
for 25PdCuZn/SiC and 37.5PdCuZn/SiC were lower than that of PdZn/
SiC, which suggests that a synergistic effect occurs between metals and
this leads to smaller particles.

To gain an insight into the compounds formed on the surface of the
support, TEM and EDX analyses were carried out on various regions of
the reduced catalysts. As an example, representative results are shown
in Fig. 4 and Table 2, respectively. All catalysts exhibited a Gaussian
particle size distribution and the mean particle sizes evaluated by TEM
are consistent with those obtained by XRD (Table 1). The smallest
particles were found in trimetallic 37.5PdCuZn/SiC. Energy dispersive
X-ray (EDX) microanalysis results revealed that, regardless of the per-
centage of copper, the particles of both trimetallic catalysts contained a
high level of this metal in their structure. The differences in metal
percentages between the other metals (Pd and Zn) confirmed a higher
percentage of palladium in 37.5PdCuZn/SiC. As for PdZn/SiC, it was
observed in all cases a Pd/Zn ratio higher than 1 (1.25 in Region B),
which suggested, in agreement with XRD results, the formation of PdZn
and Pd0 phases during reduction.

Bearing in mind the characterization results obtained to this point, it
is possible to suggest a theory regarding the active phases formed in
each sample during reduction (Fig. 5). On the one hand, the active
phases of bimetallic catalysts should be those expected from XRD – with
the exception of PdZn/SiC, for which the smallest particles found in the
particle size distribution (< 5 nm, Fig. 4d) are probably related to
metallic palladium, since this noble metal is known to disperse well. On
the other hand, the formation of the active phases is more complex in
trimetallic catalysts. According to the representative EDX results listed
in Table 2, in which the atomic percentage of Cu was far higher than
those of Pd and Zn, the first metal that is deposited on the support is
copper, followed by palladium and zinc, which are deposited to form
the PdZn alloy observed by XRD (Fig. 3). In addition, the remaining
palladium is likely to form an alloy (PdCu) with the copper on which it
is deposited. Finally, due to the higher percentage of copper im-
pregnated in 12.5PdCuZn/SiC, isolated copper metal particles are de-
posited, as also observed by XRD (Fig. 3). Outside the regions marked in
Fig. 4, isolated ZnO was expected to deposit because of the higher
percentage of this compound. This fact was confirmed by XPS spectra,
which also provided valuable information that supported the theory
outlined above (see hereafter).

3.4. Metal surface structures

To gain a more in-depth knowledge of the metal surface structures
formed in the catalysts and detect the presence of potential alloys, the
chemical state and the relative surface abundance of copper, palladium
and zinc were evaluated by X-ray photoelectron spectroscopy (XPS).
The Cu 2p, Pd 3d and Zn 2p XPS spectra for the bimetallic and trime-
tallic catalysts are shown in Fig. 6 and the binding energies and the
atomic ratios of all elements are listed in Table 3.

The Cu 2p spectra showed a single peak at around 932 eV, which
corresponds to the 2p3/2 value of metallic copper. As expected, in tri-
metallic catalysts the lower the amount of copper, the lower the in-
tensity of the peak. On the other hand, the low atomic ratios of Cu/Zn
and Cu/Pd demonstrate that copper was not deposited efficiently on the
surface, with levels that are practically negligible in CuZn/SiC and
37.5PdCuZn/SiC. These findings confirm the theory proposed above
(Fig. 5).

As far as the Pd 3d spectra are concerned, the 3d5/2 binding energies
of the peaks observed in trimetallic samples were similar to those re-
ported in the literature for the PdZn alloy (336 eV) [55]. The 3d5/2 peak
of PdZn/SiC was shifted to lower values and this confirmed the pre-
sence of metallic palladium (335 eV) on the surface of the catalyst. This
fact was corroborated by quantification of the Pd/Zn atomic ratios
(Table 3), with a value higher than one obtained for PdZn/SiC. In
contrast, the value for 37.5PdCuZn/SiC was close to one. Finally, the
PdCu/SiC sample also gave the 3d5/2 peak in the binding energy of
metallic palladium (335 eV). In contrast to PdZn, it has been reported in
previous studies [25,56] that the Pd 3d doublet of the bulk PdCu alloy
did not show any peak shift with respect to the pure metal.

Finally, three different profiles were observed in the Zn 2p spectra.
CuZn/SiC and 12.5PdCuZn/SiC showed a peak at 1023 eV, which cor-
responds to the 2p3/2 level of zinc oxide. As to PdZn/SiC, this peak was
shifted to lower binding energies, thus confirming that all of the surface
zinc was used to form the PdZn alloy. The case of 37.5PdCuZn/SiC
warrants a special mention as the 2p3/2 peak maximum appeared be-
tween the values of ZnO and Zn0. In this catalyst, although Pd and Zn
also interacted to form a PdZn alloy, the initial amount of Pd introduced
was lower than that of Zn and the remaining ZnO was observed in the
spectrum. For this reason, in the interpretation of the species distribu-
tion in the catalyst surface (Fig. 5) it was expected that the ZnO would
be present in trimetallic catalysts. In brief, the XPS results support the
theory proposed and are consistent with the results of the character-
ization techniques described above.

