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The study of methanol production using copper–f block element bimetallic oxides as catalysts was under-
taken. Carbon dioxide and hydrogen were used as reagents, but the addition of methane to this mixture
was also studied. Catalysts were obtained by two methods: (i) Controlled oxidation of binary copper–f
block element intermetallic compounds (IC) to obtain IC bimetallic oxides and (ii) impregnation followed
by controlled oxidation to obtain copper–f block element oxide catalysts supported on alumina. Both
types of catalysts proved to be more active for the production of methanol than a commercial Cu based
catalysts (Alfa Aesar, 45776-0500). The selectivity is also very high (>90%), but the incorporation of CH4 to
the feedstock has a negative effect on the catalyst behavior. The best result was that obtained with
copper-cerium IC bimetallic oxide, its intrinsic activity (�900 mLCH3OH/m

2
Cu�h) is 2–9 times higher in com-

parison with the numbers reported in the literature. To our knowledge, copper–f block element bimetallic
oxides were never tested for the synthesis of methanol and the results herein reported are new and among
the best reported until now.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

The synthesis of methanol from CO2 is particularly interesting,
not only as a way to mitigate this greenhouse gas, but also due
to the potential of CO2 as an alternative and economical feedstock
for the production of value-added chemicals [1–3]. Therefore, the
activation of CO2 and its hydrogenation to alcohols or other hydro-
carbon compounds address simultaneously two internationally
important issues: recycle of CO2 and depletion of fossil fuels [4].

On the other hand, methane is an available and abundant feed-
stock, main component of natural gas that can be converted to syn-
gas (hydrogen and carbon monoxide) and commercially used to
produce methanol in two steps [5]: (i) Step 1, natural gas is con-
verted into mixture of carbon monoxide, carbon dioxide and
hydrogen (Eqs. (1) and (2)); and (ii) Step 2, synthesis gas is catalyt-
ically converted into methanol (Eqs. (3) and (4)). Conventional
steam reforming is the simplest and commonly used route to syn-
thesis gas production, but this process results in an excess of
hydrogen. Methanol could be also produced through the partial
oxidation of methane (Eq. (5)).

CH4 þH2O ! COþ 3H2 ðSteam reformingÞ ð1Þ
CH4 þ 2H2O ! CO2 þ 4H2 ð2Þ

COþ 3H2 ! CH3OHþH2 ðFischer TropschÞ ð3Þ

CO2 þ 3H2 ! CH3OHþH2O ð4Þ

CH4 þ 1=2O2 ! COþ 2H2

! CH3OH ðPartial Oxidation of Methane; POMÞ
ð5Þ

Alternatively, dry reforming of methane could be also a valuable
option in the case of natural gas sources containing substantial
amounts of CO2 and any excess of hydrogen produced during con-
ventional steam reforming could react with carbon dioxide or be
added to the dry reforming to, ideally, produce more methanol
(Eqs. (6) and (7)).

CH4 þ CO2 ! 2COþ 2H2 ðDry reformingÞ ð6Þ

CH4 þ CO2 þ 2H2 ! 2CH3OH ð7Þ
The potential use of methanol as fuel is also well known [6]. Many
research groups are working on a single stage process for the man-
ufacture of methanol. The partial oxidation route (Eq. (5)) offers a
single step reaction and the advantage of directly converting
methane to methanol [7,8,2]. Studies for a single step reaction via
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dry reforming are scarce and to our knowledge limited to the pro-
duction of C2 hydrocarbons (ethylene, ethane) [9].

In the last decades, several reviews addressing the synthesis of
methanol have been reported in the literature [10–14]. Liu et al.
[10] reviewed the advances in catalysts for methanol synthesis
via hydrogenation of CO and CO2; Wang et al. [11] briefly discussed
methanol production from CO2; Waugth [12], Ganesh [13] and Vai-
dya et al. [14] present a comprehensive overview of important
investigations on CO2 conversion to methanol. Methanol is typi-
cally produced over copper based catalysts (Cu/ZnO/Al2O3) at high
pressures (50–100 bar) and temperatures of a few hundred degrees
C (200–300 �C). However, the preparation of catalytically active
‘‘copper catalyst” as well as the nature of their active site is, even
today, not entirely understood [15]. Industrial Cu/ZnO-based cata-
lysts are prepared by a co-precipitation method [16], which creates
porous aggregates of Cu and ZnO nanoparticles (NPs, with size
around 10 nm and large Cu surface area, up to �40 m2 g�1) when
enriched copper molar compositions (Cu:Zn � 70:30) are used
[17]. Industrial catalysts contain low amounts of a refractory oxide
as structural promoter [18], in most cases up to �10% Al2O3 in their
composition, and their activity depends both on the specific area
and Cu accessibility. Activity, normally increases with both param-
eters [19,20]. Methanol synthesis over Cu appears to be also a
structure-sensitive reaction [16,21,22]. Another important factor
is the presence of ZnO, which is responsible for the increase in
the activity of Cu-based methanol synthesis catalysts [23,16].
ZnO has the function of a physical spacer between Cu nanoparti-
cles, which helps its dispersion during the catalyst preparation
and favors the synthesis of Cu catalysts with high surface areas
[17].

