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selective hydrogenation of
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This study explores how catalysts containing a low palladium loading (0.5 wt%) contribute to the selective

hydrogenation of cinnamaldehyde. High specific surface area (SSA) mesoporous (2 wt%) TiO2 – SiO2 (UVM-

7) materials were prepared by two different approaches: a one-step procedure, in which titania and silica

precursors were added from the beginning to generate Ti2@UVM-7 support, and a two-step procedure,

where TiO2 was deposited onto the UVM-7 silica surface via wet impregnation technique (Ti2/UVM-7).

Both types of supports were decorated with Pd nanoparticles (NPs) through the deposition–precipitation

technique. The obtained catalysts were thoroughly characterized by using different techniques, including

XRD, N2 adsorption–desorption isotherms at liquid N2 temperature, ATR-FTIR, TEM-EDX, SEM-EDX, and

XPS. Characterization data revealed that one-step procedure largely preserves the textural and structural

properties of the support following the deposition–precipitation of the noble metal, whereas the two-

step procedure slightly alters the UVM-7 morphology. Moreover, the preparation method of the supports

impacts the Pd particle sizes and the metal-support interaction (MSI). The one-step procedure tends to

promote the growth of larger Pd NPs, likely due to the TiO2 species being well embedded within the

SiO2 matrix. In contrast, the two-step procedure yields well-dispersed Pd NPs smaller than 2 nm, due to

the confinement of TiO2 nanodomains within the UVM-7 cavities, which enhances the MSI.

Consequently, enhanced catalytic performance and stability were achieved with 0.5Pd/Ti2/UVM-7 (∼99%

hydrocinnamaldehyde yield, TOF 4.81 s−1), due to the formation of very small Pd nanoparticles on the

support that promote the MSI.
1 Introduction

Chemoselective hydrogenation of a,b-unsaturated carbonyl
compounds in heterogeneous catalytic systems remains chal-
lenging,1 as conventional methods rely on hazardous stoichio-
metric reducing agents that generate waste.2 Heterogeneous
catalysts are preferred due to their recyclability and lower
environmental impact, in line with green chemistry goals,
especially since hydrogenation is widely used in pharmaceutical
synthesis,3 where more than 9% of the overall processes consist
of hydrogenation/reduction reactions.3

Cinnamaldehyde (CAL) is a representative molecule within
the class of a, b-unsaturated aldehydes and is primarily found
in cinnamon bark, which makes up approximately 90% of the
essential oil. The reduction of CAL yields three main reaction
products: cinnamyl alcohol (COL), hydrocinnamaldehyde
(HCAL) and hydrocinnamyl alcohol (HCOL) – see Scheme 1. All
themain reaction products are widely used as avouring agents,
omistilor Street, 077125 Magurele, Ilfov,
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of Chemistry 2026
perfumes, fragrances or in the production of pharmaceutical
intermediates and ne chemicals.2,4–9 Among them, HCAL was
found to be an essential intermediate in the preparation of
hydrocinnamic acid, which is utilized in the synthesis of
protease inhibitors used in the treatment of HIV.6,10 Traditional
HCAL synthesis routes are environmentally unfriendly,2

increasing interest in catalytic alternatives. The reduction of the
olenic bond of CAL to produce HCAL is thermodynamically
and kinetically favoured over the reduction of the carbonyl bond
Scheme 1 Cinnamaldehyde hydrogenation –main reaction products.
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since it requires lower energy (about 35 kJ mol−1) and is facili-
tated by the h4 adsorption mode.2,4,11–14 Even so, nding an
active and selective catalyst is not an easy task since catalysts
strongly depend on their design and structure, and are affected
by electronic and geometric effects, as well as steric hindrance,
among others.2

Non-noble metal-based catalysts (Ni, Cu, Co) are active in
hydrogenation reaction of cinnamaldehyde,2,15–17 but require
harsh conditions (>150 °C, >30 atm H2) and oen show limited
selectivity and stability.18

The reviews published in 2020 (ref. 2) or 2023 (ref. 19)
present several noble and non-noble metals used as catalysts for
the selective hydrogenation of CAL. Herein, noble metal-based
catalysts containing Ir, Pt or Ru, which are metals with rela-
tively large d-bandwidth, are recognized for their selectivity in
COL production through the hydrogenation of CAL. The pres-
ence of larger radial expansion of the d orbitals increases the
Pauli repulsion, thereby diminishing C]C adsorption, as C]C
coordination is sensitive to this repulsion.13 In opposition, Pd
has more contracted d orbitals, facilitating the molecule access
to the surface; thus, a h4 adsorptionmode is preferred, resulting
in higher yield of HCAL.13 Pd-based catalysts are oen used as
monometallic catalysts for the hydrogenation of CAL, due to
their very good substrate conversion and selectivity towards
HCAL; a 100% HCAL yield being reported by Chen et al.20

However, a large amount of Pd is required (2 wt%). It is worth
mentioning that ammonia borane (NH3BH3) was used as
a reducing agent in the synthesis of the catalysts and the
authors reported a gradual increase in the activity of their
catalysts when the quantity of NH3BH3 was raised from 5 mg to
40 mg. A similar behaviour was evidenced in 2020 by Hu et al.21

for Pd/NiCo2O4−x catalysts (99.9% CAL conversion and HCAL
selectivity, TOF 0.04 s−1), where the HCAL selectivity was
improved by increasing the NaBH4 : Pd molar ratio during the
catalyst preparation step, ranging from 1 : 1 to 27 : 1, with the
optimal result observed at a 27 : 1 molar ratio. These results
indicate that not only the catalysts, but also the reducing agents
might inuence the catalytic performance, therefore the
amount of reducing agent that reaches the catalytic process
should be evaluated, since its recuperation involves additional
purication steps.

As already mentioned, choosing the appropriate support is
also crucial to designing active and selective catalysts, since the
metal-support interaction (MSI) that stabilizes the metal NPs
and prevent sintering or the electronic transfer from the
support to the active metal plays an important role in the h4

adsorption mode of the molecule on the catalyst surface.12,22,23

Recently, Li et al.24 reported that on the same catalyst (PdSA+C
g−1-C3N4), Pd single atoms cooperate with Pd clusters for
selective hydrogenation of CAL to HCAL. Hydrogen preferen-
tially adsorbs and dissociates on the Pd clusters and then
overow to further hydrogenate CAL, which preferentially
adorbs on the Pd single atom catalyst. Their results indicate an
impressive TOF of 9.19 s−1; however, with a maximum HCAL
selectivity of 97.3%.

