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Abstract. Herein, we show that gallium oxide can function as an efficient promoter for the Cu-
catalysed hydrogenation of cinnamaldehyde. SBA-15-supported Cu–Ga2O3 nanoparticles with a con-
stant Cu loading of 5 wt% and two Cu/Ga weight ratios of 5 and 2, respectively, were synthesised by
incipient wetness impregnation followed by mild drying. Physico-chemical characterisation revealed
that the metal dispersion, and thus the active surface area of copper, can be enhanced nine-fold upon
the addition of gallium promoter, boosting the catalytic activity as compared with the unpromoted
Cu/SBA-15 catalyst. Likewise, the presence of Ga2O3 improved the selectivity to cinnamyl alcohol.
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Résumé. Ce travail montre que l’oxyde de gallium est un promoteur efficace pour l’hydrogénation du
cinnamaldéhyde catalysée par le cuivre. Des nanocatalyseurs Cu–Ga2O3 supportés sur SBA-15, avec
une teneur en Cu constante (5% pds) et deux rapports massiques Cu/Ga (5 et 2), ont été préparés par
imprégnation à humidité naissante — séchage en conditions douces. Les caractérisations physico-
chimiques réalisées montrent que la dispersion de la phase métallique et donc la surface active du
Cu, peut être augmentée d’un facteur 9 par l’addition du promoteur. Cela permet d’atteindre des
activités catalytiques améliorées par rapport au catalyseur Cu/SBA-15. La présence de Ga2O3 permet
également d’augmenter la sélectivité en alcool cinnamique.

Keywords. Copper, Gallium, Nanoparticles, SBA-15, Hydrogenation, Cinnamaldehyde.
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1. Introduction

Supported metal nanoparticles (MNPs), both noble
(e.g., Pt, Pd, Au) and non-noble (e.g., Co, Ni, Cu), are
widely used as hydrogenation catalysts for the pro-
duction of bulk chemicals, fine chemicals, clean fu-
els and removal of pollutants [1,2]. For such appli-
cations, the catalysts are usually tailored under the
form of nanosized metal particles carried by porous
oxide supports [3]. It has been reviewed that many
factors, including the particle size, shape, chemi-
cal composition and oxidation state, metal–support
interaction, and metal–reactant/solvent interaction
can influence the catalytic performances of sup-
ported MNPs [4,5]. For instance, decreasing the par-
ticle size of MNPs in the small range (<5 nm) can
greatly enhance the metal dispersion, and thus the
active surface area exposed to reactants, which boost
the catalytic performance [6,7].

Among various supported MNPs, the Cu NPs have
generated a rapid growth of interest in catalysis be-
cause copper is relatively inexpensive and abundant
in nature [8]. In this regard, supported Cu NPs show
promising catalytic activity and selectivity for many
important hydrogenation reactions, such as the hy-
drogenation of esters, carboxylic acids, ethers, fu-
ranic compounds, CO2, and, in particular, the hy-
drogenation of α, β-unsaturated aldehydes, like cin-
namaldehyde [8–10]. The last catalytic reaction is
very interesting from a fundamental point of view
(i.e., the control of chemoselectivity: C=O vs C=C
bond hydrogenation) and for the fine chemicals in-
dustry, as well (i.e., the hydrogenation products:
cinnamyl alcohol, hydrocinnamaldehyde, and hy-
drocinnamyl alcohol are used for the production of
flavours and perfumes, pharmaceuticals, agrochem-
icals etc.) [11–14]. The control over the size and sta-
bility of the supported Cu NPs to maximize catalytic

activity is however difficult, especially at a high load-
ing of copper on silica (≥5 wt%), due to the par-
ticles growth by migration and coalescence of the
very mobile copper species, and Ostwald ripening
upon the high-temperature catalyst calcination and
reduction steps and/or operation, causing a partial
or even a total loss of the active surface [15,16].
As a result, albeit copper has been introduced onto
high-surface area mesoporous silica supports by in-
cipient wetness impregnation (IWI), large Cu parti-
cles have been obtained upon calcination and reduc-
tion, with a poor dispersion of copper, a low capacity
to activate H2, and, consequently, with an insignifi-
cant catalytic performance in the hydrogenation of
cinnamaldehyde [17–20].