3.5. Catalytic activity

The catalytic performance of bimetallic and trimetallic catalysts is
shown in Fig. 7. On the one hand, it can be observed that a higher
reaction temperature led to a higher formation rate of carbon monoxide

Fig. 3. XRD profiles of the reduced catalysts.
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(Fig. 7a). The PdZn/SiC catalyst showed the highest CO formation rate
by the reverse water-gas-shift reaction (RWGS, eq. 3), closely followed
by CuZn/SiC, whereas the behavior of the bimetallic PdCu/SiC was
similar to that observed for trimetallic catalysts. The curves for the
methanol formation rate were different to those for carbon monoxide
(Fig. 7b), with a maximum value observed between 225 and 275 °C

depending on the catalyst. PdCu/SiC did not show any activity towards
methanol and this indicates that the PdCu alloy observed in this catalyst
was not active for methanol production at atmospheric pressure – in
contrast to the situation reported for high pressure conditions
(4.1 MPa), where the PdCu alloy was selective to methanol [25]. The
methanol formation rate for trimetallic catalysts increased as the

Fig. 4. TEM images and metal particle distribution of (a, b)
CuZn/SiC; (c, d) PdZn/SiC; (e, f) PdCu/SiC; (g, h)
12.5PdCuZn/SiC and (i, j) 37.5PdCuZn/SiC samples.
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palladium loading increased, and the curves varied from the CuZn/SiC-
type profile, whose activity to methanol was limited, to the PdZn/SiC-
type profile, in which the PdZn alloy played an important role in me-
thanol formation [24,44]. Interestingly, the methanol formation rate
for 37.5PdCuZn/SiC was higher at 250 and 275 °C than that for PdZn/
SiC, which revealed that the combination of Pd-Cu-Zn improved the
catalytic performance towards methanol synthesis. This attractive be-
havior was observed more clearly in the selectivity towards methanol
(Fig. 7c), where the trimetallic catalyst showed the highest values over
the whole range of temperatures studied. Indeed, the values obtained
with 12.5PdCuZn/SiC, in which only a low level of palladium was de-
posited, were higher than those for PdZn/SiC and CuZn/SiC. This
finding also underlines the synergistic effect produced by the combi-
nation of Pd, Cu and Zn. Finally, the CO2 conversion curves (Fig. 7d)
showed a similar trend to the CO formation rate curves, since these
species were the predominant products at high temperatures. It should
be noted that, even though the catalytic experiments were carried out
under atmospheric pressure, the results are far away from the ther-
modynamic equilibrium values (except at 275 °C) showing that there
are not thermodynamic limitations (see Table 4 where the thermo-
dynamic and experimental results for the 37.5PdCuZn/SiC catalyst are
compared). The thermodynamic equilibrium values were calculated
using a flowsheet simulator (Aspen HYSYS V8.4 licensed by Aspen
Technology,Inc.). Peng Robinson was used as the equation of state and
the reactor modeling was based on a Gibbs reactor. The conditions used
for the simulation (flow rate, CO2/H2 ratio) were the same as in the
experimental reactor.

The catalytic results can be explained by the theory proposed for the
formation of particles on the catalyst surface (Fig. 5). The high CO
formation rate observed in PdZn/SiC was probably due to the presence
of small particles of metallic palladium, which were observed in the
reduced catalyst, and this idea is consistent with previous studies
[22,24]. On the other hand, when trimetallic catalysts were reduced, all
of the metallic palladium interacted with Zn and Cu to form the cor-
responding PdZn and PdCu alloys. This new alloy (PdCu) was not as
active to carbon monoxide as metallic palladium (Fig. 7a) and it can
therefore be concluded that copper acted as an inhibitor of this metal in
trimetallic catalysts, which in turn led to a higher selectivity to me-
thanol. Moreover, it can be seen from the catalyst particle diameters
(Table 1) that trimetallic 37.5PdCuZn/SiC average particle size was

Table 2
Energy dispersive X-ray microanalysis results of regions from Fig. 4.

Atomic%

Element Region A Region B Region C Region D Region E

Cu 78.7 – 68 74.3 62.8
Pd – 55.5 32 5.9 18.9
Zn 21.3 44.5 – 19.8 18.3

Fig. 5. Proposed theory for active phase formation during reduction.

Fig. 6. XPS spectra of reduced catalysts in the Cu 2p, Pd 3d and Zn 2p regions.

Table 3
Binding energies and surface atomic ratios for the bimetallic and tri-metallic catalysts.

