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The influence of pretreatment conditions of Pt/TiO2 catalysts was analyzed by different techniques and
changes in the textural and chemical properties correlated with the catalytic performance in citral hydro-
genation. After H2 pretreatment, the formation of two-dimensional Pt nanoparticles and oxygen vacan-
cies favors the diffusion of Pt species into the TiO2 structure, while three-dimensional Pt crystallites
are formed after He pretreatment. The coupled effect of Pt 2-D nanoparticles and oxygen vacancies
strongly enhances the catalytic activity and the selective hydrogenation of citral to unsaturated alcohols
by favoring the citral adsorption on the reduced surface through the terminal C@O groups in an environ-
ment rich in hydrogen provided by the highly dispersed Pt nanoparticles. These coupled metal-vacancy
active sites are formed also after a combined He/H2 pretreatment; nevertheless, the formation of
three-dimensional Pt particles during the previous He treatment strongly reduce the extent of TiO2–Pt
interface and consequently the surface site concentration and the catalytic activity.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Citral (3,7-dimethyl-2,6-octadienal) is an isomeric mixture of
the acyclic aldehydes geranial (citral E) and neral (citral Z). The
demand of their derivatives unsaturated alcohols (UA), geraniol
and nerol by chemical, pharmaceutical or perfumery industries,
progressively increases. Citral is found in plants and citrus fruits
but very recently came to be produced petrochemically in very
large quantities [1]. Although geraniol can be isolated from pal-
marosa oil and nerol was obtained from the oil of nerol [2,3], the
selective hydrogenation of citral is one of the more feasible ways
for obtaining these unsaturated alcohols at large scale.

Nevertheless, in the selective hydrogenation of a,b-unsaturated
aldehydes, thermodynamic and kinetic factors favor the hydro-
genation of the conjugated C@C over the C@O bond [4], and thus,
the saturated aldehyde or alcohol is mainly obtained. In addition,
secondary reactions of hydrogenation, isomerization, cyclization,
or cracking also take place leading to a complex reaction pathway
[5]. The challenge is to selectively enhance the hydrogenation of
the C@O bond to UA, which can only be achieved with an optimal
design of the catalyst. Different approaches for this objective were
previously published, by studying the influence of supports [6–8],
active phases [9,10], and the interactions between them [6,11,12].

The nature and effect of the strong metal–support interactions
(SMSI) were early shown by Tauster and Fung [13] and related
with the support reducibility. Nevertheless, SMSI is even today a
matter of discussion and generates a field of great research interest
in the development of selective hydrogenation catalysts. In this
sense, recently the influence of impregnation procedures and pre-
treatments at different temperatures (300 vs 500 �C) in H2 flow of
Pt/TiO2 and Rh/TiO2 catalysts used in the citral hydrogenation was
described [14]. It is suggested that with increasing temperature,
conversion decreases but selectivity to UA increases as conse-
quence of the formation of TiO2�X species (no identified), because
these effects were not observed using the same active phases on
non-reducible Al2O3 as support [15]. It was also suggested [16] that
the improved hydrogenation performance of Pt catalysts using
TiO2/SiO2 composite as support regarding pure TiO2 is due to a
stronger SMSI effect in the first case, because the formation of ana-
tase nanocrystallites facilitates the interactions with Pt after
reduction.

These works are focused mainly on catalytic results, but there is
a lack of information about the chemical and structural modifica-
tions caused by pretreatments, the identification of Pt species on
reduced TiO2 surfaces, and the influence of such species on the cat-
alytic performance. In this manuscript, we analyze by different
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techniques Pt/TiO2 catalysts before and after pretreatments in dif-
ferent experimental conditions. The structural and chemical
changes detected are related with the catalytic performance
obtained.
2. Experimental

2.1. Catalysts preparation

Commercial TiO2 (anatase, Alfa Aesar) without additional treat-
ments was milled and sieved to a diameter smaller than 0.150 mm
before impregnation. Platinum catalysts were prepared by impreg-
nation at 3 wt% Pt loading using an aqueous solution containing
the appropriate amount of [Pt(NH3)4]Cl2, dried, and finally pre-
treated in He or H2 flow at 400 �C (heating rate of 5 �C/min) for
12 h. An alternative pretreatment where the precursor salt is
decomposed initially for 2 h at 400 �C in He and after that treated
in H2 flow for additional 10 h was also carried out. Catalysts were
referred indicating the reduction treatment. Thus, as an example,
Pt/TiO2-He indicates that Pt was deposited on TiO2 support and
pretreated in He flow.

2.2. Textural and chemical characterization

Textural characterization was carried out by N2 adsorption at
�196 �C using a Quantachrome Autosorb-1 equipment. The BET
equation was applied to the N2 adsorption isotherms to determine
the apparent surface area (SBET), and the Dubinin–Radushkevich
and Stoeckli equations were used [17–20] to determine the micro-
pore volume (W0) and the mean micropore width (L0). The total
pore volume (VTotal) was considered [21] as the volume of N2

adsorbed at P/P0 = 0.95 and the mesopore volume (Vmeso) conse-
quently calculated by difference.