Several strategies have been tested to mitigate the
poor dispersion of Cu NPs obtained by IWI, namely
controlled calcination conditions [15], drying at am-
bient temperature [21], IWI followed by mild drying
(IWI-MD) [17,22] or vacuum–thermal treatment [23].
It is worthy of mention that IWI is still the synthe-
sis method of choise for both academia and industry
due to some sustainability-related features, includ-
ing versatility, convenience, small amount of solvent
(typically water), availability and low cost of metal
sources (typically hydrated metal nitrates), high pu-
rity of metal precursor phases (typically metal ox-
ides), and limited production of waste [3]. Nonethe-
less, the experimental results indicated that the sta-
bility of Cu NPs obtained by IWI over mesoporous sil-
ica is far from being solved. Therefore, other strate-
gies have been proposed, such as the addition of
a second metal to Cu (e.g., Ni, Cr, Co) [17,18,20,22,
24], the incorporation of Al heteroatoms into the
mesoporous silica support [19], and the functional-
ization or pore occlusion of mesoporous silica sup-
ports by non-ionic surfactants [24–27]. This way,
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a significant improvement of dispersion and cat-
alytic performance of copper in the hydrogenation
of cinnamaldehyde has been obtained. As an ex-
ample, we recently reported that the incorporation
of 20 wt% Al2O3 in the SBA-15 support structure
leads to an increase of copper dispersion by a fac-
tor of 6 compared with the pure siliceous SBA-15-
supported catalyst (25.6 vs 4.6%), when Cu has been
introduced by IWI-MD. It means a decrease of the
particle size of Cu NPs to the small-size range (from
21.6 to 3.9 nm) [19]. As consequence, a high cat-
alytic activity was demonstrated for the cinnamalde-
hyde hydrogenation (TOF of 6× 10−3 s−1 at 110 °C).
Noteworthy, the incorporation of Al provided surface
Lewis acidic sites that favoured the transformation of
cinnamaldehyde into cinnamyl alcohol by C=O bond
hydrogenation on dual metal-electron deficient Cu0–
Alδ+ sites, demonstrating hence a high chemose-
lectivity towards the unsaturated alcohol (∼50% at
∼40% conversion of cinnamaldehyde), close to that
of a mesoporous alumina-supported system. In an-
other example, it has been reported that by compari-
son with the monometallic Cu/SBA-15, the bimetallic
Cu–Cr/SBA-15 catalysts obtained by IWI-MD show
improved chemoselectivity towards cinnamyl alco-
hol (∼50%), yet at a low reaction rate (∼10% conver-
sion of cinnamaldehyde) [18]. The authors correlated
the catalytic activity with the particle size of copper,
whereas the high selectivity to the unsaturated alco-
hol has been explained by the presence of dual Cu0–
Crδ+ sites. Therefore, to design performance copper
catalysts for the hydrogenation of α, β-unsaturated
aldehydes, like cinnamaldehyde, it is compulsory to
synthesize highly dispersed Cu0 sites capable to ac-
tivate H2, promoting the catalytic activity in hydro-
genation, in junction with positively charged Mδ+

metal sites, to preferentially interact, and then, ac-
tivate the C=O groups of cinnamaldehyde molecule,
promoting the catalytic selectivity to the unsaturated
alcohol. Examples from literature validate this hy-
pothesis (e.g., Cu–Zn–Al, Pt–Sn, Pt–Fe, Pt–Ga metal–
metal oxide catalysts) [28–31].

Considering all of the above aspects, in this study
we applied the IWI-MD synthesis method and we
used a high-surface area ordered mesoporous SBA-
15 silica support to investigate the gallium oxide
promoter effect for the Cu NPs-catalysed hydrogena-
tion of cinnamaldehyde. Emphasis was put on the
effect of the Cu/Ga weight ratio on the dispersion

of copper. Ga is a p-block metal that has an oxi-
dation state of +3 in most of its compounds. Pre-
vious studies revealed that Ga2O3 exposing Lewis
acidic sites was the major phase presented on the
SBA-15 silica surface after calcination, when Ga was
introduced by IWI [32]. Hence, it can be possible
to generate electron deficient Gaδ+ sites with affin-
ity to the C=O groups, near the metallic Cu0 sites.
There are few encouraging reports on the efficient
Ga2O3 promotion for other Cu NPs-catalysed se-
lective hydrogenation reactions, such as the hydro-
genation of CO2 to methanol over CuZnGaOx [33],
Cu–Ga2O3/ZrO2 [34], Cu–Ga2O3–ZnO/ZrO2 [35,36],
Cu–Ga2O3/SiO2 [37–39], Cu–Ga2O3–ZnO/SiO2 [40],
and Cu–Ga2O3–ZnO/HZSM-5 [41]. Nevertheless,
the Ga2O3 promoter effects are little studied for
the hydrogenation of α, β-unsaturated aldehydes
(i.e., the hydrogenation of citral over Pt–Ga2O3/C,
and the hydrogenation of cinnamaldehyde over
Cu–Ga2O3/HNZY) [30,42]. A combination of XRD,
TEM/EDXS, N2 physisorption, H2-TPR, and N2O
chemisorption analyses allowed us to correlate the
structural, textural and reducible properties of the
Cu–Ga2O3/SBA-15 nanomaterials with their catalytic
performances in terms of activity and selectivity.

2. Experimental

2.1. Chemicals

All chemicals required to prepare the support and
the catalysts were used as purchased: tetraethy-
lorthosilicate (Si(OC2H5)4, TEOS, 98%, Sigma-
Aldrich), non-ionic triblock copolymer Pluronic P123
(poly(ethyleneoxide)-block–poly-(propyleneoxide)-
block–poly(ethyleneoxide)-block, EO20PO70EO20,
molecular weight = 5800, BASF Corp.), distilled wa-
ter, hydrochloric acid (HCl, 37%, Sigma-Aldrich),
copper nitrate (Cu(NO3)2·3H2O, 99.9%, Sigma-
Aldrich), and gallium nitrate (Ga(NO3)3·xH2O,
99.9%, Sigma-Aldrich). For the cinnamaldehyde
hydrogenation, the chemicals were also used as pur-
chased: trans-cinnamaldehyde (C6H5C3H3O, 98%,
Merck) as reagent and isopropanol (C3H8O, 99.9%,
Sigma-Aldrich) as solvent.