For this study, mesoporous silica, UVM-7, aer decoration
with TiO2 nanodomains was used as support for the preparation
J. Mater. Chem. A
of 0.5 wt% Pd containing catalysts, which were further used for
CAL chemoselective hydrogenation, employing ethanol as an
environmentally friendly solvent. The use of UVM-7 as support
for the synthesized catalysts was established based on its
particular properties, such as high surface area, pore accessi-
bility. UVM-7 can be regarded as a nanoscaled MCM-41-type
material that, in addition to its intrinsic mesoporosity,
exhibits a secondary network of larger textural pores formed
through the aggregation of primary particles, resulting in
a hierarchical pore architecture.25 If the highly ordered and
uniform pore system of MCM-41 can impose diffusion limita-
tions, particularly for relatively bulky molecules,26 the lower
degree of structural ordering in UVM-7 is advantageous for
catalytic applications, as it enhances mass transport, facilitate
the diffusion of reactants through the pores and improve the
dispersion of both titanium dioxide and noble metal on its
surface. In this way, substrate still have access to the catalyti-
cally active centres during the reaction,27 while TiO2 was used to
strengthen the MSI.

Two strategies were adopted for the decoration of the UVM-7
with TiO2 nanodomains: (a) a one-step procedure, in which TiO2

and UVM-7 were synthesized together, and (b) a two-step
procedure, in which TiO2 was deposited via impregnation
following the preparation of UVM-7. The deposi-
tion−precipitation method was employed to achieve a low
noble metal loading of 0.5 wt% Pd on the UVM-7-based support.
This study examined the inuence of several parameters, such
as reaction time and preparation method of the support on
activity, selectivity, and catalytic stability in the chemoselective
CAL hydrogenation reaction.

2 Results and discussion
2.1 Catalyst characterization

2.1.1 XRD results. XRD patterns of the synthesized mate-
rials are presented in Fig. 1. UVM-7 mesostructured silica is an
amorphous material characterized by an intense diffraction line
and a shoulder at low 2q values (2° and 3.8°, respectively), which
correspond to the (100), (110) and (200) overlapped reections
of the hexagonal unit cell of the UVM-7 like materials, respec-
tively (Fig. 1a and b).28,29 The small angle XRD patterns of the
Ti2/UVM-7 and Ti2@UVM-7 materials indicate that the specic
structure of UVM-7 support was preserved in both preparation
procedures (Fig. 1a and b). No additional lines corresponding to
TiO2 were identied. The intensity of the UVM-7 specic
diffraction lines decreases aer noble metal deposition on the
support prepared by one-step procedure (Ti2@UVM-7) as depic-
ted in Fig. 1a and completely disappear for the two-step proce-
dure (Ti2/UVM-7) prepared materials (Fig. 1b), most probably
due to the phase cancellation phenomenon induced by the
noble metal NPs into the pore voids or a partial collapse of the
structure, as previously reported by others.23,30,31 The same
phenomenon is observed when Pd is deposited directly onto
UVM-7, the shoulder from 3.8° completely disappeared
(red curve, Fig. 1b).

For all studied samples, the XRD diagrams were registered
also in the high-angle range, and the results are presented in
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 X-ray diffraction patterns recorded at (a) small angle for
Ti2@UVM-7 based catalysts, (b) small angle for Ti2/UVM-7 based
catalysts, (c) high-range for Ti2@UVM-7 based catalysts, and (d) high-
range for Ti2/UVM-7 based catalysts.
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Fig. 1c and d. The catalyst containing Pd deposited by one-step
method (0.5Pd/Ti2@UVM-7) presents a peak at 40.16° corre-
sponding to metallic palladium,29 indicating the efficiency of
the reduction step. The average size of the noble metal nano-
particles was calculated using the Scherrer method for the Pd
(111) diffraction line and the value is presented in Table S1. It is
important to note that for 0.5Pd/Ti2/UVM-7 catalyst, there is no
diffraction line corresponding to the noble metal or PdO,
indicating that the possible presence of metal NPs is most likely
below the XRD detection limits and/or very well dispersed. Also,
no Pd or PdO specic lines were evidenced for 0.5Pd/UVM-7
catalyst (red curve in Fig. 1d) or 0.5Pd/TiO2 catalyst (Fig. S1).

2.1.2 FTIR spectra. The FTIR spectra of the catalysts are
gathered in Fig. S2 and conrm the silica structure. Since silica
is the major component of the catalysts, the typical UVM-7 silica
IR bands remain the most intense. The peaks observed at 1050–
1075 cm−1 and 1230–1250 cm−1 are attributed to the two
asymmetrical stretching (AS) vibrations of bridging oxygen: in-
phase (AS1, the adjacent oxygen atoms move in-phase with
each other) and out-of-phase (AS2, the adjacent oxygen atoms
are out of phase), respectively. The peaks at 800–803 cm−1 and
Table 1 BET surface area, pore size and volume of the UVM-7 based m

Entry Material BET surface area (m2 g−1)

1 Ti2@UVM-7 1091
2 0.5Pd/Ti2@UVM-7 1060
3 UVM-7 1077
4 Ti2/UVM-7 970
5 0.5Pd/UVM-7 779
6 0.5Pd/Ti2/UVM-7 363
7 TiO2 47
8 0.5Pd/TiO2 45

This journal is © The Royal Society of Chemistry 2026
978 cm−1 correspond to yS (Si–O–Si) and yS (Si–OH) vibrational
modes, respectively.28,32 The Pd–Ti– and Ti–containing UVM-7-
based materials exhibit variations in Si–O–Si asymmetry
stretching, with peaks appearing at 945–975 cm−1 which are
associated with the stretching vibration of Ti–O–Si bond.33

These changes are therefore likely to occur as a result of
incorporation of TiO2 or noble metal nanoparticles into the
UVM-7 frameworks.

2.1.3 N2 adsorption and desorption isotherms at −196 °C.
The evolution of the mesostructure aer different preparation
steps is evidenced by the N2 adsorption–desorption isotherms
at −196 °C and are presented in Fig. S3. While ideal MCM-41
typically exhibits a type IV isotherm without a hysteresis loop
due to its uniform cylindrical mesopores, the UVM-7 like
materials present type IV isotherms with two adsorption steps,
where the rst adsorption step (P/P0 < 0.5) is attributed to
capillary condensation of N2 inside the intraparticle mesopores,
while the second one (P/P0 > 0.8) is assigned to the texturally
large interparticle voids34 characteristic of hierarchical meso-
porous structures.