Binding Energies (eV) Atomic ratio

Sample Pd 3d 5/2 Cu 2p 3/2 Zn 2p 3/2 Pd/Zn Cu/Zn Cu/Pd

CuZn/SiC – 932.5 1023.3 – 0.09 –
PdCu/SiC 335.3 932.8 – – – 0.16
PdZn/SiC 335.1 – 1021.3 2.04 – –
12.5PdCuZn/SiC 336.1 932.6 1023.2 0.71 0.15 0.21
37.5PdCuZn/SiC 335.7 931.8 1022.8 1.18 0.07 0.06
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lower than that of bimetallic PdZn/SiC. Therefore, the metal particles
were better dispersed in the trimetallic catalyst, probably due to a sy-
nergistic effect between the metals. The higher methanol formation rate
obtained on using 37.5PdCuZn/SiC could be explained by taking into
account two facts: (i) The PdZn alloy particles of this catalyst were
smaller and better dispersed than those of bimetallic PdZn/SiC, and (ii)
once the metallic palladium had been transformed into PdCu alloy,
which was observed to be less active towards CO formation than me-
tallic palladium, the reactant molecules (H2 and CO2) were prone to
react on the PdZn active sites, thus leading to a higher methanol for-
mation rate.

In an effort to demonstrate that the presence of copper is necessary
to obtain a catalyst that is more active and selective to methanol than

Fig. 7. Catalytic activity of bimetallic and trimetallic catalysts. Reaction conditions: CO2/
H2 = 1/9 (v/v) and W/F = 0.008 g min cm−3.

Table 4
Comparison between thermodynamic equilibrium and experimental values for the cata-
lyst 37.5PdCuZn/SiC.

Temperature (°C) Thermodynamic (μmol/min) Experimental (μmol/min)

150 22.24 0.39
175 14.72 0.75
200 10.09 1.47
225 7.14 2.53
250 5.19 3.85
275 3.87 3.82
300 2.95 1.94

Fig. 8. Comparison between the catalytic activity of 37.5PdCuZn/SiC and 37.5PdZn/SiC.
Reaction conditions: CO2/H2 = 1/9 (v/v) and W/F = 0.008 g min cm−3.
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the PdZn/SiC catalyst, a new PdZn/SiC catalyst (37.5PdZn/SiC) was
prepared with molar percentages of 37.5% and 62.5% for palladium
and zinc, respectively. The results for comparison with the corre-
sponding trimetallic catalyst (37.5PdCuZn/SiC) are shown in Fig. 8. It
was observed that the activities to methanol and CO of 37.5PdZn/SiC
were lower and higher, respectively, than those of 37.5PdCuZn/SiC.
These results support the situation described above in that the activity
of 37.5PdZn/SiC to CO was higher because, in the absence of copper,
particles of metallic palladium that led to CO production remained on
the catalyst. At the same time, the activity to CH3OH decreased due to
the high activity of these metallic palladium active sites, which led to
competition between them and the PdZn sites to adsorb H2 and CO2.
Therefore, the contribution of copper in trimetallic 37.5PdCuZn/SiC
proved to be crucial.

Finally, the catalytic performance of 37.5PdCuZn/SiC was com-
pared to the results reported by Iwasa et al. [44], which to the best of
our knowledge is the only study on CO2 hydrogenation at atmospheric
pressure with palladium zinc catalysts (Table 5). Despite the differences
between the catalysts (metal loading, morphology) and the reaction
conditions (463 vs 473 K), it can be asserted that trimetallic
37.5PdCuZn/SiC was more active and, in particular, selective towards
methanol than Pd/ZnO or Cu/ZnO.

In conclusion, the aim of this work was achieved and the trimetallic
catalyst 37.5PdCuZn/SiC proved to be more active and selective to
methanol than the bimetallic PdZn/SiC one. The synergistic effect be-
tween Pd-Cu-Zn is responsible for this promising behavior.

4. Conclusions

The following conclusions can be drawn from this study:

– Cu, Pd and Zn exhibited a synergistic effect in trimetallic catalysts.
On the one hand, Pd interacted with Zn and Cu to form the corre-
sponding PdZn and PdCu alloys, which were selective towards me-
thanol and CO, respectively. On the other hand, the average metal
particle size was generally lower than that of the corresponding
bimetallic catalysts.

– TEM and XPS analyses of trimetallic catalysts suggest that, during
the reduction process, ZnO and Cu were the first compounds de-
posited onto the SiC support and the alloys of PdZn and PdCu were
then formed on top.

– Cu acted as an inhibitor of metallic palladium through the formation
of the PdCu alloy, which was less active towards CO than Pd0.

– The combination of PdZn and PdCu active sites led to highly me-
thanol-selective trimetallic catalysts.

– An optimum trimetallic catalyst (37.5PdCuZn/SiC) was selected as
the best example as it showed the highest methanol formation rate.
Hence, an optimization of the composition of the trimetallic cata-
lysts was performed, which was of crucial interest because of the
high price of palladium.
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