2.2. Materials synthesis

SBA-15 ordered mesoporous silica support was syn-
thesized according to the procedure proposed by
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Zhao et al. [43]. 4 g of Pluronic P123 surfactant was
first dissolved in a 1.6 M HCl solution at 40 °C. Then,
8.5 g of TEOS was added dropwise to the surfac-
tant solution, and the mixture was kept under mag-
netic stirring for 24 h. The resulting gel was subjected
to hydrothermal treatment at 100 °C for 48 h. Af-
ter recovering by filtration, washing, and drying, the
as-made mesoporous silica was calcined in a muf-
fle oven under stagnant air at 550 °C for 6 h (heat-
ing rate of 1.5 °C·min−1) to completely remove the
surfactant.

SBA-15-supported catalysts were prepared by
incipient wetness impregnation using aqueous
solutions of copper and gallium nitrates, followed
by mild drying (25 ± 1 °C under air for 5 days), ac-
cording to our earlier reported IWI-MD method [22].
The impregnates were submitted to calcination in
a muffle oven under stagnant air at 500 °C for 6 h
(heating rate of 1.5 °C·min−1) in order to obtain the
oxide forms of catalysts. The metallic forms of cop-
per catalysts were obtained by reduction under hy-
drogen flow (1 L·h−1) at 500 °C for 10 h (heating rate
of 6 °C·min−1). The nominal Cu loading was kept
constant at 5 wt%, whereas the nominal Ga loadings
were set at 1.0 and 2.5 wt%, resulting in two different
Cu/Ga weight ratios of 5 and 2. Accordingly, the sam-
ples were labeled as CuGa5/SBA-15 and CuGa2/SBA-
15, respectively. A Ga-free Cu/SBA-15 sample was
also prepared by the same method and used as a
reference material.

2.3. Materials characterisation

Inductively coupled plasma optical emission spec-
trometry (ICP-OES) was performed on a Perkin se-
quential scanning spectrometer to determine the
loadings of copper and gallium in the catalysts. Be-
fore analysis, a known amount of calcined sample
was introduced in a diluted HF-HCl solution and
then digested under microwave.

Powder X-ray diffraction (XRD) at high-angle was
performed on a Bruker AXS D5005 X-ray diffractome-
ter, using Cu Kα radiation (λ= 1.54184 Å). Data were
collected in the 2θ range 10°–80° with a step of 0.05°
(step time of 8 s). Phase identification was made by
comparison with the ICDD database. The average
size of CuO crystallites was calculated with the Scher-
rer equation applied to the most intense diffraction
lines at 35.5° and 38.7°.

Nitrogen physisorption at −196 °C was carried out
on an Autosorb 1-MP automated gas sorption sys-
tem from Quantachrome. Prior to analyses, the cal-
cined samples were outgassed under high vacuum
at 350 °C for 3 h. Being thermally stable and pre-
senting zeolite-like intrawall micropores beside the
mesopores, the calcined SBA-15—derived materials
should be outgassed at temperatures above 200 °C
(ideally 350–400 °C) to clean the surface from any
adsorbed impurity (mainly water) [44]. The textu-
ral properties were calculated from the correspond-
ing isotherms using conventional algorithms (BET
for specific surface area, t-plot method for micropore
surface area and NL-DFT for pore size distribution).
The normalized BET surface areas of the solids were
also calculated, taking into account the weight frac-
tion of the oxide phases [45].

Transmission electronic microscopy (TEM) cou-
pled with energy-dispersive X-ray spectroscopy
(EDXS) was used to characterize the pore struc-
ture, the distribution of NPs throughout the meso-
pores of SBA-15, and their local elemental composi-
tions, respectively. The micrographs were obtained
on a JEOL 2100 instrument (operated at 200 kV with
a LaB6 source and equipped with a Gatan Ultra scan
camera). EDXS was carried out with a Hypernine
(Premium) detector (active area: 30 mm2) using the
software SM-JED 2300T for data acquisition and
treatment. Before analysis, the sample was included
in a resin and crosscuts of ∼100 nm were made by
ultramicrotomy.

Temperature–programmed reduction (H2-TPR)
and N2O chemisorption analyses were performed on
a ChemBet Pulsar TPR/TPD/TPO instrument from
Quantachrome. About 30 mg of calcined samples
were loaded into a U-shaped microreactor. Before
TPR runs, the oxidic forms of catalysts were acti-
vated at 500 °C for 1 h under a flow of simulated air
(40 mL·min−1). After cooling down to 50 °C, the H2-
containing flow was stabilized (40 mL·min−1, 5 vol.%
H2 in Ar) and the thermo-programmed reduction
was made from 50 to 850 °C, with a heating rate of
5 °C·min−1. The dispersion of metallic copper (DCu)
and active surface area (SCu) were determined by ni-
trous oxide chemisorption using the Quantachrome
instrument, as reported elsewhere [46,47]. To this
end, 30 mg of samples were introduced in the mi-
croreactor. The first reduction run was carried out
under the same conditions as described above for
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TPR, but up to 500 °C. The H2-containing gas was
then switched to Ar, the reactor was cooled down to
60 °C, and maintained isothermally for 30 min. Then,
the Ar gas was switched to N2O (40 mL·min−1) for
30 min in order to oxidize the accessible Cu0 sur-
face species to Cu2O. The sample was again flushed
with pure Ar for 30 min, and a second TPR run was
performed to reduce surface Cu2O to Cu0.