Pt dispersion (D) and mean particle size (d) were obtained by
X-ray diffraction (XRD), H2 chemisorption, and high-resolution
transmission electron microscopy (HRTEM). Chemisorption iso-
therms were measured in conventional volumetric equipment.
Equilibrium pressure was measured with a precision of 0.1 mbar.
0.250 g of the supported catalyst was pretreated as described
above and outgassed at 350 �C for 1 h. Subsequently, it was cooled
down to 25 �C and a H2 adsorption isotherm was measured
between 70 and 350 mbar. H2 uptake was determined from the
intercept of the linear adsorption isotherm. Platinum dispersion,
D, namely the ratio between surface (MS) and total metal atoms
(MT), and the average Pt particle size, �dðnmÞ ¼ 1:08

D , were obtained
from the H2 uptake assuming, respectively, a stoichiometric ratio
H2:Pt = 1:2 (dissociative chemisorption) and the formation of
spherical particles [22,23].

HRTEM images were recorded using a FEI TITAN G2 80-300
microscope equipped with a scanning transmission electron
microscopy (STEM) detector-type HAADF (high-angle annular
dark-field detector), corrector of spherical aberration (CEOS), and
EDX microanalysis system (Super X). This equipment has a maxi-
mum resolution of 0.8 Å (TEM) or 1.4 Å (STEM), working with an
acceleration voltage of 300 kV. A small amount of well-milled cat-
alysts is dispersed in ethanol under ultrasound and mounted on a
300 mesh carbon-coated cooper grid. Always more than 100 Pt
particles were analyzed by the appropriate software in order to
obtain the particle size distributions and the average particle size.

X-ray diffraction (XRD) pattern were recorded using a Bruker
D8 Advance X-ray diffractometer with Cu Ka radiation. The 2h
angles were scanned from 10 to 90�. The average Pt crystallite sizes
(D) were estimated by the application of the Debye–Scherer for-
mula, D = 0.95k/b cosh to the {111} peak of platinum, where h is
the diffraction angle and b is the full width at half-maximum
(fwhm). The fwhm was determined with an extrapolated baseline
between the beginning (low angle side) and the end (high-angle
side) of a diffraction peak with the highest intensity.

The chemical characterization of the catalysts was further
analyzed by X-ray photoelectron spectroscopy (XPS). The spectra
were obtained on a Kratos Axis Ultra-DLD X-ray photoelectron
spectrometer equipped with a hemispherical electron analyzer
connected to a detector DLD (delay-line detector). For these
measurements, the binding energy (BE) values were referred to
the C1s peak at 284.6 eV, and the Pt4f, O1s, and Ti2p spectral regions
were scanned several times to obtain good signal-to-noise ratios.
The spectra obtained after background signal correction were fitted
to Lorentzian and Gaussian curves in order to obtain the number of
components, the position of each peak, and the peak areas. Finally,
all the components were assigned according to the bibliography
[24–27].

Information about the support acidity was obtained by measur-
ing the pHpzc, according to the methodology previously described
[28], and the strength and amount of acid sites of pretreated
catalyst were studied by n-butylamine adsorption/desorption
(TPD) experiments. Dynamic adsorption/desorption tests (TPD)
were carried out in a quartz microreactor at atmospheric pressure
with 0.2 g of sample using a He/Ar flow (total flow rate
60 cm3 min�1) saturated with n-butylamine at 0 �C (partial pres-
sure of n-butylamine 28.92 Torr). Analyses were carried out online
with a Mass Spectometer model Prisma (Pfeiffer). Samples were
heated in pure He flow up to the adsorption temperature (150 �C),
and after stabilization, the He flow was turned by the saturated
He/Ar flow up to sample saturation (the n-butylamine concentra-
tion is recovered). After that, the saturated sample was purged in
pure He for 1 h to remove rest of trapped n-butylamine, and then,
TPD-n-butylamine was recorded by heating at 10 �C/min.
2.3. Catalytic performance

The citral hydrogenation was carried out in 100 ml heptane
solution at a constant hydrogen pressure of 8.3 bar and 90 �C using
a Parr reactor model 5500. The experimental conditions, citral con-
centration, catalyst weight, and agitation speed, were previously
optimized in order to avoid mass transfer limitations (results not
shown) and fixed in 0.05 M, 500 mg, and 1500 rpm, respectively.
A small volume of sample (1 mL) was periodically withdrawn
and analyzed by chromatography using a Bruker 430-GC equipped
with a FID detector and a Varian GC Capillary Column CP7485
(25 m � 0.32 mm � 0.45 lm). Citral and any possible product were
previously calibrated.
3. Results and discussion