It is also known that the role of CO it that of a reducing agent
(formation of metallic Cu). Furthermore, it was also observed that
the addition of CO2 to the syngas gaseous feed increases methanol
yield. CO2 can be added up to 30% to the syngas mixture [24] and
today much efforts address the conversion of pure CO2 to metha-
nol. However, as reported by Klier et al. [25] the production of
methanol is promoted even with low concentrations of CO2 in
CO/H2 gaseous feed, but high concentrations of CO2 have an inhib-
ited effect. Chinchen et al. [26] using isotope-labeled 14CO2 con-
firmed that most of the methanol was produced from CO2,
whereas Sahibzada found that it is not the excess of CO2 that is
responsible for inhibition of methanol synthesis [27]. Instead it is
the progressive and increased formation of water (Eq. (4)) that
inhibits the formation of methanol at high concentrations of CO2.
Recently, the active sites for the activation of CO2 and synthesis
of methanol over Cu/ZnO/Al2O3 were identified [15]. They consist
of Cu steps decorated with Zn atoms, where the synergism
between copper and zinc oxide phases is responsible for a dramatic
increase in the interaction with CO2 (the interaction of Cu alone
with CO2 is very poor) that accelerates its transformation into
methanol.

Efforts have been also made to modify and improve the indus-
trial Cu/ZnO/Al2O3 catalyst. As an example, CuO/ZnO/Al2O3 catalyst
activity can be improved by the addition of Pd and the effect was
attributed to the existence of a hydrogen spill over mechanism
[14,28]. Clearly, methanol synthesis via hydrogenation of CO2

remains a top issue and more recently many efforts have been also
put on the development of catalysts capable of operating at low
temperature and near atmospheric pressure [29,30]. However, this
approach is clearly not in the scope of this work.

It was also found that catalyst composition and catalyst prepa-
ration methods have huge influence on their catalytic behavior
[31]. So many other catalysts were tested for the production of
methanol [32–34]. Wang et al. [32] studied the behavior of CuO/
CeO2/ and CuO/YDC/ supported on alumina (YDC means yttria-
doped ceria) and found that they are more active than the classical
CuO/ZnO catalyst, which was attributed to a synergistic effect
between CuO and surface oxygen vacancies of CeO2. Mao et al.
[33] studied a series of Cu/ZrO2 catalysts and found that the pres-
ence of La favors the production of methanol and that selectivity to
methanol correlates with the distribution of basic sites on the cat-
alysts surface. Sun et al. [34] studied the conversion of CO2 to
methanol over a series of La-M-Cu-Zn-O (M = Y, Ce, Mg, Zr) based
perovskite-type catalysts and found that all catalysts are highly
selective to methanol.

Therefore, the presence of f block elements on copper-based
catalysts seems to improve the production of methanol. Actinides
and lanthanides oxides were already studied with success in the
partial oxidation of methane and other catalytic reactions evolving
hydrocarbons [35–42] and the important role of f block element
oxides as catalytic promoters and stabilizers is well established
[43]. Therefore, actinides and lanthanides bimetallic oxides are
promising candidates as catalysts for the conversion of methane
and carbon dioxide into value-added chemicals, but their use for
the production of methanol is, to our knowledge, scarce [32–
34,41].

In our laboratories we have used binary intermetallic com-
pounds of the type LnCu2 (Ln = La, Ce, Pr, Nd) [44], LnNi (Ln = Pr,
Gd, Lu) [45], ThCu2 and AnNi2 (An = Th, U) [46] as copper or
nickel-lanthanide or actinide bimetallic oxide catalytic precursors
(e.g., 3CuO�Ln2CuO4 or 2MO�AnO2, M = Cu, Ni). The bimetallic
nickel-f block element oxides were tested in the partial oxidation
of methane (POM) [47,48] and both systems demonstrated to be
very active and selective for the production of synthesis gas (CH4

conversions �80% and selectivity to H2 and CO �80% at 750 �C).
More recently, the production of light hydrocarbons (ethane and
ethylene) was successfully achieved using methane as feedstock
and nitrous oxide as oxidizing agent over bimetallic copper or cal-
cium or nickel actinide oxides (Th, U) [49,50] and potassium-
lanthanide chloride molten salts (KCl–LnCl3, Ln = La, Ce, Sm, Dy
and Yb) [51]. In common, all these systems have the existence of
a synergism between the transition metal (Ca, Cu, Ni) and the f
block element, that influences their catalytic behavior.