2.4. Catalytic testing

The oxidic forms of catalysts were first crushed and
sieved to select a granulometric fraction smaller
than 0.126 mm to ensure that the reaction rate is not
limited by intragranular diffusion. The solids were
then reduced under hydrogen flow in order to ob-
tain the metallic copper catalysts. Cinnamaldehyde
hydrogenation was performed in liquid phase in a
high-pressure 4593 Parr reactor under the following
conditions: reaction temperature of 110 °C, 1 mL
of trans-cinnamaldehyde, 40 mL of isopropanol,
250 mg of catalyst, H2 pressure of 10 bar, stirring
rate of 750 rpm. It is also to be noted that prelimi-
nary experiments showed that at this high stirring
rate, the reaction rate is not limited by external dif-
fusion. Aliquots of reaction mixture were periodi-
cally taken and analyzed by GC (HP 5890 system
equipped with a DB-5 capillary column and a FID
detector). Identification of the reactants and prod-
ucts was achieved from the retention times of pure
compounds, and occasionally by GC-MS (Agilent
6890N system equipped with an Agilent 5973 MSD
detector and a DB-5-ms column). The total con-
version of cinnamaldehyde and selectivities to the
different hydrogenation products were calculated by
taking into account the FID response factors for the
compounds, according to a previous study [19].

3. Results and discussion

3.1. Structural and textural properties of the Cu–
Ga2O3/SBA-15 materials

In this study, the IWI-MD method using aqueous so-
lutions of copper and gallium nitrates was applied to
introduce 5 wt% Cu, besides 1, and 2.5 wt% Ga, re-
spectively, on ordered mesoporous SBA-15 silica sup-
port. Elemental chemical analyses by ICP-OES con-
firmed that the Cu and Ga loadings as well as the

Figure 1. XRD patterns for the calcined
Cu/SBA-15 and Cu–Ga2O3/SBA-15 materials.

Cu/Ga weight ratios are close to the nominal values
(Table 1).

XRD patterns at high-angles for the calcined SBA-
15-supported Cu and Cu–Ga materials are presented
in Figure 1. As first observation, all the samples show
broad lines at 2θ ∼ 24°, characteristic of amorphous
silica. The diffractogram of the Ga-free Cu/SBA-15
sample exhibits intense and narrow diffraction lines
in the range 2θ = 30°–80°, consistent with the pres-
ence of a monoclinic CuO phase (ICDD 048-1548).
Calculations with the Scherrer equation disclosed
that the CuO crystallites are large (mean size of
30.9 nm), and therefore, they might be found as extra-
porous particles, given the pore size of mesoporous
SBA-15 support (8.4 nm). With the introduction of
only 1 wt% Ga to Cu, the diffraction lines assigned
to CuO become hardly distinguishable (CuGa5/SBA-
15), whereas for the sample containing the highest
amount of Ga (CuGa2/SBA-15), no diffraction lines
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Table 1. Chemical composition and textural properties for the calcined SBA-15, Cu/SBA-15 and Cu–
Ga2O3/SBA-15 materials

Sample ICP-OES N2 physisorption

Cu
wt%

Ga
wt%

Cu/Ga
weight ratio

SBET
b

(m2·g−1)
Smicro

c

(m2·g−1)
Vp

d

(cm3·g−1)
Vmicro

e

(cm3·g−1)
Dp

f

(nm)

SBA-15 — — — 801 181 1.11 0.080 8.4

Cu/SBA-15 4.6 0 ∞ 752 (0.99) 163 1.07 0.073 8.4

CuGa5/SBA-15 4.8 0.9 5.3 635 (0.85) 126 0.93 0.059 8.2

CuGa2/SBA-15 4.9 2.3 2.1 (2.3a) 610 (0.83) 99 0.91 0.045 8.2
a Cu/Ga weight ratio evaluated with EDXS/TEM.
bSBET = specific surface area calculated with BET equation. The normalized BET surface area (NSA) is shown
in brackets and italic as calculated using the equation: NSA = Scatalyst/(1−x) ·SSBA-15 [45], where x = weight
fraction of the oxide phases calculated by elemental analysis, wt%.
cSmicro = micropore surface area obtained by the t-method (de Boer statistical thickness = 0.38–0.65 nm).
dVp = total pore volume at P/P0 = 0.97.
eVmicro = micropore volume obtained by the t-method.
fDp average diameter of the main mesopores evaluated with NL-DFT for cylindrical pores (equilibrium
model).

can be observed. Therefore, for the catalysts with
added Ga, copper oxide is present under the form of
highly dispersed NPs, with a size in the small range,
below the detection limit in XRD (∼3 nm) [48]. Fur-
thermore, no diffraction lines typical to crystalline
gallium oxide phases, like Ga2O3 or CuGa2O4 spinel
can be seen in the diffractograms of bicomponent
Cu–Ga materials, indicating their dispersed and/or
amorphous state. These results should be considered
as first proof that gallium oxide, even in a minimum
amount, can function as an efficient structural pro-
moter which improves the dispersion and stability
of copper precursor species, as compared with the
monometallic Cu catalyst.