The catalytic performance after reduction of Pt/TiO2 in pure He
or H2 flow, and the combined reduction cycle (He/H2), is compared
in Fig. 1. Clearly, both activity and selectivity are strongly favored
after H2 pretreatment, in such a manner that total conversion is
achieved after 6 h of reaction with unusual high values of selectiv-
ity to UA (SUA, at around 80%) for monometallic Pt catalysts, which
normally do not exceed SUA values of 50–55% [5]. Selectivity values
only decay at conversions greater than 80%, where secondary
hydrogenations are favored. On the contrary, the smallest activity
and selectivity values are detected after pretreatment in He flow.
Moreover, in this case, SUA decreases even at significantly low con-
version values (Fig. 1), indicating that secondary reactions are
favored. In the case of the combined He/H2 pretreatment, while
the catalytic activity is similar to the obtained after the He pre-
treatment, the selectivity values are quite similar those obtained
after H2 pretreatment. This combined pretreatment point out that,
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Fig. 1. Influence of pretreatment conditions on the catalytic performance of Pt/TiO2 catalysts (a) Evolution of the conversion with reaction time (b) selectivity to unsaturated
alcohols with increasing conversion values. Pt/TiO2–He ( ), Pt/TiO2–H2 ( ), and Pt/TiO2–He, H2 ( ).
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Fig. 2. Products distribution along the reaction development: (a) Pt/TiO2–He, (b) Pt/TiO2–He, H2, and (c) Pt/TiO2–H2. Citronellal ( ), SUA ( ),
Cyclization = isopulegol + menthol ( ), citronellol ( ), 3, 7 DMO ( ), cracking ( ). Reaction conditions: citral in heptane solution (0.05 M), 500 mg of catalyst, 1500 rpm,
90 �C, and PH2 = 8.3 bar.
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while the number of active sites (activity) is determined by the
previous He pretreatment, the nature of the selective hydrogena-
tion sites is determined by the H2 pretreatment. This means that
H2 pretreatment generates some transformations that activate
specifically the catalyst surface favoring the hydrogenation of citral
to UA.

It is noteworthy that SUA initially increases independently of the
pretreatment used (Fig. 1b); this means that there is always an
induction period where the active sites are progressively accom-
modated to the reaction development. This fact can be related with
the total product distribution obtained in each case (Fig. 2). Thus, it
is observed that after He pretreatment, initially the stronger active
sites produce the preferential hydrogenation of C@C bonds (to
citronellal) and cracking of the citral molecules, but these sites
are progressively deactivated. Cracking reactions are induced by
the support acidity [29]. Simultaneously, citronellal is transformed
by secondary hydrogenation or cyclization reactions to citronellol
or menthol and isopulegol, respectively. After 2 h of reaction,
also the SUA decreases because they are also transformed into
citronellol. However, after H2 pretreatment, UA are always the
main reaction product obtained, denoting the different nature of
the active sites and the different interaction of the catalyst surface
with the citral molecules that in this case are hydrogenated
through the C@O bonds. The increase of SUA during the induction



Table 2
Values of the pHpzc of pretreated supports and catalysts.

Pretreatment TiO2 support Pt/TiO2 catalyst

None 4.90 –
400 �C 12 h He 4.87 2.44
400 �C 2 h He, 10 h H2 6.48 3.92
400 �C 12 h H2 6.36 3.62
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Fig. 3. TPD of n-butylamine after saturation at 150 �C. ( ) Pt/TiO2–H2 ( ) Pt/TiO2–
He.
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period is also due to the deactivation of the C@C hydrogenation
sites, while cracking is significantly reduced, because this pretreat-
ment also leads to an acidity decrease, as shown below. After that,
the product distribution becomes very stable and only citronellol
slowly increases at high conversion values by hydrogenation of
UA. However, it is noteworthy that these secondary processes
develop in a smaller proportion than in the previous case, denoting
the weak interaction of the C@C bonds with these active sites. The
products distribution obtained after He/H2 pretreatment is quite
similar to that obtained after H2 pretreatment, in spite of that
the catalytic activity is considerably smaller. Thus, as commented,
the nature of active sites seems to be similar, but they are present
in a smaller proportion.

Different factors can influence this catalytic behavior; thus,
textural properties and acidity of catalysts, and Pt nature and
dispersion, were carefully analyzed. Textural parameters can influ-
ence the citral adsorption mode and/or the adsorption capacity. In
a previous paper [30], it was suggested that in order to increase the
selectivity toward unsaturated alcohols, geometrical effects
derived from the zeolite pore size and shape and location of
ruthenium particles in the KL structure are more effective than
the electronic modifications induced by electron-donor supports.
Textural parameters obtained from the analysis of the N2 adsorp-
tion isotherms are summarized in Table 1. The BET surface area
of pretreated catalysts are quite similar to the BET surface of the
support, but the total pore volume (V0.95) slightly decreases by
certain porous blockage caused by the Pt nanoparticles loaded.
This blockage takes place mainly in the mesopore range (Vmeso

decreased) where Pt nanoparticles should be located although also
leads to narrowest micropores (L0). Nevertheless, the textural
parameters determined for pretreated catalysts show similar val-
ues between them, and therefore, the variations of the catalytic
behavior seem not to be due to textural changes after the different
pretreatments. Moreover, the mesoporous character of the support
avoids the development of steric restriction that could favor a
preferential adsorption mode.