Herein, we present the behavior of two types of copper based
catalysts for the production of methanol using CO2 and H2 as main
reagents. The addition effect of CH4 to this mixture was also stud-
ied. The first type of catalysts was obtained by controlled oxidation
of copper binary intermetallic compounds (CeCu2 and ThCu2) and
the products are IC bimetallic oxides of the type 2CuO�MO2

(M = Ce, Th), whereas the second type of catalysts was obtained
by co-precipitation replacing ZnO in the industrial Cu/ZnO-based
catalysts by an f block element oxide (2CuO�MOx�Al2O3; M = Ce,
Th). All products were characterized by powder X-ray (XRD), nitro-
gen absorption (specific surface area, BET), H2 temperature-
programmed reduction (H2-TPR), CO2 temperature programmed
desorption (CO2-TPD), N2O reactive chemisorption and scanning
electron microscopy (SEM), complemented with energy dispersive
X-ray spectrometry (EDS).

2. Experimental

Intermetallic compounds (IC) containing Cu and f block ele-
ments (LnCu2, Ln = La, Ce and ThCu2) were prepared by direct melt-
ing of stoichiometric amounts of the elements (Goodfellow foil, Cu
99.99+%; La, Ce 99.9%; Th 99.5%) in a homemade arc furnace
equipped with a water-cooled copper crucible under dynamic high
vacuum (10�5 torr). The melting process was repeated at least
three times in order to ensure a perfect homogeneity. The weight
losses were less than 0.5 wt.%. No further thermal treatment was
needed, e.g. annealing, since all compounds melt congruently.
The 2–5 g ingots were kept under nitrogen inside a glove box
(H2O and O2 contents < 5 ppm).
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To obtain the IC bimetallic oxides, IC controlled oxidation under
air (mixture of 20% of O2 in nitrogen, flow 50 mL/min) at 10 �C/min
heating rate up to 900 �C was carried out in a U-shaped quartz
reactor, plug flow type reactor, with a fixed bed (quartz wool)
and an inside volume of 15 cm3. A mass flow controller (Bron-
khorst, EL-flow series) was used to control the oxidation gas flow
of 50 mL/min. For oxidation purpose, typically a 0.1 g ingot and
particle size < 200 Mesh were used.

Bimetallic oxides supported on alumina – (2CuO�MOx�Al2O3;
M = Ce, Th) – were prepared by co-precipitation method, as
described elsewhere [2]. As an example, in order to achieve the
synthesis of the commercial catalyst 2CuO/CeO2/Al2O3, aqueous
solutions of the Cu(NO3)2�2.5H2O (0.4 M), Ce(NO3)3�6H2O (0.2 M)
and Al(NO3)3�9H2O (0.2 M) were prepared and mixed under con-
stant and vigorous stirring and heating. When the solution reached
80 �C, a KOH solution (0.50 M) was slowly added until the corre-
spondent hydroxides precipitates – pH of the solution was kept
in the 9.5–10.5 range. The precipitate was then aged for 48 h, fil-
tered and washed with distilled water until the pH of the solution
reached 7.5. The sample was dried at 100 �C overnight, crushed and
calcined in air at 400 �C for 4 h to yield the desired catalysts. The
same procedure was followed to prepare all the other supported
catalysts in alumina. Deionized water and metallic precursors were
used as received (purity > 99.99%).

Specific surface areas (BET method; single point relative pres-
sure P/P0 = 0.3 using a mixture of 30% nitrogen in helium, flow
20 mL/min) were obtained on a Micromeritics ChemSorb 2720
instrument equipped with a high temperature module option
(APX). Prior to measurements, all samples were degassed at
250 �C for 2 h under N2. CO2-TPD, N2O chemisorption and H2-
TPR, including quantification, were also recorded on this
instrument.

Copper surface area was estimated from the reactive
chemisorption of N2O at 80 �C using the combined method
described by Gervasini [52,53]. This method is based on the mea-
surement of H2 consumption during temperature programmed-
reduction (H2-TPR) after surface oxidation by N2O. Preceding the
analysis, catalyst copper oxide phase is selectively reduced to Cu
under a 10%H2/argon mixture (heating up to 500 �C, at 10 �C/min,
flow 50 mL/min, m � 70–90 mg). Subsequently, a two-step analy-
sis consisting of (i) N2O oxidation of Cu to Cu2O and (ii) H2 tempera
ture-programmed-reduction in the formed Cu2O surface species
(H2-TPR) is performed. This analysis was done on the Micromerit-
ics ChemSorb 2720 instrument and the conditions for step 1 (at
80 �C during 30 min with a mixture of 10% N2O/helium, total flow
50 mL/min) were previously optimized (supplementary material,
Figs. S1 and S2) for such apparatus. After temperature decrease
to 20 �C and cleaning with a pure He stream (50 mL/min) for
30 min, the second step is then performed by heating up to
500 �C at a rate of 10 �C/min under the 10%H2/argon mixture.
Experiments were repeated as a function of N2O partial pressure
in the gaseous phase and temperature of activation (Step 1) and
we have found that H2 consumption (Step 2) is constant and inde-
pendent of the N2O partial pressure (Fig. S1), whereas the appro-
priate temperature for surface oxidation with N2O is between 60
and 140 �C since bulk oxidation of metallic copper was only
detected for temperatures >160 �C. Fig. S2 shows clearly a peak
at �300 �C very near to the reduction temperature of bulk CuO
(�340 �C, not shown). Quantitative H2-uptakes were evaluated
by integration of the experimental H2-TPR curves, based on previ-
ous calibration measurements with the CuO powder (Aldrich,
99.99995% purity) used in this studies (see supplementary mate-
rial, Fig. S3).