According to the BET formalism, the UVM-7 support has
a specic surface area (SSA) of 1076 m2 g−1. The sample ob-
tained by one-step procedure Ti2@UVM-7 shows also type IV
adsorption–desorption isotherms with two adsorption steps
and a calculated SSA of 1091 m2 g−1, which is comparable with
as-prepared UVM-7 silica. These observations can infer that Ti
species are well distributed into the silica walls for the one-step
procedure and are in good agreement with FTIR spectra, where
the formation of Ti–O–Si bonds was evidenced. The impregna-
tion of the UVM-7 with TiO2 led to a decrease of the SSA of the
nal material i.e., Ti2/UVM-7, by about 10% compared with as-
prepared UVM-7 (see Table 1), probably due to the presence of
the TiO2 domains inside the mesopores. Herein, it can be
attested the presence of a narrower H1 hysteresis loop
compared with those measured for UVM-7 and Ti2@UVM-7
supports, as a consequence of the pore necking effect of the
TiO2 species inside the mesopores, a fact observed also by
others.30However, aer the addition of TiO2 (one-step or two-step
procedure), the shape of the adsorption isotherms is comparable
for both supports, conrming the preservation of bimodal
porosity specic for UVM-7 like materials, which agrees also
with the XRD results.

From the shape of the N2 adsorption–desorption isotherms
of the Pd containing catalyst prepared by the one-step procedure,
aterials

BJH average pore size (nm) BJH pore volume (cm3 g−1)

8.2 2.6
7.8 2.3
6.5 2.1
8.4 2.4

10.1 2.0
22.4 1.7
76.5 0.8
36.8 0.5

J. Mater. Chem. A
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one can assume that the textural properties of the support are
preserved, and therefore, the decrease of the SSA is only about
3% for 0.5Pd/Ti2@UVM-7 compared to the support. All these
observations are well correlated with the results obtained from
the XRD investigations (Fig. S3) for structural data.

The noble metal deposition on the two-step procedure
support leads to signicant changes (Fig. S3). The rst
adsorption step completely disappears and only the sharp
adsorption step at P/P0 > 0.8 is preserved. This can be associated
with partial support degradation but also with the intraparticle
pore blockage, most probably due to the presence of Pd NPs at
the entrance of the neck pores, because of the necking effect
highlighted above. The SSA of the 0.5Pd/Ti2/UVM-7 catalyst
decreases up to 363 m2 g−1 (see Table 1) meaning a decrease of
about 63% compared with the Ti2/UVM-7 support.

The average pore size calculated for the two-step procedure
materials increases aer the TiO2 impregnation or/and Pd NPs
deposition, from 6.5 nm (UVM-7) up to 22.4 nm for 0.5Pd/Ti2/
UVM-7 (see Table 1). Although noble metal deposition produces
changes in the mesostructure and there is an abundance in
larger intraparticle pores (P/P0 > 0.75), the surface area is still
high (363 m2 g−1) and a signicant proportion of small meso-
pores coexist (P/P0 < 0.5), making the material suitable as
catalyst.

The SSA of 0.5Pd/UVM-7 is 779 m2 g−1, showing a 28%
decrease in the SSA compared with the surface of the starting
material UVM-7. The adsorption–desorption isotherm gathered
in Fig. S3 is characteristic of mesoporous materials as UVM-7
with bimodal pore distribution, meaning that the features of
UVM-7 like materials were preserved.
Fig. 2 (a) TEM images of the sample 0.5 Pd/Ti2/UVM-7 and the
histogram showing the size distribution of the Pd nanoparticles and (b)
STEM dark field images and EDX mapping of the 0.5Pd/Ti2/UVM-7
showing the elemental distribution of Si, O, Pd, Ti.

J. Mater. Chem. A
As expected, the TiO2 P25 from Degussa displays a small SSA
that is maintained aer the Pd deposition (see entries 7 and 8 in
Table 1).

2.1.4 TEM. TEM images of Pd based catalysts are shown in
Fig. 2a, S4a, S5a and S5b and reveal that the typical architecture
of the UVM-7 silica (the core of the composite) is generally
preserved, attested by the presence of both structural meso-
pores and the existence of pores formed between
nanoparticles.28

Pd NPs were clearly identied on the surface of the catalyst
containing the one-step preparation support strategy, and their
distribution is presented in Fig. S4a (inset). Herein, Pd NPs with
a size ranging from 3–7 nm are the most abundant, although
larger particles around 14 nmwere also identied. These results
are consistent with the XRD data, which indicates the presence
of ∼8 nm Pd NPs (see Table 1, entry 2).

When Pd is deposited on the two-step preparation support, the
obtained nanoparticles are too small to be identied by TEM
images (Fig. 2a). Nonetheless, they are clearly revealed by the
dark eld images and/or the corresponding EDX mapping
(see Fig. 2b), showing excellent dispersion with particle sizes
smaller than 2 nm. This supports the XRD results, where Pd NPs
were not detected due to the detection limit (see Table 1, entry 6).

The deposition of Pd on as-prepared UVM-7 support gener-
ates larger Pd particles in the 0.5Pd/UVM-7 catalyst, with Pd
particle sizes ranging from 1 to 33 nm (see Fig. S5), indicating
that TiO2 might be necessary to prevent Pd sintering on the
surface of UVM-7 support.

The corresponding EDX maps (Fig. 2b, S4b, S5c and S5d)
certify that Si, O and/or Ti are uniformly distributed through the
material; herein, Pd NPs are also evidenced.

2.1.5 SEM-EDX. The chemical composition (atomic %) of
the investigated catalysts was also determined by SEM-EDX and
the data are gathered in Table S2. EDX was used to establish the
amount of Ti incorporated into the framework by using the two
preparation methods, together with the noble metal content
and also to check the chemical homogeneity of the prepared
solids. EDX data show that the prepared catalysts have a good
chemical homogeneity (see Table S2). The measured Ti content
is higher compared with the calculated one for the samples
prepared by one-step procedure (see Si/Ti molar ratio in Table
S2), as a consequence of the presence into the starting precursor
solution of a certain portion of soluble Si-based oligomers
which are removed during the preparation stage, leading to an
indirect Ti species enrichment.30 For the catalysts prepared by
two-step procedure, the titanium content is lower, with values
comparable with the nominal one (see Si/Ti molar ratio in Table
S2); similar behaviour was reported by Moragues et al.30

2.1.6 XPS. XPS analyses of samples modied with Ti fol-
lowed by Pd deposition are presented in Fig. 3, and the
elemental composition of the surface is presented in Table S3.