The catalytic performance is also related with the catalysts acid-
ity and the strength of the acid sites. We have pointed out that the
strong Brönsted acidity of Al2O3 favors the activity at the expense
of a very high cracking selectivity regarding other inorganic sup-
ports [29,31]. However, recently it was also found that basic cata-
lysts are more active and more selective to citronellal, while acid
sites favor the formation of UA [32].

To analyze the influence of Pt precursor decomposition condi-
tions on the acidity of the samples, both TiO2 support and impreg-
nated catalysts were pretreated in identical conditions. The pHpzc

of TiO2 pretreated in He flow remain practically constant regarding
the untreated sample (Table 2), but this parameter increases signif-
icantly after pretreatment in H2 showing the release of some acid
sites. This effect is similar for samples pretreated under consecu-
tive He/H2 flows. Pretreated catalysts are stronger acid materials
than their supports pretreated in identical experimental condi-
tions, indicating that Pt loading generate new acid sites. This
Table 1
Textural parameters of pretreated Pt/TiO2 catalysts obtained from N2 adsorption
isotherms.

Catalyst SBET W0 L0 Vmeso V0.95

m2 g�1 cm3 g�1 nm cm3 g�1

TiO2 116 0.047 1.89 0.446 0.493
Pt/TiO2–He 115 0.040 1.65 0.397 0.437
Pt/TiO2–He/H2 94 0.032 1.64 0.412 0.444
Pt/TiO2–H2 111 0.045 1.62 0.397 0.442

SBET: BET surface area, W0: micropore volume, L0: micropore width.
Vmeso: mesopore volume and V0.95: total pore volume.
behavior was previously observed by others authors [33].
Moreover, pretreatment atmosphere also influences the precursor
decomposition and sintering [34]. Because in this study only TiO2

is used as support and [Pt(NH3)4]Cl2 as metal precursor, changes
on the catalyst acidity only depend on the pretreatment condi-
tions. The acidity of materials therefore is favored by the presence
of Pt and decreases in all cases after H2 pretreatments.

Results obtained from TPD of n-butylamine provide similar con-
clusions (Fig. 3). In this experimental conditions (after saturation at
150 �C to avoid physical adsorption of n-butylamine), it is observed
that He pretreated catalyst presents a higher acidity and a greater
number of acid sites in all the temperature range (in all the range
of acid strength), but moreover, the position of the maximum
shifted to lower desorption temperatures after pretreatment in
H2 (to weaker acid sites) which is also in agreement to conclusions
obtained from pHpzc measurements. The smaller acidity after H2

pretreatment should favor the formation of citronellal [32].
However, this acidity decrease seem to influence strongly the evo-
lution of the product distribution previously shown in Fig. 2a
regarding 2b and c, avoiding in a large extent the formation of
cracking products and the C@C hydrogenation; thus, we obtained
the most selective catalyst to UA in these conditions.

The chemical characteristics of the catalysts surface were ana-
lyzed also by XPS. Some of the results obtained for TiO2 and Pt
characterization are summarized in Tables 3 and 4, respectively.
Regarding TiO2 (Table 3), the deconvolution of the Ti2p spectral
region of untreated and He pretreated samples only shows a com-
ponent at binding energy BE = 459.5 eV, corresponding to Ti4+ spe-
cies, while two components, at 530.8 and 532.5 eV, were used to fit
the O1s spectral region. The major component of O1s spectral region
corresponds to the ‘bulk’ oxygen atom in the stoichiometric TiO2

form, while the high BE component could correspond to various
oxygen-containing surface functional groups [25]. Mainly hydroxyl
(AOH) or bridge surface oxygen (TiAOATi) groups were described
[27]. It is noteworthy that in spite of the surface oxygen content is
maintained after the He pretreatment regarding untreated support
(Table 3), the component at high BE significantly decreases regard-
ing the untreated catalysts, which is consistent with the hydroxyl
removal from TiO2 by heating [26]. However, after the H2
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pretreatment, the oxygen content of support significantly
decreases (around 25% of the initial value) and simultaneously,
new components are needed to fit both the O1s and Ti2p spectral
regions (Table 3 and Fig. 4). In both cases, BE is shifted to lower val-
ues indicating an electronic enrichment (reduction). The Ti2p com-
ponent at 457.9 eV and 456.5 eV were assigned to the presence of
Ti3+ and even Ti2+ species, respectively (Fig. 4), in agreement to the
BE values previously published [24]. These results are also in
agreement with the release of acid sites previously described and
the formation of oxygen vacancies. This fact was pointed out also
by different authors using the FTIR analysis [35,36].

The XPS analysis also shows the chemical state and surface con-
centration of Pt species. The results from the analysis of the Pt4f

spectral region are shown in Table 4. Before pretreatment, the Pt
concentration determined is greater than the total Pt loading (3%
wt), showing a preferential localization of Pt particles on TiO2
Table 3
Influence of pretreatments on the surface oxygen content, binding energy, and
percentage of the components used to fit the XPS Ti2p and O1s spectral regions of Pt/
TiO2 catalysts.