CO2-TPD was recorded using a two-step methodology: (i)
before analysis, all catalysts (20–100 mg) were saturated with
CO2 (20 mL/min) at 50 �C for 1 h, followed by cleaning with a pure
He stream (50 mL/min) at the saturation temperature for 2 h; and
(ii) once a stable line was obtained, chemisorbed CO2 was desorbed
by heating from 50 �C up to 1000 �C at a rate of 10 �C/min under a
pure He stream (20 mL/min).

XRD patterns were obtained in reflection geometry with a
PANalitycal X’Pert Pro diffractometer using Cu, ka monochro-
matic radiation (k = 1.5406 Å). The operational settings for all
scans were as follows: voltage = 40 kV; current = 35 mA; 2h scan
range 19–81� using a step size of 0.03� at a scan speed of
0.003�/s. For identification purposes, the relative intensities (I/I0)
and the d-spacing (Å) were compared with standard JCPDS pow-
der diffraction files [54]. The particle size was determined by
means of the Scherrer’s equation [55]. Surface morphology was
recorded using a FE-SEM JEOL JSM-6500F, operating at 15–
20 keV and 80 A. The chemical composition was determined by
EDS, using a B-U Bruker Quantax 400 EDS system (supplementary
material, Table S1).

Catalytic tests were carried out in a U-shaped stainless steel
plug-flow reactor (316S, 350 mm length, 10 mm diameter), with
a fixed bed (Pyrex wool) and an internal volume of 15 cm3. Catalyst
grain size was controlled using a 200 Mesh sieve (0.074 mm),
m = 30–110 mg. Mass flow controllers (Bronkhorst, EL-flow series)
were used to control CH4, CO2, H2 and He flows, whereas the reac-
tor outlet pressure was controlled using a Bronkhorst EL-press ser-
ies digital electronic pressure controller. Gaseous mixtures of CO2/
H2 (1:3 mol/mol) or CO2/H2/CH4 (1:3:1 mol/mol/mol) were used
and the reaction was studied with an adequate Gas Hourly Space
Velocity (GHSV, mL of CO2 converted per g of catalyst and per h)
of 5000–80000 (typically 40000). Unless otherwise stated, 50 bars
and 250 �C were used as standard conditions. The reactor outlet
gas composition was online analyzed by gas chromatography using
two Agilent systems: first, 7820A GC equipped with a flame ioniz-
ing detector (FID) and a HP-PLOT-U capillary column (L = 30 m,
1/8 in., ID = 0.32 mm) for the detection of methanol and other con-
densable products and, second, 4890D GC equipped with a thermal
conductivity detector (TCD) and a Restek ShinCarbon ST column
(L = 2.0 m, 1/8 in., ID = 1 mm, 100/200 mesh) for the detection of
all gaseous reagents and products. Each system uses a 6-port gas
sampling valve with a 0.250 mL loop. Additionally, before TCD
analysis the outlet gas was cooled in an ice-water trap in order
to avoid column contamination, namely by water. Unless stated
otherwise, all pure gases and mixtures were purchased from Air
Liquide and supplied with a Alphagaz 2 purity.

The intrinsic activity (IA) was defined as the volume of metha-
nol formed per m2 of copper per hour (mLCH3OH/m

2
Cu�h). Unless

otherwise stated, the values reported in this paper represent the
steady state activities after 1 h on stream. For mixture A
(CO2 + 3H2), the conversion of CO2, selectivity to CH3OH, CO and
C2 (C2H4 + C2H6) were calculated as follows: Conv. CO2 (%) =
{([CO2]i � [CO2]o)/[CO2]i} � 100; Sel.CH3OH (%) = {[CH3OH]o/([CO2]
i � [CO2]o)} � 100; Sel.CO (%) = {[CO]o/([CO2]i � [CO2]o)} � 100
and Sel.C2 (%) = {2 � [C2]o/([CO2]i �[CO2]o)} � 100, where [CO2]i
is the inlet flow rate of carbon dioxide and [CO2]o, [CO]o and [C2]o
are outlet flow rates of carbon dioxide, carbon monoxide and C2
hydrocarbons. For mixture B (CO2 + CH4 + 3H2), the conversion of
CH4, selectivity to CH3OH, CO and C2 (C2H4 + C2H6) were calculated
as follows: Conv.CH4 (%) = {([CH4]i � [CH4]o)/[CH4]i} � 100;
Sel.CH3OH (%) = {[CH3OH]o/([CH4]i � [CH4]o)} � 100; Sel.CO (%) =
{[CO]o/([CO2]i � [CO2]o)} � 100 and Sel.C2 (%) = {2 � [C2]o/([CH4]i �
[CH4]o)}�100, where [CH4]i is the inlet flow rate of methane and
[CH4]o, [CO]o and [C2]o are outlet flow rates of methane, carbon
monoxide and C2 hydrocarbons. Detector calibration was guaran-
teed using external reference mixtures of all reagents (CH4, CO2,
H2) and expected products (CH3OH, C2H5OH, CO, C2 hydrocarbons).
The confidence level was better than 95%. For comparison purposes,
a commercial copper based methanol synthesis catalyst (Alfa Aesar,
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Product ID: 45776; Certificate of Analysis, wt.%: CuO 63.5, ZnO 24.7,
Al2O3 10.1 and MgO 1.3) was purchased and used as received.
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Fig. 2. Bimetallic oxides supported on alumina X-ray diffraction patterns: (a and c)
before reaction and (b and d) after reaction for Cu commercial and 2CuO�ZnO�Al2O3,
respectively.