The Ti 2p XPS spectra have been recorded for all prepared
samples, and two components can be observed: one charac-
teristic for Ti4+ (TiO2) at 458.5 eV and a second one at higher
energy (460.2 eV), which can be assigned to the TiO2–SiO2

interaction. Such behaviour was also been observed by Fer-
nandez et al.35 for TiO2 clusters supported on a silica substrate
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Ti 2p, Si 2p and Pd 3d XPS high resolution spectra of Ti2@UVM-7 and Ti2/UVM-7 supports and after Pd deposition.
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and which have observed badly ordered quasi-bidimensional
arrangements of TiO6 (octahedral) with some oxygen shared
with SiO2 support, that generated a less polarizable interface,
inducing an increase in the effective positive charge of Ti and,
therefore, a shi of the binding energy at higher energy. The
preparation method is very important in generating different
proportions between the two Ti components. The support
prepared by two-steps procedure (Ti2/UVM-7) has as main Ti
component in TiO2 form, and a small component of Ti–O–Si,
while in the case of the one-step preparationmethod (Ti2@UVM-
7), Ti–O–Si is the predominant component. This suggests
a clearer Ti–SiO2 interaction in the one-step procedure method
(Ti2@UVM-7), where Ti is better integrated into the silica
matrix, in contrast to the two-step procedure method (Ti2/UVM-
7), which mainly contains TiO2 with limited Ti–O–Si bonding.
The addition of Pd does not change the ratio between the Ti–O–
Ti/Ti–O–Si components, independent of the adopted prepara-
tion procedure. It can be noted that the concentration of Si and
Ti on the surface is signicantly lower when the one-step
procedure is employed (Table S3). Moreover, from Pd 3d core
level depicted in Fig. 3, is observed that the method used to
prepare the supports induces different oxidation states of Pd.
Thus, using the one-step procedure, the catalyst maintains
a lower oxidation state of Pd(0), in agreement with X-ray
diffraction data, while the two-step procedure method favours
the oxidation of Pd, where a second component with a higher
binding energy (337.4 eV) is observed, which can be assigned to
PdO.36,37 However, for the two-step procedure catalyst, the peaks
corresponding to Pd(0) are shied to higher BE values, con-
rming a strong MSI38 and are oen associated with the pres-
ence of metal nanoparticles with very low particle sizes, as is the
case of 0.5Pd/Ti2/UVM-7 material.

In the case of Si 2p core level, two components were identi-
ed: a main component corresponding to Si–O–Si bonds and
a second one at higher binding energies (105.3 eV), most likely
associated with hydroxyl groups bonded to silicon.39 No Si–O–Ti
species at lower binding energies (∼102 eV) were observed,40

most probably due to the low ratio of Ti/Si at the surface (∼0.01).
This journal is © The Royal Society of Chemistry 2026
Only the Ti2@UVM-7 support, prepared by the one-step proce-
dure, shows visible hydroxyl species on the surface, which
disappear aer Pd deposition, evidencing that these species
were involved in binding Pd. In contrast, Pd deposition on the
support prepared by the two-step procedure (Ti2/UVM-7) leads to
the formation of Si(OH)x species on the surface, possibly due to
surface hydrolysis or rearrangement triggered by the deposition
process on a differently structured surface. Overall, the two-step
procedure method (Ti2/UVM-7) results in a more oxidized and
hydroxylated surface compared to the one-step procedure. This is
evidenced by the formation of Si(OH)x species aer Pd deposi-
tion and the presence of oxidized Pd species (PdO). These
features suggest that the two-step procedure creates a surface
environment more prone to hydrolysis and oxidation, likely due
to a less integrated Ti in the SiO2 matrix.

2.1.7 NH3-TPD. The acidic properties of the considered
supports were evaluated through NH3-TPD and the desorbed
NH3 species evolution is shown in Fig. S6. All the investigated
UVM-7 supports contain weak acid sites, as attested by NH3

desorption around 180 °C. While UVM-7 support presents only
weak acid sites, Ti2/UVM-7 and Ti2@UVM-7 have also acidic
sites of medium strength, for which NH3 desorption occurs at
300 °C and 395 °C, respectively. The increase in the strength of
the acidity of Ti2@UVM-7 likely arises from a more homoge-
neous incorporation of Ti species into the silica network during
synthesis, leading to a higher proportion of dispersed TiO6

units, as conrmed by XPS analysis. These species contribute to
the formation of stronger and more numerous Lewis acid
sites.41 In comparison, commercial Degussa TiO2 exhibits lower
acidity than the UVM-7 silica-based supports (see Fig. S6).

2.1.8 Solid state NMR. The local silicon environment and
the degree of framework condensation for the pure and Ti-
modied UVM-7 materials were investigated using 29Si MAS
NMR spectroscopy. The resulting spectra and their corre-
sponding deconvolution into Qn species (Qn = Si(OSi)n(OH)4−n)
are shown in Fig. S7–S9. The 29Si MAS NMR spectra of all
samples display three distinct resonances characteristic of
mesoporous silica frameworks, corresponding to Q2 (geminal
J. Mater. Chem. A
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Scheme 2 Reaction pathways in the hydrogenation of
cinnamaldehyde.
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silanols, d z −91 ppm), Q3 (single surface silanols, d z −101
ppm), and Q4 species (fully condensed tetrahedral siloxane
units dz −109 to −112 ppm). Upon incorporation of titanium,
a systematic downeld shi (deshielding) of the Q4 resonance is
observed, indicating modication of the silicon electronic
environment due to the presence of Ti atoms. This effect is
consistent with the formation of Si–O–Ti linkages, where
substitution or coordination by less electronegative Ti perturbs
the local electron density around silicon (Table S4).42

Comparative analysis of the spectra reveals that all materials
retain the characteristic mesoporous silica structure; however,
the mode of Ti incorporation signicantly inuences the local
framework organization. The pure UVM-7 sample shows
a highly condensed network, with a Q4 resonance centered at
d z −112.18 ppm and a noticeable Q3 contribution associated
with surface silanol groups. For the sample obtained by two-step
procedure method, only a slight downeld shi of the Q4 signal
to d z −111.47 ppm is detected, suggesting that titanium
species are predominantly anchored to surface silanol sites,
with minimal impact on the bulk silica framework. In contrast,
the material obtained by one-step procedure method exhibits
a markedly different spectral prole. The Q4 resonance shis
signicantly to dz −109.97 ppm and displays pronounced line
broadening, indicative of increased structural disorder. This
substantial deshielding, together with the broadened signal,
supports the isomorphic substitution of Si4+ by Ti4+ within the
silica network and conrms the effective incorporation of tita-
nium into the tetrahedral framework during synthesis. Conse-
quently, a higher density of Si–O–Ti linkages is achieved
compared to the post-synthetic impregnation approach.42

These results demonstrate that while both methods
successfully introduce titanium into UVM-7 materials, one-step
procedure enables a more homogeneous distribution of Ti
within the framework walls, whereas impregnation primarily
modies the surface silanol environment without signicantly
altering the core silica structure.
2.2 Catalytic activity

2.2.1 General aspects. The reaction products obtained
during CAL hydrogenation in the presence of the investigated
catalysts using ethanol as solvent are depicted in Scheme 2, as
follows: cinnamyl alcohol (COL), hydrocinnamaldehyde
(HCAL), hydrocinnamyl alcohol (HCOL), cinnamaldehyde di-
ethyl acetal (CDA) and hydrocinnamaldehyde diethyl acetal
(HCDA). The catalytic performances of the proposed catalysts
were analyzed considering (i) the inuence of the reaction time
and (ii) the contribution of the support.