The sample with the maximum Ga content in the
series was further analyzed by TEM/EDXS. It is im-
portant to note that our previous microscopy stud-
ies on the Cu/SBA-15 materials obtained by IWI-MD
showed that at a metal loading close to 5 wt%, only
bulky CuO aggregates (sizes of 30–100 nm) outside
the support mesopores can be formed, due to the
high instability of copper precursors on the silica sur-
face of SBA-15 [17–19,27]. Representative TEM im-
ages for the calcined CuGa2/SBA-15 material are il-
lustrated in Figure 2 at low (A) and high magnification
(B–D). As first observation, all images exhibit typical
highly-ordered mesoporous SBA-15 structures com-

posed of cylindrical mesochannels with a narrow
size distribution. In excellent agreement with XRD,
no extraporous oxide aggregates, nor nanoparticles
within the pores of SBA-15, can be observed in the
TEM images, even at a high magnification (Figures 2A
and B). Nevertheless, when local elemental com-
position was evaluated by EDXS in the mesostruc-
tured zones of CuGa2/SBA-15, both Cu and Ga ele-
ments were simultaneously detected, with an aver-
age Cu/Ga weight ratio of 2.3, in good agreement with
the bulk Cu/Ga ratio of 2.1 (Table 1). These interest-
ing results suggest on the one hand, the formation of
highly dispersed oxide nanoparticles selectively oc-
cluding the intrawall pores of SBA-15 [24,27,49] and,
on the other hand, a close proximity and a possible
strong interaction between the homogeneously dis-
tributed Cu and Ga, probably due to the formation
of CuO–Ga2O3 mixed oxides throughout the pores
of the CuGa2/SBA-15 catalyst. As reported by Yang
et al. [49], once the NPs are encapsulated in the in-
trawall pores of SBA-15, they can be visualized in
the high-magnification TEM images by exposing the
samples to the electron beam in microscope to en-
hance the contrast between silica and the metal ox-
ides. Indeed, upon exposure for at least 60 s, very
small NPs of 1.5–2 nm in size can be found prefer-
entially located within the intrawall pores and/or at
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Figure 2. TEM images for the calcined CuGa2/SBA-15 sample: before (A and B) and upon exposure to the
electron beam in microscope: t = 60 s (C) and t = 120 s (D).

their pore mouths (Figures 2C and D), coherent with
the growth of NPs by a possible partial reduction of
oxidic phases under the beam.

The textural properties of the calcined SBA-15-
supported Cu and Cu–Ga materials were determined
by nitrogen adsorption/desorption. It is important to
note that, according to the pore models described by
Galarneau et al. [50], the SBA-15 materials synthe-
sized in hydrothermal conditions at a temperature
of 100 °C (as in the present study) actually display a
dual pore system composed of primary mesopores
with a pore diameter of ∼8 nm and secondary pores
(i.e., intrawall pores) with variable diameters in the
range 1.5–4 nm (micropores and small mesopores),
irregularly distributed in the framework, and inter-

connecting the adjacent primary mesopores. The
isotherms and the NL-DFT pore size distributions
are displayed in Figures 3A and B, together with
those of the parent SBA-15. All the samples exhibit
isotherms of type IV with hysteresis loops of type H1,
which are characteristic for the ordered mesoporous
SBA-15 materials with a narrow size distribution of
the primary mesochannels [51]. The catalysts dis-
play isotherms similar in shape with the parent SBA-
15, characterized by steep adsorption/desorption
branches, uniform hysteresis loops, and the absence
of effects due to the plugging of primary meso-
pores by confined particles [17,52]. For the sam-
ples containing copper and gallium, the capillary
condensation steps appear slightly shifted at lower
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Figure 3. N2 physisorption isotherms (A) and NL-DFT pore size distribution (B) for the calcined SBA-15,
Cu/SBA-15 and Cu–Ga2O3/SBA-15 materials.

relative pressures, as compared with SBA-15 and
Cu/SBA-15, coherent with a minor decrease in the
size of primary mesopores from 8.4 to 8.2 nm (Ta-
ble 1, Figure 3B). On the other hand, as illustrated in
the inset of Figure 3B, the intrawall pores are indeed
irregularly distributed for all the samples, encom-
passing pores with sizes of ∼1.5 nm (micropores) and
∼2.5 and ∼3.7 nm, respectively (small mesopores).
The volume of those intrawall pores appears to de-
crease from SBA-15 to CuGa2/SBA-15, coherent with
their occlusion with the highly dispersed Cu–Ga ox-
ide NPs.

In well agreement with XRD and TEM, these re-
sults indicate the retention of the open mesoporos-
ity of the support, given that the pores are essen-
tially empty of CuO particles (case of Cu/SBA-15)
or filled with highly dispersed CuO–Ga2O3 NPs lo-
cated inside the intrawall pores and/or at their pore
mouths (case of CuGa5/SBA-15 and CuGa2/SBA-15).
Accordingly, as compared with SBA-15, BET surface
area decreased obviously for the Cu–Ga materials,
following the increase of the Ga content (Table 1),
from 801 to 635, and 610 m2·g−1, whereas the de-

crease is moderate for the monometallic Cu/SBA-
15 sample (752 m2·g−1). The micropore surface area
also decreased with the increase in the Ga con-
tent, from 181 m2·g−1 (SBA-15) down to 99 m2·g−1

(CuGa2/SBA-15). These trends are consistent with
the decrease of the total pore volume and microp-
ore volume from 1.11 and 0.080 cm3·g−1 to 0.91 and
0.045 cm3·g−1, respectively (Table 1). To further eval-
uate the occlusion of the SBA-15 pores by the Cu–
Ga oxide NPs, the normalized BET surface areas of
the catalysts (NSA) were calculated (Table 1), val-
ues around unity giving an indication of less pore
occlusion [45]. The Cu/SBA-15 material displays a
BET NSA of 0.99, showing essentially no pore occlu-
sion because the pores are empty of CuO phases.
Compared with Cu/SBA-15, the samples CuGa5/SBA-
15 and CuGa2/SBA-15 show BET NSAs smaller than
unity (0.85 and 0.83, respectively), coherent with
the presence of the highly dispersed Cu–Ga NPs oc-
cluded within/at the mouth of the SBA-15 intrawall
pores.