(A)
3. Results and discussion

3.1. Catalyst characterization

IC bimetallic oxides and bimetallic oxides supported on alumina
were characterized by powder X-ray diffraction (Figs. 1 and 2,
respectively). The oxide phases observed are those expected (only
representative cases are shown), which were confirmed by the
standard JCPDS powder diffraction files [54]; namely: CuO, La2-
CuO4, CeO2 and ThO2 for the IC bimetallic oxides; CuO, ZnO, CeO2

and ThO2 for the bimetallic oxides supported on alumina. After
reaction, the main change is the reduction of Cu2+ to Cu0, but in
the case of the lanthanum catalyst such reduction is observed for
the CuO phase and for the La2CuO4 ternary oxide phase with for-
mation of Cu0 and La2O3. Other oxide phases subject to reduction,
e.g. ZnO, CeO2, show good stability under the experimental condi-
tions employed.

These results agree with those reported by other authors that
studied the synthesis of methanol over copper–f block compounds
[56]. So it can be said that all binary copper–f block element inter-
metallic compounds act mainly as catalyst precursors since during
reaction and due to the presence of H2 they undergo reduction in
the copper oxide phase (formation of Cu). Moreover, in the case
of the commercial catalyst, the reduction of Cu2+ to Cu0 was also
observed but not the reduction of ZnO (the XRD patterns observed
after reaction are only those of Cu and ZnO, data not shown).

SEM images show that IC bimetallic oxide catalysts have a
smooth surface morphology, which is built upon the aggregation
of small particles (Fig. 3), whereas the bimetallic oxides supported
on alumina have a rough surface and particles that present a ran-
dommorphology (Fig. 4). EDS mapping confirms that, in both types
of samples, metals are homogeneously distributed at the catalyst
surface.

Figs. 5 and 6 show selected H2-TPR profiles for the fresh IC
bimetallic oxides and co-precipitation bimetallic oxides supported
on alumina, respectively. The reduction profile of pure CuO is char-
acterized by a single peak at 373 �C (Fig. 5), in agreement with
other results reported before [57]. ThO2 and CeO2 reduction does
not occur in this temperature range [46], which is confirmed by
XRD data obtained after H2-TPR. IC bimetallic oxides present a
one-step reduction profile assigned to the reduction of the copper
oxide phase that takes place at higher reduction temperatures than
that observed for the Cu commercial catalyst.
0

200

400

600

800

1000

1200

20 30 40 50 60 70 80

In
te

n
si

ty
 / 

a.
u.

2

La2CuO4

ThO2

CuO
Cu

a)

c)

b)

Fig. 1. IC bimetallic oxides X-ray diffraction patterns: (a and b) before reaction,
3CuO�La2CuO4 and 2CuO�ThO2, respectively; (c) after reaction, 2CuO�ThO2.

(B)

Fig. 3. SEM images of (A) 3CuO�La2CuO4 and (B) 2CuO�ThO2 before reaction (inserts
5000� magnification; EDS maps: red copper; f block element green).
In contrast, the bimetallic oxides supported on alumina present
a more obvious two-step reduction profile, pointing to the exis-
tence of two types of CuO species (Fig. 6). In the case of the IC
bimetallic oxides this cannot be also excluded, especially in the
case of CuO�ThO2 that presents a broad shoulder not resolved in
the TPR profile. In general, the reduction temperatures of
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Fig. 4. SEM images of (A) 2CuO�ZnO�Al2O3, and (B) 2CuO�CeO2�Al2O3 before reaction
(inserts 4000� magnification; EDS maps: red copper; zinc or cerium green, oxygen
blue).
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bimetallic oxides supported on alumina are lower than those of the
IC bimetallic oxides, the lowest reduction temperature being
obtained for 2CuO�ZnO�Al2O3 (191 �C). All alumina supported cata-
lysts present higher reduction temperatures than the commercial
catalysts (225 �C), except 2CuO�ZnO�Al2O3. However, a comparison
with pure CuO supported on alumina (CuO�Al2O3) shows a
reduction behavior that in the case of the cerium based catalyst
is comparable (�240 �C), whereas in the case of the thorium based
catalyst it is significantly higher (266 versus 242 �C).