Catalytic tests carried out in the absence of the catalyst
(blank tests – 24 h) show that the substrate is transformed, in
the reaction conditions, to CDA with a conversion of approxi-
mately 14% (see Table S5, Entry 1; reaction (1) from Scheme 2).
Aldehyde diethyl acetals are formed due to the reaction between
aldehydes and alcohols (acetalization reactions), such as
cinnamaldehyde or hydrocinnamaldehyde and ethanol.43 When
mesoporous UVM-7 or TiO2-modied supports were used as
catalysts, a moderate increase of the conversion was observed,
J. Mater. Chem. A
with UVM-7 yielding about 26% CAL conversion to CDA, while
TiO2-modied supports achieving slightly higher conversion of
28–31% to CDA (Table S5, Entries 2–4). These ndings indicate
that the acidic properties of the UVM-7 containing supports, as
demonstrated by NH3-TPD adsorption proles, make them
active for the acetalization of CAL. It is important to note that
the support does not participate in the catalytic hydrogenation
of CAL, as no such reaction products were identied.

Upon closer examination of Scheme 2, it can be summarized
that the acetalization reaction of CAL leading to CDA or HCAL to
HCDA is favored by: (i) the use of catalysts with acidic proper-
ties,44 i.e., the support used in the synthesis of the investigated
catalysts (namely SiO2) exhibits mildly acidic properties; (ii) the
heterolytic dissociation of H2 in the presence of metal oxide-
containing catalysts (in this case TiO2), generating active
hydride species (H−) and protons (H+);23 (iii) the presence of
alcohol (i.e., ethanol).

It is worth mentioning that the literature data44–46 indicate
that the acetalization reaction of the aldehydes (CAL and HCAL)
is reversible in the presence of catalysts with acidic properties
(see reaction (1) or reaction (3) from Scheme 2).

2.2.2 Inuence of the reaction time on the catalytic
performance. Fig. 4a, b and Table S6 present the conversion and
product selectivity (including all identied compounds) for
0.5 wt% Pd deposited on both one-step and two-step prepared
supports, highlighting both the catalytic performance and time-
dependent evolution relevant to the HCAL reaction pathway.

The 0.5Pd/Ti2@UVM-7 catalyst needs a longer induction
period, as only 37% of CAL is transformed aer 1 h, as depicted
in Fig. 4a. At this stage, CDA is detected with 26% selectivity.
Aer 2 h of reaction, the substrate is completely transformed,
CDA vanishes, while HCDA selectivity increases and HCAL
selectivity is maintained. These observations suggest a compe-
tition between two parallel reactions i.e., hydrogenation and
acetalization, that evolves as a new product formed in the
reaction medium. In the rst hour, there is competition
between reaction (4), CAL to HCAL, and reaction (1), CAL to
CDA. In the following hours, reaction (2), CDA to HCDA,
competes with reaction (3), HCAL to HCDA.

Consequently, aer 4 h reaction time, a quick increase in
HCDA selectivity can be observed due to the subsequent
hydrogenation of CDA to HCDA (reaction (2)) on one hand, and
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Catalytic performance evolution with time (CAL conversion and
products selectivity) for the investigated catalysts (a) 0.5Pd/Ti2@UVM-7
prepared by one-step procedure support, (b) 0.5Pd/Ti2/UVM-7
prepared by two-step procedure support, (c) 0.5Pd/TiO2 and (d)
0.5Pd/UVM-7.
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acetalization of HCAL (reaction (3)), on the other, for the 0.5Pd/
Ti2@UVM-7 catalyst (Fig. 4a). Between the 2nd and 6th hours of
reaction, only the reversible reaction (3) between HCAL4HCDA
occurs. It can also be observed that the reaction tends towards
equilibrium between the two species (HCAL and HCDA),
reaching 50%–50% selectivity aer 24 h in the presence of Pd/
Ti2@UVM-7 catalyst (Fig. 4a). Aer 8 h, as the reaction
approaches equilibrium, HCOL starts to appear as the hydro-
genation product of HCAL (reaction (5) in Scheme 2).

The 0.5Pd/Ti2/UVM7 catalyst is highly active (Fig. 4b),
showing an outstanding selectivity towards hydrogenation
reaction (∼99% selectivity to HCAL (4) at complete CAL
conversion aer 10 min, TOF 4.81 s−1). The selectivity for HCAL
remains high during the rst hour; aerward, the acetalization
of HCAL to HCDA begins, progressing slowly over time (10%
HCDA formed aer 8 h). No traces of HCOL are detected during
the 8 h hydrogenation process, conrming once again that
0.5Pd/Ti2/UVM-7 catalyst has an enhanced selectivity toward
HCAL.

2.2.3 Inuence of the support. The catalysts prepared via
the one-step or the two-step procedure were evaluated for the
hydrogenation reaction of CAL under identical reaction condi-
tions. Results indicate that the 0.5Pd/Ti2@UVM-7 catalyst
promotes both acetalization and hydrogenation reactions,
whereas the 0.5Pd/Ti2/UVM-7 (two-step procedure) is very active
for CAL hydrogenation to HCAL and exhibits stability over time.

The differences observed between the two supports might be
a consequence of the size and the good dispersion of the Pd
NPs. For the 0.5Pd/Ti2@UVM-7 catalyst, larger Pd NPs are
formed, as evidenced by XRD and TEM analyses. In contrast, the
0.5Pd/Ti2/UVM-7 features well-dispersed Pd NPs (<2 nm). In our
previous study,47 we demonstrated that a very low amount of
This journal is © The Royal Society of Chemistry 2026
well-dispersed Pd NPs are particularly reactive and selective for
hydrogenation reactions, which aligns with enhanced HCAL
selectivity observed for 0.5Pd/Ti2/UVM-7. Moreover, the higher
acidity of Ti2@UVM-7 (as conrmed by NH3-TPD) contributes to
undesired acetalization, promoting parallel side reactions
during CAL hydrogenation.

For small Pd nanoparticles (#3 nm), the high surface
curvature and abundance of low-coordination sites allow
cinnamaldehyde to adsorb in a relatively at conguration,
enabling simultaneous interaction of both the C]C and C]O
bonds with the metal surface. In this conguration, the C]C
bond interacts more strongly with Pd due to favorable p-back-
bonding and d-band interactions, making its hydrogenation
kinetically preferred.13 As a result, small Pd particles typically
promote C]C hydrogenation, leading to higher selectivity
toward HCAL.