Catalyst BE (eV) Ti2p Peak % BE (eV) O1s Peak % % Oxps

Pt/TiO2 459.5 100 530.8 80 40.33
532.5 20

Pt/TiO2–He 459.5 100 530.8 92 41.02
532.2 8

Pt/TiO2–H2 456.5 9 527.9 15 30.02
457.9 21 529.3 21
459.2 69 530.7 57

532.2 7

Table 4
Pt surface concentration and distribution of Pt species determined by XPS.

Catalyst BE (eV) Pt0 Pt (0)% BE (eV) Pt2+ Pt (II)% Pt/Ti* PtXPS% Wt

Pt/TiO2 – – 72.9 100 0.019 4.2
Pt/TiO2–He 70.9 68 71.5 32 0.007 2.0
Pt/TiO2–H2 71.5 73 72.0 27 0.007 1.9

* Pt/Ti atomic ratio; Ptxps = surface Pt concentration.
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Fig. 4. Survey and deconvolution of the XPS Ti2p (left) and O1s (right) spectral regions (a)
pretreated catalyst (Pt/TiO2–H2).
external surface. In this case, only Pt2+ is detected, indicating that
there is not auto-reduction of the precursor salt during impregna-
tion. On the contrary, a similar mixture of Pt0 and Pt2+ was detected
after any catalyst pretreatment. This fact can be due to the reoxida-
tion of Pt species during storage, but also can indicate that
pretreatments are not strong enough to guarantee the total precur-
sor reduction. After pretreatments, Pt content (PtXPS) significantly
decreases (around 50%) which can be related with Pt sintering.
Sintering seems to be slightly favored by H2 pretreatment, also in
agreement with previous observations [34]. It is however notewor-
thy that the BE of both Pt0 and Pt2+ species after H2 pretreatment
appeared at BE around 0.5 eV higher than in the case of He
pretreated samples, therefore showing the contrary behavior
described for Ti and O species. This behavior probably indicates
some electronic transfer from Pt particles to the support (a smaller
electron density on the Pt particles).

These results are quite interesting, because in general, it is
assumed the contrary behavior. Thus, the electronic enrichment
of Pt particles by electron-donor supports such as graphite favors
the UA selectivity of Pt catalysts [9,37,38]. Thus, the active sites
on Pt/TiO2 catalyst generated during H2 pretreatment and respon-
sible of the enhanced SUA have obviously a different nature than
the exclusively metallic ones.

When analyzing the pretreated catalysts by XRD (Fig. 5), it is
noteworthy that the diffraction peaks corresponding to the TiO2

phase do not present significant changes in both intensity and
position, indicating that the surface reduction degree observed
by XPS (Table 3) is not strong enough to significantly influence
the crystallinity of the support. The major differences in the XRD
patterns were observed for peaks at 39.7� and 46.3� corresponding
to the Pt0 (111) and (200) diffractions, respectively. These peaks
present a similar relative intensity and width after He or He/H2

pretreatments; however, both are broadened in such a way that
only a small shoulder is appreciated after H2 pretreatment.
Because no additional diffraction peaks were detected, these
results indicate smaller and/or no crystalline Pt particles. This fact
must influence the catalytic performance shown in Fig. 1.

This behavior was also pointed out by HRTEM. The high resolu-
tion images obtained (Fig. 6) permit to describe significant
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un-pretreated catalyst (Pt/TiO2), (b) He pretreated catalyst (Pt/TiO2–He), and (c) H2
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structural differences after the corresponding treatments. This
technique confirms a higher Pt dispersion (smaller Pt particle size)
after reduction in pure H2. In this case, very small Pt nanoparticles
of around 2 nm were detected, while after reduction in He or even
He/H2 cycle, large Pt particles, reaching some tens of nm are
detected. Moreover, it is also noteworthy how the small Pt nanopar-
ticles obtained after H2 pretreatments seem to be eminently
two-dimensional particles, i.e., Pt is mainly coating the TiO2 surface
forming thin films in such a manner that the TiO2 crystallographic
layers remain visible and clearly differentiated from the Pt ones
(Fig. 6). The formation of this type of 2-D raft Pt particles were
Fig. 5. XRD patterns of TiO2 support and pretreated Pt/TiO2 catalysts. TiO2 ( ),
Pt/TiO2–He ( ), Pt/TiO2–He, H2 ( ), and Pt/TiO2–H2 ( ).

2 nm2 nm2 nm

(a) (

20 nm20 nm20 nm

(c) (

Fig. 6. HRTEM images of Pt/TiO2 catalyst; (a and b) after H2 pretreatment; Pt particle
previously detected on different supports [39,40]. There is never-
theless a miss orientation between the crystallographic planes of
TiO2 support and Pt nanoparticles generating a high degree of
imperfections and vacancies mainly in the surrounding interface
area. Different regions (tentatively marked in red in Fig. 6b) were
also observed on the TiO2 particles showing different orientation
as corresponding to polycrystalline substances. Measurements of
the interlayer distance in Pt particles showed that the observed
planes correspond to the dhkl(111) = 2.26 Å.