Overall, XRD, TEM/EDXS and N2 physisorption
results clearly demonstrate that the introduction of
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gallium to copper onto the high-surface area micro-
mesoporous silica SBA-15 support by simple impreg-
nation prevented the migration and particle growth
of copper upon calcination, resulting in small and
stable Cu–Ga oxide NPs, located inside the pores. It is
postulated that CuO–Ga2O3 oxides have suffered the
nucleation and growth inside/at the mouth of these
small micro-mesoporous domains, generating sta-
ble intrawall pore-encapsulated metal oxide crystal-
lites. In addition, the Cu–Ga materials display open
mesopores with a narrow size distribution as well
as an excellent textural uniformity, which should
favor efficient molecule mass-transfer, in view
of their use in catalysis. Earlier studies on other
bicomponent Cu–Ga materials indicated that max-
imizing Cu–Ga2O3 interactions is key to prevent
the aggregation of copper particles, allowing to in-
crease the metal dispersion, and thus the active
surface area of catalysts [33,34]. Conversely, fur-
ther studies concluded that Ga2O3 increases the
number of active sites by enhancing Cu disper-
sion [35,36], yet other authors reported no positive
effect of Ga2O3 addition on the dispersion of Cu
NPs supported on silica [37]. It was also suggested
that the Ga2O3 particles supported on mesoporous
silica supports can act as strong anchoring sites
for the Cu species, leading to a better dispersion,
as compared with the monometallic Cu materi-
als [38]. It was stressed that the dispersion of Ga2O3

should be equally high to create a high interfacial
area between the oxide promoter and the metallic
Cu NPs [40].

3.2. Reducible properties of Cu–Ga2O3/SBA-15
materials

H2-TPR experiments were performed for all the
calcined nanocatalysts in order to study the re-
ducibility of copper precursor species and confirm
their properties in terms of dispersion and interac-
tion with gallium (Figure 4). The TPR profile for the
monometallic Cu/SBA-15 shows one broad hydro-
gen consumption peak with a maximum at ∼290 °C,
typical for the reduction of large CuO aggregates lo-
cated outside the SBA-15 mesoporosity [19]. For the
samples containing copper and gallium, the reduc-
tion profiles become more complex, characterized
by two peaks at temperatures lower than 500 °C and

Figure 4. H2-TPR profiles for the calcined
Cu/SBA-15 and Cu–Ga2O3/SBA-15 materials.

one peak at higher temperatures. It should be men-
tioned that the experimental hydrogen consump-
tions at 500 °C are in good agreement with the theo-
retical ones, considering the actual Cu loadings (16.9
and 17.2 cm3·g−1 for CuGa5/SBA-15 and CuGa2/SBA-
15, respectively), and therefore, the two reduction
peaks recorded up to 500 °C essentially reflect the
complete reduction to zero-valent copper of those
Cu2+ species displaying different degrees of interac-
tion with the gallium oxide. While the first narrow
peaks at ∼240 °C for both Cu–Ga samples are unam-
biguously assigned to the reduction of the highly dis-
persed CuO NPs [24,26,27], the second peaks (∼415
and ∼395 °C for CuGa5/SBA-15 and CuGa2/SBA-15,
respectively) might be assigned to the reduction of
Cu2+in a strong interaction with Ga2O3, most likely
in CuGa2O4 spinel nanophases formed upon calci-
nation [33,34,53]. Indeed, Faungnawakij et al. [53] re-
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Figure 5. Cinnamaldehyde conversion and product selectivity as a function of the reaction time for the
Cu–Ga2O3/SBA-15 catalysts. Reaction conditions: Treduction = 500 °C; Treaction = 110 °C; 250 mg of catalyst;
1 mL of CNA, 40 mL of isopropanol; PH2 = 10 bar; stirring rate = 750 rpm.

ported that the CuGa2O4 nanospinel can be reduced
over a wide temperature range of 300–500 °C, with
the formation of Cu0 and Ga2O3. At higher temper-
atures, CuGa5/SBA-15 and CuGa2/SBA-15 display re-
duction peaks at ∼620 and ∼585 °C, respectively, as-
signed to the reduction of Ga3+ to Ga+ in well dis-
persed Ga2O3 NPs, according to previous studies fo-
cused on Ga2O3 supported on porous oxides (ZSM-
5, SBA-15, γ-Al2O3, and SiO2) [32]. Overall, the TPR
results for the bicomponent Cu–Ga materials show
that the reduction at 500 °C leads to highly dispersed
Cu0 sites along with remaining Ga3+ sites. Based on
the hydrogen consumptions at higher temperatures,
it is anticipated that the number of the Ga3+ sites
increases with the loading of Ga. Considering these
aspects, for the catalytic experiments, the reduction
temperature of the catalysts was set at 500 °C.