In contrast, larger Pd particles (3–8 nm or larger) exhibit
atter surfaces with more extended terrace sites. Due to steric
constraints imposed by the aromatic ring of cinnamaldehyde,
the molecule cannot easily adopt a at adsorption geometry on
these surfaces. Instead, it preferentially adsorbs in a tilted or
through the carbonyl group. This favors activation of the C]O
bond and enhances selectivity toward cinnamyl alcohol rather
than HCAL.11,48–50

To better understand the role of the support in the CAL
hydrogenation in ethanol, 0.5Pd/UVM-7 and 0.5Pd/TiO2 were also
tested, and the results are gathered in Fig. 4c, d and Table S6.

When TiO2 serves as support (Fig. 4c), CAL hydrogenation
proceeds at a slower rate, reaching full conversion aer 4 h, in
contrast to 0.5Pd/UVM-7, which achieves complete conversion
in merely 1 h (Fig. 4d). In the presence of 0.5Pd/TiO2 catalyst,
both CAL acetalization to CDA (reaction (1)) and subsequent
hydrogenation of CDA to HCDA (reaction (2)) occur within the
initial 2 h. This behavior is similar to that of 0.5Pd/Ti2@UVM-7,
indicating a reduced rate of CAL to HCAL hydrogenation and
a greater tendency of the support to promote acetalization.

Using UVM-7 as support avoids the acetalization reaction,
achieving a conversion of 97% within the initial 30 minutes and
an HCAL selectivity of 94%. The conversion reaches its peak
aer one hour, exhibiting a selectivity of 93%.

Initial HCAL selectivity obtained for 0.5Pd/TiO2 is 85% and
decreases rapidly in time due to the fast acetalization process of
HCAL to HCDA (reaction (3)), which was also observed for
0.5Pd/Ti2@UVM-7 catalyst. These ndings indicate that in the
presence of materials containing a higher amount of TiO2

entities, more H+ species are generated, species that can facil-
itate the acetalization process. These observations are sustained
also by the structural characterization of the catalysts/supports
(TEM, SEM, XPS, 29Si NMR) where a larger amount of Ti species
was found for the Ti2@UVM-7 based materials related to Ti2/
UVM-7 based catalysts and an increased acidic character was
evidenced for Ti2@UVM-7 support (NH3-TPD) compared with
the Ti2/UVM-7 and UVM-7 supports.

Also, in the case of 0.5Pd/TiO2 or 0.5Pd/UVM-7 catalysts
(Fig. 4d), the hydrogenation reaction of HCAL to HCOL (5) can
be observed since the beginning (10 min reaction time) and
high HCOL yields are obtained aer 24 h (42% and 20%,
J. Mater. Chem. A
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Fig. 5 Stability tests for 0.5Pd/Ti2/UVM-7 during 5 consecutive reac-
tion cycles.
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respectively – Table S6) compared with the other investigated
materials. This behavior is owed to the formation of larger Pd
NPs (30 nm, respectively 35 nm)11,48,50,51 on these catalysts, as
determined from TEM.

There is evidence in the literature proving that Pd NPs can be
stabilized on supports like SiO2 in the presence of TiO2 species;
herein, TiO2−x layer can be formed at the surface of metal
clusters for Pd/TiO2 catalysts reduced at high temperatures,
responsible for a strong metal-support interaction.52 Thus, the
two-step procedure material could be more appropriate support
for the Pd, where TiO2 nanodomains located inside the meso-
pores can stabilize and prevent Pd NPs sintering at high
reduction temperature (400 °C), leading to very small Pd NP.
This allows for stronger electronic interactions in MSI, which is
also supported by the XPS analysis. In contrast, the one-step
procedure material has the TiO2 species embedded into the
SiO2 matrix, a fact which favors the formation of larger Pd NPs,
with less interfacial area relative to their volume, therefore the
proportion of atoms at the metal-support interface decreases
and consequently also the MSI.

When Pd is deposited on Ti2/UVM-7 (two-step procedure
support) and UVM-7 supports, where Ti species are in lower
amounts or absent, respectively, the aldehyde hydrogenation is
the main reaction. Nevertheless, the Pd particle size makes the
difference for these catalysts, since for small Pd NPs (<2 nm)
only CAL hydrogenation to HCAL occurs, while for larger Pd NPs
(around 30 nm) further HCAL to HCOL hydrogenation also
takes place. For the considered Pd-based systems, smaller
nanoparticles expose a higher fraction of low-coordination sites
(edges and corners),2 which might favor p-bond interaction
with the C]C group of cinnamaldehyde, thereby promoting
selective hydrogenation toward hydrocinnamaldehyde. In
contrast, larger particles may alter the adsorption geometry and
facilitate competing pathways, including C]O hydrogenation
or over-hydrogenation.

Even though the SSA of the 0.5Pd/Ti2/UVM-7 catalyst is smaller
compared to the 0.5Pd/Ti2@UVM-7, it is still high enough to
ensure its high catalytic performance. Therefore, the outstanding
HCAL selectivity at complete CAL conversion obtained in the
presence of 0.5Pd/Ti2/UVM-7 is a contribution of MSI due to a very
good dispersion of small Pd NPs (<2 nm particle sizes, according
to TEM data), making it very active and selective for HCAL in the
cinnamaldehyde hydrogenation process. The maximum HCAL
selectivity ∼99% is obtained in the rst 10 minutes of the reac-
tion, aer that, other processes being favored, as HCAL acetali-
zation to HCDA or further HCAL reduction to HCOL.

Moreover, even if Fig. 4b and d present a similar trend, the
improved catalytic behavior of 0.5Pd/Ti2/UVM-7 compared with
0.5Pd/UVM-7 can be attributed to the promoting role of Ti
species, which strengthens metal-support interactions and
modies the electronic and structural properties of Pd.

2.2.4 Stability tests. Stability tests were carried out in the
presence of the best catalyst, 0.5Pd/Ti2/UVM-7, over 5 consecu-
tive reaction cycles, each lasting 1 h (0.1 mmoles of CAL, 10 mg
of catalyst, 5 mL of ethanol, 140 °C, 25 atm H2) and the results
are depicted in Fig. 5. The catalyst exhibits high stability during
the rst two catalytic cycles, maintaining CAL conversion at
J. Mater. Chem. A
100% and initial HCAL selectivity of ∼99%. Following the third
reaction cycle, a small decrease (overall less than 4%) in CAL
conversion is noted.