It is well known that the citral hydrogenation is a structure sen-
sitive reaction, strongly dependent on the Pt particle size [41–43].
Thus, we use complementary techniques previously discussed
(XRD, H2 chemisorption, and TEM) to determine the evolution of
this parameter as described in the experimental section. Results
are summarized in Table 5.

The average Pt nanoparticle size determined by H2 chemisorp-
tion is very similar after any pretreatment, thus, although slightly
increase in the case of H2-pretreatment, Pt particle size only varies
from 6.8 to 9.2 nm. The combined He/H2 reduction cycle presents
an intermediate behavior. This behavior is in agreement with the
5 nm5 nm

b)

200 nm200 nm200 nm

d)

s marked with an arrow (c) after He pretreatment (d) after He/H2 pretreatment.

Table 5
Amount of H2 chemisorbed (Q H2

) and average particle size (�d) determined by XRD,
TEM, or H2 chemisorption.

Catalyst QH2
�dXRD �dTEM �dH2

lmol/g nm

Pt/TiO2–He 12.1 10.6 9.1 6.8
Pt/TiO2–He–H2 11.7 12.6 11.6 7.7
Pt/TiO2–H2 9.0 – 3.6 9.2
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Fig. 7. Pt particle size distribution obtained by analysis of the HRTEM micrographs of pretreated catalysts: Pt/TiO2–He (a) Pt/TiO2–He/H2 (b), and Pt/TiO2–H2 (c).
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XPS results previously discussed. A good agreement among the
average particle size values determined by the different techniques
is also observed when catalysts are pretreated in He or He/H2 flow.
However, in the case of H2 pretreated catalysts there is a great dif-
ference between the values determined by TEM and XRD, both
indicating a high Pt dispersion (XRD showed very low intensity
to be used, but this can be due to a small particle size) and H2

chemisorption or XPS (both indicating a stronger sintering after
H2 pretreatment). Moreover, while H2 chemisorption provides
the higher values of the series, TEM provides the smaller ones. In
Fig. 7 are compared the Pt particle size distribution obtained in
each case.

Taking into account the characteristics of each technique, they
can provide average Pt size values significantly different. Thus,
XRD tend to provide an overestimated value, related mainly to
the big crystalline particles while the smaller ones cannot be
detected. On the contrary, in the case of H2 chemisorption the
amount adsorbed is greater on well dispersed catalysts, favoring
consequently the determination of the smaller particles. H2

chemisorption calculations [dH2 = 1.08/D (nm)] also assume the
spherical shape of particles. In the case of flat particles, dispersion
(D) tends to unity as decrease the particle height, increasing
progressively the area/volume ratio until the formation of a mono-
layer. In this sense, the particle size determined for H2 pretreated
catalysts by applying this equation progressively underestimates
the mean particle size (even thus provide very high values).
However, the different values obtained is not based on the error
induced by this assumption, because really the amount of chemi-
sorbed H2 (Table 5, QH2) is smaller than after He pretreatment,
i.e., there is a smaller amount of surface Pt atoms after H2 pretreat-
ment in spite the flat shape and the smaller size of these particles.

Due to the different mobility of the Pt-species during He or H2

pretreatment [34] different structures can be formed. The mobility
of metallic atoms (Pt, Rh, Ni) showing SMSI effects on defective
titanium oxide lattices was previously described [24]. The role of
H2 in the mobilization of the metallic active phase was associated
to the incorporation of hydrogen into oxygen vacancies at the
reduced support, forming hydride-like species [i.e., (Ti-H)3+] that
may be responsible for the enhancement of the Pt mobility
[44,45]. Thus, a different behavior is expected under He and H2

pretreatment.
In our case, after He pretreatment the formation of 3D crys-

talline Pt particles was pointed out unequivocally by XRD and
TEM, and results are in agreement with the average Pt particle size
obtained by H2 chemisorption. Only small and flat Pt nanoparticles
are obtained after H2 pretreatment, as observed by HRTEM, this
morphology does not produce XRD peaks, but contrary to the
expected, the H2 uptake (surface Pt atoms) decrease even regarding
large 3-D Pt particles, also in accordance with the Pt content
detected by XPS. The key is therefore to find a suitable explanation
for this fact taking into account that crystalline Pt particles are not
formed. In these experimental conditions, the support reduction
and the formation of oxygen vacancies were also unequivocally
pointed out by XPS. Taking into account all these results, Pt2+ spe-
cies should diffuse into the TiO2 structure in agreement with the
SMSI model proposed by Sanchez et al. [46] for reducible oxides.
They describe the SMSI effects in terms of a ‘‘burial’’ of metallic
particles that diffuse through the defective metal oxide lattice
filling with metal atoms the oxygen vacancies favored by the
hydrogen spillover and with elimination of oxygen of the anionic
sub-lattice around them. The diffusion of Pt atoms through the
oxygen vacancies of the TiO2 structure, favored, as commented,
by hydride-like species, provoke smaller Pt concentration and H2

uptake values than those expected according to the Pt loading
and Pt particle size observed by HRTEM. Recently, Ekou et al.
[14] proposed that defective TiO2�X moieties migrate and decorate
the three-dimensional Rh or Pt particles. However, they found the
contrary behavior, that is, the migration of metallic species into
the supports. If the loss of H2 uptake was due to Pt sintering and
mobile TiO2�x moieties decorating the Pt crystals, as proposed by
Ekou et al. [14], XRD peaks of the Pt phase should be detected also
in this case.