3.3. Catalytic properties of Cu–Ga2O3/SBA-15
materials

The catalytic performances of the reduced forms of
the SBA-15-supported Cu and Cu–Ga catalysts were

evaluated in the liquid phase hydrogenation of cin-
namaldehyde (CNA). This reaction involves several
hydrogenation pathways, with the formation of hy-
drocinnamaldehyde (HCNA) and cinnamyl alcohol
(CNOL) as primary hydrogenated products, and of
hydrocinnamyl alcohol (HCNOL) as the completely
hydrogenated product (Scheme 1). It is to be noted
that the preferred pathway on most catalysts, in-
cluding the silica-supported Cu catalysts, is the C=C
bond hydrogenation due to favorable thermodynam-
ics and lower activation barriers [26–28].

The conversion of cinnamaldehyde (XCNA) as a
function of reaction time is shown in Figure 5. The
Ga-free Cu/SBA-15 sample showed no significant
conversion, even after 360 min of reaction, but the
introduction of Ga to Cu increased XCNA for both cat-
alysts (Table 2). Thus, XCNA outstandingly increased
from 8% for the unpromoted Cu catalyst to 92%
for CuGa5/SBA-15. Interestingly, the conversion fur-
ther decreased to 71% for the catalyst with more
Ga in composition (CuGa2/SBA-15). Compared with
the catalyst without Ga, the presence of a minimum
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Scheme 1. Reaction pathways in the hydrogenation of cinnamaldehyde (CNA). CNOL: cinnamyl alcohol,
HCNA: hydrocinnamaldehyde, HCNOL: hydrocinnamyl alcohol.

amount of Ga (Cu/Ga = 5) hence improved the cat-
alytic activity, under the same reaction conditions,
whereas an excess of Ga (Cu/Ga = 2) then decreased
the activity.

Because the metallic copper atoms are the only
species involved in the activation of H2, one may an-
ticipate that the catalytic activity in the cinnamalde-
hyde hydrogenation depends on the dispersion and,
consequently, on the accessible surface area of cop-
per. Therefore, N2O chemisorption was applied for
all the catalysts to elucidate the effect of Cu/Ga
weight ratio on the dispersion of copper upon re-
duction at 500 °C (Table 3). As expected on the
basis of above XRD, TEM and H2-TPR results, the
unpromoted Cu/SBA-15 displayed the lowest dis-
persion in the series (4.6%, 1.4 m2

Cu·g−1
cat). Remark-

ably, the dispersion increased nine-fold for the sam-
ple CuGa5/SBA-15 (39.3%, 12.8 m2

Cu·g−1
cat) and then,

it decreased for the sample CuGa2/SBA-15 with the
maximum amount of Ga (32.1%, 10.6 m2

Cu·g−1
cat), con-

sistent therefore with the measured catalytic activ-
ity. The evolutions in both Cu dispersion and ac-
tivity in the hydrogenation of cinnamaldehyde over
the Cu–Ga catalysts with different Cu/Ga weight ra-
tios are evidences of the possible changes in the Cu–
Ga2O3 phases upon reduction, mainly in the surface
concentration of exposed Cu. Thus, it is postulated
that the lower number of exposed Cu sites for the

CuGa2/SBA-15 catalyst compared with CuGa5/SBA-
15 is due to a partial blocking of surface Cu atoms by
Ga2O3 nanophases. Similar phenomena have been
put in evidence in the case of other metal–metal ox-
ide catalytic promoted systems, such as the Pt–Fe and
Pt–Ga catalysts for the hydrogenation of citral [29,30],
and the Cu–Mn catalysts for the hydrogenation of
ethyl acetate [54].

Based on the N2O chemisorption results, the spe-
cific activity of the catalysts was further evaluated as
the initial turnover frequency (TOF, expressed in mol
of CNA converted per mol of surface copper per unit
time). The results are shown in Table 2. The initial
TOF increased from 1.9× 10−3 s−1 for Cu/SBA-15 to
4.9×10−3 s−1 for CuGa5/SBA-15, while remaining at
a similar level of 5.1 × 10−3 s−1 for CuGa2/SBA-15.
These results indicate that the intrinsic catalytic ac-
tivity of the surface copper sites in the hydrogenation
of cinnamaldehyde over the Cu–Ga catalysts does not
essentially depend on the Cu/Ga weight ratio. It is
also important to note that both Cu–Ga catalysts are
among the most active supported copper nanocata-
lysts reported in literature. For example, under simi-
lar reaction conditions, a TOF of 3×10−3 s−1 was ob-
tained for Cu/SiO2 (12 wt% Cu), whilst 2× 10−3 s−1

was reported for Cu/MCM-14 (21 wt% Cu) [55]. These
TOF values are in the same range as the value shown
by the poorly dispersed Cu/SBA-15 catalyst. By com-
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Table 2. Catalytic performances for the Cu/SBA-15 and Cu–Ga2O3/SBA-15 catalysts

Catalyst Catalytic activitya Catalytic selectivityc

XCNA
a (mol%) TOF ×103 b (s−1) SCNOL (mol%) SHCNA (mol%) SHCNOL (mol%)

Cu/SBA-15 8 1.9 — — —

CuGa5/SBA-15 92 4.9 (5.1d) 27 (28d) 48 (49d) 25 (23d)

CuGa2/SBA-15 71 5.1 38 45 17
aXCNA = conversion of CNA measured after 360 min of reaction.
b TOF = initial turnover frequency based on the initial reaction rate, in mol of CNA converted per mol of
surface copper per unit time, calculated using N2O chemisorption.
cSelectivity evaluated at ∼40 mol% isoconversion of CNA.

dData from Dragoi et al. [27] for the highly-dispersed Cu/SBA-15 catalyst (5 wt% Cu, DCu = 69.5%).

