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a  b  s  t  r  a  c  t

The  bimetallic  flame  spray-synthesized  AuPd/TiO2 catalysts  (Au:Pd  weight  ratio 1:1)  were  reduced  for
2 h under  H2 at  two  different  temperatures  (40 ◦C and  500 ◦C)  and  tested  in  the liquid  phase  selective
hydrogenation  of 1-heptyne  under  mild  conditions  (30 ◦C and  4 bar H2). Based on TEM-EDX  analysis  of
individual  nanoparticles,  reduction  at  500 ◦C  tends  to homogenize  the  composition  of  the  individual  AuPd
nanoparticles  without  significant  changes  of  their  average  particle  size  and  bulk  composition.  Higher
reaction  rate  (245  �mol  s−1 g  cat.−1)  was  obtained  on the  AuPd/TiO2 R40 than  on  the  AuPd/TiO2 R500
(223  �mol  s−1 g  cat.−1). Upon  reduction  at 500 ◦C,  the  bimetallic  AuPd/TiO2 exhibited  a  similar  degree  of
the  strong-metal  support  interaction  (SMSI)  effect  as the monometallic  one.  As  revealed  by  XPS  results,  the
-Heptyne
elective hydrogenation

ratios of Pd/Ti  on both  catalysts  decreased  by  ca. 23%,  due  probably  to the  migration  of  TiOx species  onto
the  metals.  The  highest  yield  of  1-heptene  (∼93%)  was  obtained  over  the bimetallic  AuPd/TiO2 reduced
at  40 ◦C  in  20 min  reaction  time  under  the reaction  conditions  used.  The  high  temperature  reduction
is  unnecessary  for the  improvement  of  catalyst  performances  when  using  supported  bimetallic  AuPd
catalysts.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Flame aerosol synthesis, especially flame spray pyrolysis (FSP)
s one of the interesting methods of nanoparticle production and
s also a beneficial catalyst synthesis technique because the cat-
lysts can easily be prepared in one-step without post-treatment
teps such as washing, drying, filtration, and calcination. FSP syn-
hesis has been employed for the synthesis of TiO2 supported

onometallic Au and Pd catalysts [1–3]; meanwhile, bimetallic
uPd supported on TiO2 nanoparticles were successfully synthe-

ized by the single-step FSP in our recent study [4]. Formation
f Au–Pd alloy bimetallic nanoparticles was evidenced for the
uPd/TiO2 catalysts prepared by FSP. The alloy particles were more

∗ Corresponding author. Fax: +66 2218 6877.
E-mail address: joongjai.p@chula.ac.th (J. Panpranot).

ttp://dx.doi.org/10.1016/j.apcata.2015.09.012
926-860X/© 2015 Elsevier B.V. All rights reserved.
uniform than those prepared by co-deposition precipitation and co-
impregnation methods [4]. The major drawback of the traditional
preparations of supported AuPd catalyst is the lack of homogeneity
in particle size, shape, and composition of AuPd catalysts [4].

The superior catalytic performance of Au–Pd nanoparticles com-
pared to the individual Au and Pd (so-called the synergistic effect
of AuPd alloy) is usually related to either ensemble or ligand mod-
ification [5]. The ensemble modification of Au-Pd system is mainly
the diluting effect where Pd is diluted by Au [6–10]. As the sur-
face ratio of Au–Pd increases, contiguous Pd ensembles disappear
and Pd atoms are separated by Au forming isolated Pd ensembles
[6,7]. This effect is shown to be responsible for the enhancement of
activity and selectivity for certain reactions, e.g., vinyl acetate syn-

thesis and direct H2O2 synthesis [11,12]. The ligand modification
refers to a change in the local electronic structure due to charge
transfer, orbital rehybridization, or other changes in electronic
structure, which is responsible for the elimination of self-poisoning

dx.doi.org/10.1016/j.apcata.2015.09.012
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2015.09.012&domain=pdf
mailto:joongjai.p@chula.ac.th
dx.doi.org/10.1016/j.apcata.2015.09.012
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ffect and the improvement in activity/selectivity, for examples,
n hydrodesulfurization, CO oxidation, and acetylene trimerization
13–16].