Correlating all the characterization results with the catalytic
performance shown in Fig. 1 it is clear that the formation of the
active sites, selective to the UA formation, needs the presence of
H2 during pretreatment to produce a synergetic effect between
the reduced TiO2 support and the Pt nanoparticle. It is clear that
the metallic Pt nanoparticles generated after He pretreatment,
are less selective without the cooperation of oxygen vacancies on
the support. Thus, similar SUA is obtained after He/H2 and H2

pretreatment (Fig. 1), due to the similar nature of the active sites
generated. However, the catalytic activity is clearly smaller in the
first case, which is related with a smaller active site concentration
by formation of 3D Pt nanocrystals. When [Pt(NH3)4]Cl2 precursor
is previously decomposed in He flow the amount of active sites
generated is strongly limited (and consequently the catalytic activ-
ity), because in this case the absence of oxygen vacancies constrain
the mobility of Pt species that can move only on the support
surface favoring sintering processes. An ulterior H2 pretreatment
strongly modify the Pt–support interactions and generates oxygen
vacancies on the support (as shown by XPS) that enhance the citral
adsorption through the C@O group and the consequently hydro-
genation to UA. However, the greater Pt sintering leads to smaller
support/Pt crystallite interphase. The higher activity and selectivity
obtained after H2 pretreatment is due to a better Pt dispersion and
support reduction, very small Pt particles surrounded by a high
concentration of oxygen vacancies. This pretreatment also produce
an acidity decrease, avoiding in a large extent the development of
cracking reactions, which also favors the SUA increase regarding the
He pretreatment.
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The proposed reaction mechanism is tentatively summarized in
Fig. 8. The adsorption and dissociation of H2 molecules will be pro-
duced on the Pt particles, being this process favored by a decrease
of the Pt particle size. The question is therefore to determine where
and how are adsorbed the citral molecules in order to favor the cat-
alytic activity and/or the SUA. According to the bibliography, the
preferential citral adsorption through the terminal C@O bond is
induced by electrostatic interactions with the catalyst surface.
Thus, doping with electropositive elements (Sn, Ga, In, etc) typi-
cally produces a SUA increase by generating positive dipoles (d+)
[47,48]. Nevertheless, it was also proposed that adsorption occurs
on different sites depending on the chemical nature and structure
of the reactant. Thus, Manyar et al. [49], using Pt-supported MnO
octahedral molecular sieve (Pt/OMS-2 catalyst) for the hydrogena-
tion of ketoisophorone and cinnamaldehyde, pointed out by DFT
calculations that H2 dissociation can occur on the Mn surface, with
this process being the rate-determining step. However, the
reaction rate significantly increases after impregnation with 5%
Pt, by dissociation on Pt particles and spillover to the support.
Regarding selectivity, they found that the adsorption of
Fig. 8. Schematic representation of the Pt/TiO2 structure and the interaction with
the citral molecule.
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Fig. 9. Thermogravimetric (a) and FTIR analysis (b) of Pt/TiO2 catalysts us
ketoisophorone on Pt was much weaker than on the supports,
and as consequence, similar selectivity is achieved on OMS or
Pt/OMS catalysts, producing selectively the C@C hydrogenation
to levodione. In the case of cinnamaldehyde, hydrocinnamalde-
hyde or cinnamyl alcohol is produced on OMS or Pt/OMS, respec-
tively, because in the last case, cinnamaldehyde is adsorbed
mainly on Pt surface. In this sense, in our case, the adsorption of
citral on the Pt surface can be also favored after H2 pretreatment
regarding the He one, taking into account the different electronic
density of each type of Pt particles pointed out by the different
BE values determined by XPS, as previously commented.

Recently, it was also suggested that in the presence of citronel-
lal, the adsorption mode of citral molecules changes [50]. Thus, in
the absence of citronellal, citral is adsorbed through both C@C and
C@O bonds, while in the presence of citronellal, a selective adsorp-
tion is carried out by the C@O bond, favoring the SUA. In our case,
this fact can be also significant, mainly in the case of He pretreated
samples where citronellal is initially the main product formed
(Fig. 2b). However, citronellal seems to be quickly hydrogenated
to citronellol in these experimental conditions (Fig. 2b) probably
favored by a stronger adsorption than UA. Moreover, while in the
case of H2 or even He + H2 pretreated catalysts, the SUA practically
remains constant even at high conversion values; this parameter
strongly decays in the case of He pretreated one. The different evo-
lution of the product distribution is clearly related with the differ-
ent nature of the active sites generated after each treatment and
the transformations undergoing during reactions.