Hot ltration tests were conducted on the 0.5Pd/Ti2/UVM-7
catalyst to assess the potential presence of homogeneous Pd
species in the reaction medium. The reaction was stopped aer
7 minutes, at 85% CAL conversion. Following hot ltration, no
further hydrogenation of CAL was observed in the second
reaction cycle. These results indicate that no leached Pd species
are present in the reaction solution during the catalytic tests.
3 Experimental
3.1 Support preparation (see Scheme 3)

3.1.1 Preparation of Ti2@UVM-7 by one-step procedure.30

Herein, tetraethoxysilane (TEOS) (6.94 g), tetrabutyl ortho-
titanate (TBOT, 0.18 g) and triethylamine (TEA, 22.6 g) were
vigorously stirred, and the mixture was heated at 140 °C. The
obtained solution was cooled to 120 °C, and cetyltrimethyl-
ammonium bromide (CTAB, 3.04 g) was added. The solution
was cooled down to 85 °C, and then water was added (60 mL).
Further, the suspension was maintained under magnetic stir-
ring for 16 h at room temperature (RT). The obtained solid was
separated by ltration and washed thoroughly with water. The
nal material was calcined using a heating ramp until 550 °C, as
described in Scheme S1 (see Supplementary material). The
molar ratio between TEOS : TBOT:TEA : CTAB : H2O was 2 :
0.03 : 9.1 : 0.5 : 200. The nal loading of TiO2 on UVM-7 is 2%
and the sample was named Ti2@UVM-7.

3.1.2 Preparation of Ti2/UVM-7 by two-step procedure. The
rst step involves the synthesis of the pure silica UVM-7 via
atrane method53 (10 g), where UVM-7 denes a mesoporous
bimodal silica. Initially, TEOS (36.9 mL) and TEA (76.9 mL) were
stirred vigorously and heated at 140 °C. The obtained solution
was cooled to 120 °C and CTAB (15.16 g) was added under
continuous stirring. Further, the solution was cooled down to
85 °C and water (300 mL) was added. The molar ratio between
TEOS : TEA:CTAB : H2O is 2 : 7 : 0.5 : 200. The resulting precipi-
tate was ltered, washed thoroughly with water and ethanol,
and dried at 70 °C overnight. The powder was calcined using the
same conditions as for the one-step procedure.
This journal is © The Royal Society of Chemistry 2026
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Scheme 3 The general concept for the synthesis UVM-7 based
supports containing 2% TiO2 via (a) one-step procedure to obtain
Ti2@UVM-7 support and (b) two-step procedure to generate Ti2/UVM-
7 support.
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The second step of the synthesis involves wet impregnation
of TiO2 on UVM-7 (1 g). Titanium oxyacetylacetonate (0.06 g,
used as Ti precursor) was dissolved in ethanol (100 mL, heated
at 40 °C). Subsequently, water (100 mL, heated at 40 °C) was
added to the solution, and the UVM-7 support (0.98 g) was
slowly integrated into the reaction mixture. The suspension was
held under magnetic stirring for 2 h at 40 °C. The resulting
mixture was cooled at RT, the solid was separated by ltration
This journal is © The Royal Society of Chemistry 2026
and washed with water. The obtained material was calcined in
air at 300 °C for 5 h (heating rate 1 °C min−1). The nal loading
of TiO2 on UVM-7 is 2%, therefore, for simplicity, the sample
was named Ti2/UVM-7.

3.2 Catalysts preparation

The catalyst was obtained by deposition–precipitation of
0.5 wt% Pd on the synthesized supports. For that purpose,
[Pd(OAc)2]n (0.005 g) was dissolved in methanol (20 mL of
methanol heated at 40 °C) and added to warm water (70 °C, 40
mL). The support (Ti2/UVM-7 or Ti2@UVM-7) was added (1 g)
and the pH was adjusted and maintained at pH = 7 with
NH4OH 25%. Themixture was vigorously stirred for 1 h at 70 °C.
The obtained suspension was ltered and the solid was thor-
oughly washed with water. The solid was dried at 90 °C over-
night, and the nal materials were reduced in a ow of 5 vol%
H2 diluted in Ar (20 mL min−1) at 400 °C for 3 h. Final catalysts
were named 0.5Pd/Ti2@UVM-7 and 0.5Pd/Ti2/UVM-7. A sketch
of the overall process is depicted in Scheme 4. For comparison,
0.5 wt% Pd supported on UVM-7 and TiO2 (commercially P25,
Degussa) catalysts were prepared using the same deposition
precipitation method described above. The samples were
named 0.5Pd/UVM-7 and 0.5Pd/TiO2.

3.3 Catalyst characterization

The structure of the catalysts was investigated by X-ray diffrac-
tion (XRD) using an Anton Paar XRDynamic 500 diffractometer
equipped with CuKa (lKa1 = 1.5418 Å, 40 kV, 50 mA) Primux
3000 X-rays source and one-dimensional Pixos 2000 detector.
The patterns were registered with parallel beam optics in the 2q
range 1.2–18° with a step size of 0.02° and between 10–70° with
a step size of 0.04°; the crystalline planes of the materials were
identied according to the ICDD crystallographic database. The
crystallite sizes were evaluated from line broadening according
to the Scherrer equation:54,55

Crystallite size (nm) = l/(FWHM*cos q), where l =

0.15418 nm (CuKa), FWHM is full width at half maximum, and q

is the diffraction angle.
The chemical structure and presence of functional groups

were investigated by Fourier-transform infrared (FTIR) spec-
troscopy using a PerkinElmer spectrometer in attenuated total
reectance (ATR) mode with a diamond crystal plate device
(Pike Technologies, Madison, WI). The IR absorption spectra of
the all samples were recorded from 500 to 4000 cm−1 at
a nominal resolution of 4 cm−1 and 32 scans/acquisition.

Nitrogen physisorption analysis was performed at −196 °C
with a 3FLEX apparatus from Micromeritics. Before deter-
mining the surface area, all powders were degassed at 200 °C for
1 h. The Brunauer–Emmett–Teller (BET) formalism56 was used
to calculate the specic surface area from the data obtained at P/
P0 between 0.025 and 0.3. The pore size distribution of each
sample was determined from the desorption branch of the N2

isotherm, while the pore size and volume analysis were calcu-
lated using the Barrett–Joyner–Halenda (BJH) formalism.57

The morphology and elemental composition of the samples
have been studied with:
J. Mater. Chem. A
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Scheme 4 Schematic representation of Pd deposition precipitation on (a) Ti2@UVM-7 one-step procedure support and (b) Ti2/UVM-7 two-step
procedure support.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/8
/2

02
6 

6:
14

:0
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(i) JEOL2100 Transmission Electron Microscope (TEM),
equipped with a JEOL Energy Dispersive X-ray (EDX) Spec-
trometer. Prior to the analysis, the samples were well grounded
and dispersed into ethanol; the slurry was dropped onto
a copper grid and allowed to dry at RT. Conventional imaging
(CTEM) as well as scanning imaging obtained in dark-eld
operation mode (STEM-DF) showed spherical particles with
sizes under 50 nm. The EDX analyses were performed in three
different regions of each sample.