The partial hydrogenation of unsaturated organic compounds
or the synthesis of fine organic chemicals, e.g., selective hydro-
enation of alkyne to the corresponding alkene is both of industrial
nd academic importance. Alkene products obtained via this reac-
ion are useful in the synthesis of biological active compounds, the
roduction of margarine, the lubricant industry, and the synthe-
is of important intermediates for fine chemical industries such as
ood (flavors), pharmaceutical (vitamins, sedatives), and cosmetics
fragrances) [17–19]. The selective hydrogenation of alkyne over

onometallic Pd and bimetallic Pd–Au catalysts has been focused
n both gas-phase and liquid-phase [1,4,20–25]. The dilution of Pd
nsemble by Au atoms has shown to result in the improvement of
ydrogenation activity [26,27]. A number of studies also reported
he modification of activity and selectivity of supported Au–Pd cat-
lysts due to electron transfer between Au and Pd [28–31]. For
xample, Chen and Lee [32] suggested that Pd could donate some
lectrons to Au, resulting in the hydrogen adsorption ability of Au,
nd as a consequence, the activity in the selective hydrogenation of
-chloronitrobenzene increased. Nevertheless, the degrees of AuPd
lloying effect appeared to depend on several factors such as the
olar ratio of Au to Pd, the preparation method, the particle mor-

hology, the alloy particle size, and the metal-support interaction
24,25,33–35].

Despite the variety of supports being used for preparation of
upported Au-Pd catalysts such as �-Al2O3 [26,36], SiO2 [29], SiO2-
l2O3 [37], CeO2 [38], carbon [39], and TiO2 [4,25,36,40], only a few
tudies systematically reported the influence of support nature on
he interaction of Au–Pd species and their corresponding catalytic
ehavior. Smolentseva et al. [38] showed that Pd–Au/Al2O3 exerted
ore pronounced interaction between gold and palladium species

han Pd–Au/CeO2 but the Pd–Au/CeO2 manifested higher activity
nd selectivity in the selective oxidation of arabinose to arabinonic
cid. The interaction of Au and Pd with reducible ceria coexisted
ith the mutual interaction between these metals. On the other
and, Kolli et al. [36] reported that the nature of supports between
l2O3 and TiO2 had negligible effect on the composition of AuPd
etal particles and did not participate in the selective hydrogena-

ion of butadiene. In our recent study [40], the exertion of electronic
odification by Au–Pd alloy was found to depend on the TiO2 crys-

allite size in which the modification was more pronounced on the
arger TiO2 (15 nm)  compared to the smaller one (9 nm), resulting in
igher activity and lower selectivity in the selective hydrogenation
f 1-heptyne.

High temperature reduction (i.e., at 500 ◦C) usually manifests
he strong metal-support interaction (SMSI) of TiO2 and group VIII
ransition metals (e.g., Pd, Pt, Ni, and Ir). The beneficial effect of
MSI on the catalyst performances has been reported for supported
d/TiO2 in the selective hydrogenation of acetylenic compounds
41–43]. However, the effect of reduction temperature on the char-
cteristics and catalytic performances of AuPd alloy particles has
ot been investigated to much of a degree.

In the present work, the effect of reduction temperature on the
atalytic performances of bimetallic Au-Pd/TiO2 was investigated
nd compared to the monometallic Pd/TiO2 in the liquid-phase
elective hydrogenation of 1-heptyne under mild reaction con-
itions. Prior to the reaction tests, the catalysts were pretreated
nder hydrogen reduction temperature of 40 or 500 ◦C. The char-
cteristics of catalysts were also investigated by X-ray diffraction
XRD), N2 physisorption, temperature-programmed reduction (H2-

PR), X-ray photoelectron spectroscopy (XPS), and transmission
lectron spectroscopy-energy dispersive X-ray spectroscopy (TEM-
DX).
ysis A: General 506 (2015) 278–287 279

2. Experimental

2.1. Catalyst preparation

The monometallic 1 wt.% Pd/TiO2 and bimetallic 1 wt.%
Au-1 wt.% Pd/TiO2 catalysts were prepared by one-step FSP
as described elsewhere [1,4]. Gold (III) chloride trihydrate
(Sigma–Aldrich), palladium (II) acetylacetonate (Aldrich), and tita-
nium (IV) butoxide (Aldrich) were chosen as Au, Pd, and TiO2
precursors, respectively. The liquid precursor solution was pre-
pared by dissolving all precursors into the mixture solution of
xylene/acetonitrile (70/30 vol%) at total concentration of 0.5 M,
then feeding into the flame reactor by using a syringe pump at a
flow rate of 5 mL/min and dispersing with oxygen at a flow rate
of 5 L/min to form the fine spray droplet after that. The pressure
drop at the capillary tip was  constantly adjusted at 1.5 bar by tun-
ing the orifice gap area at the nozzle. To ignite the spray flame,
oxygen and methane were provided as the supporting flame feed
gases through a ring around the nozzle outlet at a flow rate of 3
and 1.5 L/min, respectively. The additional sheath oxygen was  sup-
plied through a sintered metal plate ring at flow rate of 25 L/min.
A glass fiber filter with the aid of a vacuum pump was used to
collect the product particles formed. The monometallic Pd/TiO2
catalyst and TiO2 support were also prepared by FSP method
under similar conditions. The monometallic Pd/TiO2 and bimetallic
AuPd/TiO2 catalysts were pretreated under hydrogen atmosphere
(50 cm3/min) at 40 and 500 ◦C for 2 h before being tested for
catalytic performance. The monometallic Pd/TiO2 and bimetal-
lic AuPd/TiO2 catalysts reduced at 40 and 500 ◦C are denoted as
Pd/TiO2 R40, Pd/TiO2 R500, AuPd/TiO2 R40, and AuPd/TiO2 R500,
respectively.