Thus, we have also previously suggested that there are some
changes in the catalysts surface that favor the formation of UA,
probably, by deactivation of the most active sites that initially
favors the C@C hydrogenation or even cracking reactions.
Accordingly to the stronger variation in the product distribution
(Fig. 2a), these surface changes should be especially noticeable
in the case of He pretreated Pt/TiO2 catalysts and could be related,
as commented, to a preferential adsorption of citronellal. Typically,
the site deactivation is accompanied by permanently adsorbed
species forming some ‘‘carbon-like’’ deposits that cover and
deactivate these active sites. In a previous manuscript, Sing and
Vanice [51] and later Manikandan et al. [52] pointed out that the
deactivation of Pt/catalysts used in the citral hydrogenation can
be due to irreversibly chemisorbed CO formed by decomposition
of citral molecules.

Trying to analyze the amount and nature of these deposits, we
have studied the used catalysts by TG and FTIR analysis. These
results are summarized in Fig. 9. TGs experiments (Fig. 9a) point
out that the amount of deposits is greater after He pretreatment,
probably related with the greater acidity and cracking degree
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Table 6
Textural parameters of Pt/TiO2 catalyst pretreated in H2 before and after citral
hydrogenation.

Catalyst SBET W0 L0 Vmeso V0.95

m2 g�1 cm3 g�1 nm cm3 g�1

Fresh Pt/TiO2–H2 111 0.045 1.62 0.397 0.442
Used Pt/TiO2–H2 62 0.024 2.59 0.232 0.256
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observed in these experimental conditions. There are many refer-
ences in the literature relating the catalysts performance with their
acidity (mainly Brönsted acidity), coke formation, and catalysts
deactivation. Although this fact was early pointed out some years
ago by Topsøe et al. [53], there is even today a discussion matter
and the deactivation by blocking acid sites is induced sometimes
to increase the product selectivity [54,55]. Nevertheless, the nature
of the deposits seems to be similar after both pretreatments. In
both cases, the deposits are burned in the same temperature range,
indicating a similar nature, which is confirmed also by the coinci-
dence of the corresponding FTIR spectra (Fig. 9b). Only a new band
appears together with those corresponding to the fresh catalysts,
located at 1705 cm�1 which is assigned generally to C@O stretch-
ing vibration in carboxyl, ketones, and aldehydes groups [56].
This confirms the presence of oxygenated compounds adsorbed
on the catalysts surface, which could block the acid sites of the cat-
alysts avoiding cracking reactions and favoring the C@O hydro-
genation. However, these results do not permit to elucidate when
corresponding to adsorbed citral, citronellal, or other derivative
intermediates.

These adsorbed materials are also partially blocking the poros-
ity of the catalysts. As an example, in Fig. 10 are compared the N2

adsorption isotherms of fresh and used catalysts (pretreated in H2

flow). The corresponding textural parameters obtained in each case
are summarized in Table 6. Results point out that the total pore
volume (V0.95) and the SBET of catalysts practically decrease to the
half. Nevertheless, the blockage of a specific porosity is not
observed, but microporosity (W0) and mesoporosity (Vmeso) have
decreased in the same proportion.

Taking into account the results and discussion provided, proba-
bly, both activity and selectivity can be improved by fitting the
experimental conditions of treatment in H2 (temperature and
time) to balance as possible the positive effect TiO2 reduction (con-
centration of vacancies) and the negative effect of Pt sintering and
Pt diffusion into the TiO2 structure, because internal Pt should be
catalytically inactive. The use of thermal treatment under vacuum
[36] or alternative reductants such as NaBH4 [57] were also
suggested to generate oxygen vacancies in TiO2, and permit to
obtain very high Pt dispersion regarding thermal treatments [58].
Moreover, the determination of the adsorption sites and their char-
acteristics by additional experiments (spectroscopic studies, theo-
retical (DFT) calculations) confirming the observations analyzed
here are also needed to control the activity and selectivity of
hydrogenation catalysts.
4. Conclusions

The influence of pretreatment conditions of Pt/TiO2 catalysts
was analyzed by different techniques. The activity and selectivity
to unsaturated alcohols are favored after H2 pretreatments regard-
ing the He ones in the same experimental conditions. This fact is
related with a partial reduction of TiO2 under H2 flow that favors
a strong metal–support interaction and the mobility of Pt species,
avoiding the formation of three-dimensional Pt nanoparticles dur-
ing pretreatment. Active and selective sites were ascribed to the
synergetic effect of oxygen vacancies on the TiO2 support and Pt
metallic particles favoring the adsorption of citral through the
C@O bond and a high availability of atomic hydrogen on highly dis-
persed Pt nanoparticles. However, if the decomposition of the pre-
cursor salt is carried out under He flow, a posterior H2 treatment
leads to an increase of selectivity but does not favor the catalytic
activity.

The deposition of adsorbed oxygenated compounds during
reaction takes place in a greater extent after pretreatment in He
flow, probably related with the higher acidity and cracking activity
detected in these experimental conditions. These adsorbed com-
pounds block the more active sites also favoring the citral adsorp-
tion though the C@O bonds and the subsequent hydrogenation to
unsaturated alcohols. Thus, high SUA values are maintained at high
conversion values after pretreatments in H2 flow.
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