(ii) Zeiss Evo 50 XVP scanning electron microscope (SEM)
coupled with a spectrometer of energy dispersion of X-ray (EDX)
Bruker Quantax 200. The operational parameters used for the
SEM images and EDX analyses were: accelerating voltage 20 kV,
measuring time 300 s and working distance around 17 mm.

The XPS measurements were recorded using a Kratos XPS
Axis Ultra DLD Setup spectrometer with the Al Ka (1486.74 eV)
radiation generated by an X-ray source operating at 144 W (12
kV, 12 mA) and a vacuum of 1 × 10−4 MPa. The photoelectrons
emitted were detected using a 165 mm radius hemispherical
energy analyzer operating in a xed analyzer transmissionmode
with a pass energy of 20 eV and a magnetic immersion lens to
improve electron detection efficiency. An electron ood gun
running at 1 eV electron energy and a 0.1 mA current was
employed to counteract sample charging effects. The parame-
ters were adjusted to achieve the adventitious C 1s peak at 285±
0.05 eV.

NH3-Temperature Programmed Desorption (NH3-TPD)
experiments were carried out in a Micromeritics TriFlex
equipment. The samples (100 mg) were pretreated at 100 °C
(from RT with a 5 °C min−1 heating rate) under He ow (20
mL min−1) during 1 h to clean the surface. The material was
cool down at RT and cured with a 5% NH3 in He gas mixture (20
mL min−1) for 1 h. Subsequently, the samples were exposed to
He (20 mLmin−1) for 1 h to remove the physically adsorbed CO2

and nally treated from RT up to 550 °C (heating rate 10 °
J. Mater. Chem. A
C min−1) and the desorbed NH3 was quantied by a TCD
detector.

Solid-state 29Si MAS NMR experiments were performed on
a 9.39 T spectrometer (400 MHz for 1H) equipped with a magic-
angle spinning (MAS) probe. The 29Si spectra were acquired
using single-pulse excitation under MAS conditions at a spin-
ning rate of 10 kHz, 18 000 scans, employing 4 mm zirconia
rotors tted with Kel-F caps. Chemical shis were referenced to
an external kaolin standard.
3.4 Catalytic tests

The hydrogenation of CAL was carried out in a stainless-steel
autoclave under magnetic stirring. In a standard experiment,
the catalyst (10 mg) was mixed with the substrate (0.0132 g, 0.1
mmol) and ethanol (5 mL) in the autoclave that was initially
ushed three times with H2, aer that pressurized with H2 at 25
atm. The reactions were carried out at 140 °C for 0.16–24 h. Aer
the reaction, the catalyst was separated by ltration, and the
reaction products were analyzed by gas chromatography (GC)
coupled with a quadrupole mass spectrometer (MS; Shimadzu
GC-MS-QP2010 Ultra GC-MS) equipped with an Elite 35 MS
column (30 m, 0.5 mm thickness, diameter 0.25 mm). The GC
conditions for sample analysis were as follows: injector
temperature 250 °C, carrier gas – helium (3 mLmin−1), pressure
0.11 atm, linear velocity 23.2 cm sec−1, oven temperature –

starting at 120 °C (hold 4 min) then increasing with a heating
rate of 20 °C min−1 up to 275 °C and hold 20 min, detector
MS(EI), ion source temperature 200 °C, interface temperature
275 °C and detector voltage 0.1 kV. The catalytic results are
presented in terms of cinnamaldehyde conversion (C%) and
reaction products selectivity (S(%)):

C% ¼ initial CAL ðwt%Þ � CAL after reaction ðwt%Þ
initial CAL ðwt%Þ � 100
This journal is © The Royal Society of Chemistry 2026
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Sð%Þ ¼ amount of product ðwt%Þ
amount of all products ðwt%Þ � 100

The apparent Turnover frequency (TOF) is dened as the
ratio of the mole number of converted CAL to the mole number
of accessible Pd (considering the Pd NP size determined from
TEM) in time and was reported as s−1.

The recyclability of the best catalyst was evaluated using
a single batch over 5 consecutive reaction cycles. Aer each
reaction, the mixture was allowed to settle, and the liquid was
carefully extracted using a syringe; aliquots were diluted with
ethanol and subsequently injected into the GC-MS, while the
catalyst underwent washing with ethanol. A fresh batch of
solvent and CAL mixture is further added to the catalyst for the
next cycle, up to 5 reaction cycles (0.1 mmol CAL, 5 mL EtOH,
140 °C, 25 atm H2, 1 h).

The hot ltration test was carried out as follows: a standard
reaction cycle was performed, but the reaction was stopped aer
7 minutes of reaction time (at 85% CAL conversion). Aer the
standard reaction cycle, the hot reaction mixture was ltered to
remove the catalyst and returned to the batch reactor The
reactor was sealed, ushed (three times) and pressurized with
25 atm H2 and heated to 140 °C for 10 minutes. The reaction
products were also analyzed by GC-MS.
4 Conclusions

For this study, 0.5 wt% Pd were deposited on bimodal
mesoporous supports – (2 wt%) TiO2–SiO2 – with high SSA
(>900 m2 g−1). During the deposition–precipitation step of Pd,
the structure of the support was well-preserved for the one-
step procedure, most likely due to the generation of a higher
amount of Ti–O–Si bonds, as evidenced by ATR-FTIR, XPS and
29Si NMR measurements, while for the two-step procedure, the
textural properties of the support were slightly affected by the
partial collapse of the structure or pore blocking with Pd NP,
as observed from the XRD and SSA results. However, very
small Pd NP sizes (<2 nm) were obtained for the two-step
procedure support, which determined a strong MSI as evi-
denced by XPS.

Catalytic tests revealed competing pathways during CAL
hydrogenation: direct CAL hydrogenation to HCAL and subse-
quent acetalization to CDA/HCDA. These parallel reactions were
more pronounced for one-step procedure catalyst (0.5Pd/
Ti2@UVM-7). Catalysts containing higher TiO2 concentrations
promoted both hydrogenation and acetalization, lowering
HCAL yield, while Pd/SiO2 exhibited complete CAL conversion
with high HCAL selectivity (∼93%).

The 0.5Pd/Ti2/UVM-7 catalyst prepared by a two-step proce-
dure achieved nearly 99% HCAL selectivity at full CAL conver-
sion within 10 minutes with a TOF of 4.81 s−1, among the
highest reported values.2 This catalytic performance originates
from the ultrasmall Pd nanoparticles in strong electronic and
structural coupling with the support, evidencing a pronounced
metal–support interaction.
This journal is © The Royal Society of Chemistry 2026
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T. Garćıa and P. Amorós, J. Catal., 2018, 360, 187–200.
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