It can be concluded that all co-precipitation bimetallic oxides
reduce in the same temperature range (191–266 �C) whereas the
IC bimetallic oxides reduce at higher temperatures (272–357 �C),
meaning a higher resistance toward reduction and CuO species less
labile and available for oxidative catalytic processes. Moreover, the
oxygen lability on the cerium based catalysts is very similar to that
of pure CuO or CuO supported on alumina, whereas in the case of
the thorium based catalysts it is very different and certainly will
have an influence on their catalytic properties.



Table 1
Characterization of copper bimetallic oxide catalysts by XRD and SEM/EDS before
reaction.

Catalyst XRD SEM/EDS

Before After L (nm)a Cu/Mb Cu/Alc

3CuO�La2CuO4 CuO, LaCuO4 Cu, La2O3 29.1 2.8 –
2CuO�CeO2 CuO, CeO2 Cu, CeO2 25.2 2.3 –
2CuO�ThO2 CuO, ThO2 Cu, ThO2 32.1 1.9 –
Cu Commercial CuO Cu 33.9 2.6 3.5
2CuO�ZnO�Al2O3 CuO, ZnO Cu, ZnO 10.6 2.5 n.d.d

2CuO�CeO2�Al2O3 CuO, CeO2 Cu, CeO2 17.8 2.1 6.2
2CuO�ThO2�Al2O3 CuO, ThO2 Cu, ThO2 18.4 2.2 2.4
CuO�Al2O3 CuO Cu 18.4 – 31.8
CuO CuO Cu – – –

a L: CuO crystallite size (Scherrer’s equation, monoclinic system hkl (111)).
b Atomic ratios for M = La, Ce, Th, Zn. Theoretical values: Cu/M = 2.0.
c Atomic ratios are higher than expected (Cu/Al = 1.0); a known problem due to

an underestimated Al signal [61].
d n.d., not detected.
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Fig. 8. Catalytic behavior of IC bimetallic oxides and bimetallic oxides supported on
alumina in terms of (A) CO2 conversion, (B) intrinsic activity (IA) and (C) methanol
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In order to compare all catalysts and to improve the under-
standing of their catalytic fundamental behavior, metallic copper
surface area was estimated from the reactive chemisorption of
N2O using the modified method described by Gervasini [52,53].
The obtained H2-TPR profiles are reported in Fig. 7. They show only
one peak at low temperature (100–200 �C), but in the case of pure
CuO, a second peak can be observed at higher temperature which
indicates that even for a selective oxidation with N2O at 80 �C some
bulk copper oxidation occurs. The low temperature peak, as sug-
gested by Gervasini [53], was attributed to the reduction in the
surface Cu2O species formed after the reactive chemisorption of
N2O (Cu2O + H2 ? 2Cu + H2O) and used to determine the values
of copper surface area of all the samples (the formulas are
described in Refs. [54,55]).

In the case of the IC copper bimetallic oxides, the peak shape is
very similar for all samples which are not the case for the copper
supported catalysts on alumina, including the commercial catalyst.
Commercial and supported alumina catalysts containing f block
elements (2CuO�CeO2�Al2O3 and 2CuO�ThO2�Al2O3) present broader
peaks (well separated in the case of the cerium sample) that could
be attributed to some interactions (synergism) between copper
and the f-block element. Tables 1 and 2 compile the characteriza-
tion data obtained by XRD, BET, H2-TPR and N2O reactive
chemisorption. EDS confirms that Cu content at surface is very
close to the theoretical values.

3.2. Catalytic results

Fig. 8 shows the catalytic behavior of IC bimetallic oxides and
bimetallic oxides supported on alumina for the production of
methanol using either CO2 + H2 (1:3) or CH4 + CO2 + H2 (1:1:3)
Table 2
Characterization of copper bimetallic oxide catalysts by H2-TPR, BET and N2O chemisorption.

Catalyst Surface area H2-TPR (fresh) H2-TPR (after N2O chemisorption)

m2/gcat m2/gCu Tm (�C) molH2
/molcata Tm (�C) 10�2 molH2

/gCu

3CuO�La2CuO4 2.9 1.4 – – 99.0 7.3
2CuO�CeO2 5.1 1.2 357.2 481.4 1.5 (2.0) 106.0 6.3
2CuO�ThO2 2.7 1.1 272.0 1.4 (2.0) 115.0 6.1
Cu Commercial 91.3 17.0 225.0 638.8 2.6 (–) 112.0 131.7
2CuO�ZnO�Al2O3 28.7 3.1 240.2 707.1 2.3 (2.0) 125.0 15.5
2CuO�CeO2�Al2O3 78.6 9.1 208.4 242.1 976.9 2.7 (2.5) 122.0 35.0
2CuO�ThO2�Al2O3 88.1 5.9 230.2 265.5 2.4 (2.0) 102.0 18.4
CuO�Al2O3 25.5 4.3 244.9 1.4 (1.0) 131.0 24.7
CuO 15.3 2.1 383.0 1.0 (1.0) 194.0 0.8

a Theoretical values between parentheses based on TPR final products (confirmed by XRD analysis): 2Cu�CeO2; 2Cu�ThO2; 2Cu�ZnO�Al2O3; 2Cu�CeO2�Al2O3; 2Cu�ThO2�Al2O3;
Cu�Al2O3; Cu.