Table 3. N2O chemisorption data for the re-
duced Cu/SBA-15 and Cu–Ga2O3/SBA-15 ma-
terials

Sample DCu
b

(%)
SCu

c

(m2
Cu·g−1

cat)
SCu

c

(m2
Cu·g−1

Cu)

Cu/SBA-15a 4.6 1.4 31.1

CuGa5/SBA-15a 39.3 12.8 265.9

CuGa2/SBA-15a 32.1 10.6 217.2
aTreduction = 500 °C.

bDCu = dispersion of metallic Cu.
cSCu = accessible surface area of metallic Cu.

parison, the initial TOF values found in this study for
the Cu–Ga catalysts are close to the value of 5.1 ×
10−3 s−1 reported previously for Cu NPs supported
on SBA-15 partially occluded with the P123 surfac-
tant (5 wt% Cu, DCu = 69.5%, Cu particle size =
1.4 nm) [27], and of 6× 10−3 s−1 for Cu NPs supported
on Al-SBA-15 (5 wt% Cu, DCu = 25.6%, Cu particle
size = 3.9 nm) [19].

The selectivity of the Cu–Ga catalysts to the dif-
ferent hydrogenation products (SCNOL, SHCNA, and
SHCNOL) as a function of the reaction time and con-
version of cinnamaldehyde is illustrated in Figure 5.
At the initial stages of reaction (XCNA = 10%), the pre-
ferred pathway for both catalysts was first the C=C
bond hydrogenation with the formation of HCNA
(SHCNA = 50%) and then, the C=O bond hydrogena-
tion with the formation of CNOL (SCNOL = 30% for
CuGa5/SBA-15 and 40% and CuGa2/SBA-15). With
the increase of XCNA, the selectivity to those pri-

mary hydrogenation products decreased owing to
their subsequent hydrogenation, consistent with the
increase of SHCNOL. However, at all conversion levels,
the selectivity to CNOL is higher for CuGa2/SBA-15
than CuGa5/SBA-15, whereas the selectivity to HCNA
is comparable, signifying that a higher amount of
Ga is favorable for the hydrogenation of C=O bonds.
The selectivity values are presented in Table 2 at
XCNA = 40%. Thus, CuGa5/SBA-15 showed selectiv-
ity typical to divided monometallic copper catalysts
(SCNOL = 27%, SHCNA = 48%, and SHCNOL = 25%).
For example, similar levels of selectivity at XCNA =
40% have been reported for an unpromoted Cu/SBA-
15 catalyst comprising highly dispersed Cu NPs of
1.4 nm in size (SCNOL = 28%, SHCNA = 49%, and
SHCNOL = 23%) [27]. These results suggest that at
Cu/Ga= 5, Ga2O3 does not bring enough electron de-
ficient sites to modify the competition between the
adsorption of C=C and C=O groups of cinnamalde-
hyde molecules on the copper catalyst surface such
that the C=O hydrogenation be favored. Neverthe-
less, at Cu/Ga = 2, SCNOL is improved by 11% com-
pared with CuGa5/SBA-15, mostly at the expense of
the decrease of SHCNOL (SCNOL = 38%, SHCNA = 45%,
and SHCNOL = 17%). Overall, it is believed that with
the increase of the Ga2O3 content, the number of
surface Gaδ+ species functioning as Lewis acid sites
becomes higher [38,39]. Such Ga ionic species lo-
cated in the neighbouring of the active Cu0 sites
could hence polarize the carbonyl groups of the
cinnamaldehyde molecules, facilitating their hydro-
genation and improving the selectivity to the unsatu-
rated alcohol [30]. More detailed investigations con-
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cerning the effect of Lewis acidity (i.e., nature, den-
sity and strength of acid sites) on the chemoselectiv-
ity of supported Cu nanocatalysts in the hydrogena-
tion of cinnamaldehyde are currently underway for
a series of SBA-15-supported Cu-MOx nanoparticles
(M = Al, Ga, and Fe).

4. Conclusions

Ga2O3-promoted Cu/SBA-15 catalysts with a con-
stant Cu loading (5 wt%) and two different Ga load-
ings (Cu/Ga weight ratio of 2 and 5) were pre-
pared by incipient wetness impregnation followed
by mild drying and their catalytic performances
were evaluated for the hydrogenation of cinnamalde-
hyde relative to the unpromoted Cu/SBA-15 cata-
lyst. The introduction of gallium promoter to copper
afforded small Cu–Ga2O3 nanoparticles and much
higher metallic Cu dispersions, and active surface ar-
eas (up to 39.3%, and 12.8 m2

Cu·g−1
cat), finally leading

to a superior catalytic activity (TOF of ∼5×10−3 s−1),
when compared with the poorly dispersed Cu/SBA-
15 catalyst (TOF of 1.9 × 10−3 s−1). Besides, it was
found that the selectivity to the unsaturated cin-
namyl alcohol increases with the amount of gallium
up to a level of 38% at 40% conversion, an effect that
was ascribed to the presence of electron deficient
Gaδ+ sites with affinity for the C=O groups of the cin-
namaldehyde molecules.
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