Table 3
Comparison of this work results and data from other studies using CO2 and H2 as reagents.

Catalysta Ref. Conversion CO2 (%)b Yield (mLCH3OH/gcat�h)b IA (mLCH3OH/m
2
Cu�h)b Selectivity CH3OH (%)b

3CuO�La2CuO4 � (1.5) � (437.6) � (319.4) � (73.5)
2CuO�CeO2 1.0 (–) 1093.6 (–) 911.3 (–) 92.9 (–)
2CuO�ThO2 1.2 (1.4) 458.8 (418.3) 392.1 (357.6) 94.3 (76.1)
Cu Comm 10.2 (16.0) 4018.7 (6025.0) 236.5 (354.6) 98.4 (94.2)
2CuO�ZnO�Al2O3 12.9 (15.3) 1641.6 (585.3) 531.3 (189.4) 93.8 (95.3)
2CuO�CeO2�Al2O3 8.1 (1.9) 2925.9 (569.6) 323.3 (62.9) 90.0 (74.0)
2CuO�ThO2�Al2O3 6.4 (7.8) 2350.5 (2826.4) 401.1 (482.3) 92.2 (89.2)
Cu/ZnO/Al2O3 [62] 7.0 (–) 492.8 (–) 25.5 (–) 65.2 (–)
+2%Rh [62] 10.6 (–) 672.0 (–) 43.9 (–) 59.6 (–)
CZA01 [63] 19.3 (–) – (–) 3.4 (–) 22.3 (–)
Cu�Zn�Zr�Ga�Y [59] – (–) 2128.0 (–) (–) (–)
CuO�ZnO (30/70 w/w) [64] 9.8 (–) 201.6 (–) – (–) 62.0 (–)
Cu/Zn/Ga/SiO2 [65] 5.6 (–) 244.2 (–) – (–) 99.5 (–)
Cu/Ga/ZnO [66] 6.0 (–) 264.3 (–) – (–) 88.0 (–)
Cu/ZrO2 [67] 6.3 (–) 250.9 (–) – (–) 48.8 (–)
Cu/Ga/ZrO2 [68] 13.7 (–) 42.6 (–) – (–) 75.5 (–)
Cu/Zn/ZrO2 [69] 21.0 (–) 125.4 (–) – (–) 68.0 (–)
Ag/Zn/ZrO2 [69] 2.0 (–) 11.2 (–) – (–) 97.0 (–)
Pd/Zn/ZrO2 [70] 6.3 (–) 24.6 (–) – (–) 99.6 (–)

a This work and literature best results.
b Between parentheses the values obtained with the mixture containing methane.
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Fig. 9. Influence of the reaction parameters on the activity (A) and selectivity (B) of
copper-cerium IC bimetallic oxide (2CuO�CeO2) for the production of methanol.
Data obtained at 250 �C using the mixture CH4 + CO2 + H2 (1:1:3) (P (pressure, bar),
H2/CO2 (molar ratio, mol/mol) and GHSV (mLCO2

/m2
Cu�h)). Due to graphical require-

ments, the values of the late two parameters (H2/CO2 and GHSV) were multiplied by
10 and divided by 1000, respectively.
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mixtures as feedstock. Several conclusions can be drawn from such
results:

i. Conversion of CO2 is much lower over IC bimetallic oxides
when compared to that obtained over bimetallic oxides sup-
ported on alumina or the commercial catalyst (Fig. 8A);

ii. All copper–f block element oxides proved to be more active
in terms of catalyst intrinsic activity for the production of
methanol using CO2 and H2 as reagents than the commercial
Cu catalyst (Fig. 8B);

iii. The selectivity to methanol is also very high (>90%) (Fig. 8C)
and

iv. In general, addition of methane has a negative effect on cat-
alytic activity and selectivity to methanol. However, it seems
less pronounced over the IC bimetallic oxides (Fig. 8B and C).

A maximal IA of �900 mLCH3OH/m
2
Cu�h was obtained over the

copper-cerium IC bimetallic oxide, but the IA of IC bimetallic oxides
and bimetallic oxides supported in alumina is higher than that mea-
sured for the commercial catalyst (reaction without methane) and
2–9 times higher than the numbers reported in the literature
(Table 3). Despite the difficulty in obtaining values in the same units,
comparison of our results with other relevant data shows that our
catalyst has a much higher activity at comparable pressure and tem-
perature, but at higher GHSV, than that of the Cu catalysts reported
in the literature. They clearly display a remarkable catalytic behavior
for the synthesis of methanol that is even more important due to the
use of CO2 and CH4 as feedstock, which confirms the potentialities of
this type of compounds.

Other factors, such as the H2/CO2 ratio, the reaction pressure
and the gas hourly space velocity (GHSV), increase the catalyst
activity, but the selectivity to methanol seems quite stable and
insensitive to such parameters. Fig. 9 presents the results obtained
over the copper-cerium IC bimetallic oxide.

It can be seen that increasing the hydrogen on the gaseous
phase increases the catalyst activity, reaching a steady state situa-
tion at H2/CO2 ratiosP 3. Concerning the pressure, its increase
leads to an increase in the catalyst activity that achieves a maxi-
mum at PP 50 bars. Finally, catalyst IA increases in a linear way
with GHSV without influence on the methanol selectivity, which
confirms the nonexistence of mass or heat diffusional problems.

To our knowledge, copper–f block element bimetallic oxides
have never been tested for the synthesis of methanol and the
results report herein are a novelty, even when compared to those
obtained over classic impregnated catalysts. Oxygen lability is an
important factor that rules catalysts behavior on oxidative reac-
tions [58]. However, in this work it seems not to be the key factor.
H2-TPR results show what seems to be an inversion correlation
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between copper oxygen lability and catalyst behavior for the pro-
duction of methanol: those more active tend to have oxygens that
are more stable toward reduction. In the case of IC bimetallic oxi-
des, 2CuO�CeO2 is more active than 2CuO�ThO2, whereas for the
bimetallic oxide catalysts obtained by co-precipitation,
2CuO�ThO2�Al2O3 is more active than the cerium analogue, follow-
ing an inverse correlation with the H2-TPR reduction maximum
temperatures.

One possible explanation lies on the active sites and structure-
activity relationships. In particular, microstrain in copper crystal-
lites is a structural parameter that can influence the activity of
Cu-based catalysts on a number of reactions, namely methanol
synthesis [59]. Good catalysts were found also to have large Cu
microstrain and lower crystallite size, which enhances their perfor-
mance for the production of methanol. In this work, we have found
that the behavior of the supported catalysts on alumina follows
such trends (Fig. 10), except perhaps the Cu/Ce catalysts, whereas
the neither the crystallite size nor the lattice strain seems to have a
relevant influence on the methanol yield obtained over the copper-
IC bimetallic oxides. In the case of data obtained for the reaction
CO2 + 3H2 we can also point what it seems an inverse correlation
between catalytic activity and size or lattice strain. However, fur-
ther work is needed to explain this result.

Other hypotheses that may explain the performance of the cop-
per–f block element bimetallic oxides include the catalysts acid-
base properties or the existence of synergism between the CuO
and the f block element oxide phase. Catalysts acid-base properties
are key parameters and our results show that the basicity of the IC
bimetallic oxides is very similar among them, which doesn’t
explain its catalytic behavior. The lower value observed for the cer-
ium compound can be explained by the acidic contribution of the
cerium oxide phase (CeO2) that is more acid than ThO2 [50,60]).
In contrast, the basicity of the supported catalysts on alumina is
higher, depends on the f block element and seems to be aligned
with the catalyst activity for the production of methanol (Fig. 11).

IC bimetallic oxides can be described as copper oxide embedded
in a matrix of lanthanide or actinide oxides with an enhanced syn-
ergism between the CuO and the f block element oxide phase.
Higher electron density on the d metal has been indubitably con-
firmed in the case of intermetallic nickel-actinide compounds
[37] and the existence of a synergism between the CuO and the f
block element oxide phase was already recognized [49]. Therefore,
in spite of less labile copper oxygen species, the IC bimetallic oxide
catalytic behavior could benefit from a closer interaction between
the copper and f block element oxide phase. Due to this proximity,
an electronic share between the two metals can occur in a more
efficient way, which is not the case for the catalysts obtained by
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co-precipitation that presents much higher specific surface areas
and Cu sites more disperse with smaller interaction with the f
block element. The result is an electronic enrichment of the d ele-
ment present in the IC bimetallic oxides (catalysts increased basic-
ity) and a better catalytic performance for the production of
methanol. However, further work is needed in order to confirm
such hypothesis for copper based catalysts.
4. Conclusions

Copper-IC bimetallic oxides were tested as catalysts for the pro-
duction of methanol using greenhouse gases (CO2, CH4) and hydro-
gen as feedstock. For a better analysis and understanding, their
results were compared with those obtained with co-precipitation
copper–f block element oxide catalysts supported on alumina
and with a methanol commercial catalyst. All copper–f block ele-
ment oxides proved to be more active in terms of catalyst intrinsic
activity for the production of methanol using CO2 and H2 as
reagents than the commercial Cu catalyst. The selectivity is also
very high (>90%), but the incorporation of CH4 to the feedstock
has a negative effect on the catalyst behavior. The best result
was obtained with copper-cerium IC bimetallic oxide; its intrinsic
activity (�900 mLCH3OH/m

2
Cu�h) is 2–9 times higher in comparison

with the numbers reported in the literature. A possible explanation
for such behavior lies in the possibility of a synergetic interaction
between CuO and the f block element oxide phases that would be
responsible for an electronic enrichment of the d element and conse-
quent increase in catalytical activity. To our knowledge, copper–f
block element bimetallic oxides were never tested for the synthesis
of methanol. The results herein reported are quite promising, but
more studies have to be done aiming, for example, the increase in
CO2 conversion through the preparation of IC bimetallic oxides with
higher specific areas.
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