2.2. Catalyst characterization

The X-ray diffraction analysis was  conducted on XRD D8
Advance of Bruker AXS with Ni-filter CuK� (� = 1.54056 A◦) radia-
tion from 20◦ to 80◦ 2� and step size of 0.020563 (step time = 88.5 s).
The nitrogen physisorption technique was used to determine the
BET specific surface area, pore volume, and pore diameter by using
a Micromeritics ASAP 2020 automated system. The sample was
degassed at 200 ◦C for 2 h (heating rate of 2.0 ◦C /min) under vac-
uum prior to N2 adsorption analysis, which was carried out at
liquid nitrogen temperature (−196 ◦C). XPS was  performed using
a Kratos Ultra DLD X-ray photoelectron spectrometer. The in situ
high-energy XPS analysis was  performed under reducing condi-
tion to ensure that the catalysts are in the active form. The C1s
peak was used as reference at binding energy of 285.0 eV to cal-
ibrate for all XPS spectra. The TEM observations were performed
in a JEOL JEM 2010 transmission electron microscope equipped
with a LaB6 electron beam source, a UHR polepiece (point resolu-
tion: 0.196 nm)  and a Pentafet-Link Energy-Dispersive X-ray (EDX)
spectrometer (and INCA software) from Oxford Instruments. The
reducibility of catalyst as a function of temperature (TPR profile)
was investigated by temperature programmed reduction technique
using a MicromeriticsChemiSorb 2750 with ChemiSoftTPx soft-
ware. Approximately 0.1 g of catalyst was pretreated under N2
(25 mL/min) at 400 ◦C for 1 h before the TPR analysis in order to
remove possible impurities contained in the samples. After cooling
down to room temperature under N2, the sample was exposed to
mixture of 10% H2 in Ar flowing at 25 mL/min with the temper-

ature ramped of 10 ◦C/min from 35 ◦C to 700 ◦C. The temperature
was held at 700 ◦C for 1 h and then cooled to room temperature.
The actual amounts of Au and Pd were determined by the ICP-OES
using the Optima 2100 DV spectrometer.
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Fig. 1. XRD patterns over a scan range from 20◦ to 80◦ 2� of (a) Pd/TiO2 R40 (b)
80 B. Pongthawornsakun et al. / Applied

.3. Catalytic reaction study

To test the performance of the catalysts, the liquid-phase hydro-
enation of 1-heptyne under mild reaction conditions was carried
ut using approximately 5 mg  of reduced catalyst dispersed in
0 cm3 reactant mixture of 1-heptyne (Aldrich) in toluene (2%v/v).
he reaction was performed in a 100 cm3 stainless steel autoclave
eactor (JASCO, Tokyo, Japan) at a pressure of 4 bar H2 and at tem-
erature of 30 ◦C for 5–120 min. After that, the liquid product was
ollected and analyzed by using gas chromatography equipped
ith a flame ionization detector (FID) and GS-alumina capillary col-
mn. The catalytic reaction tests were conducted under the absence
f mass transfer/diffusion resistance. The highest stirring speed
1000 rpm) was used to eliminate the external mass transfer resis-
ance and the effect due to pore diffusion was minimized by using
mall particle size catalysts. The catalysts were thoroughly grinded
nto powder form prior to the reaction tests.

. Results and discussion

.1. Catalyst characterization

The effect of reduction temperature on the TiO2 crystallite size,
he ratio of anatase to rutile phase, actual metal loadings, and the
hysical properties of the FSP-made catalysts was investigated by
RD, ICP-OES, and N2 physisorption and the results are shown

n Table 1. The crystallite sizes of anatase phase TiO2 for both
onometallic Pd/TiO2 and bimetallic AuPd/TiO2 catalysts did not

hange significantly with increasing reduction temperature from
0 ◦C to 500 ◦C (24–26 nm). However, the ratio of anatase to rutile
hase composition decreased slightly with increasing reduction
emperature, suggesting phase transformation of the TiO2 from
natase to rutile under high reduction temperature. High reduction
emperature weakened the Ti O Ti network and facilitated the
i O bond breaking, resulting in a structural rearrangement to the
hermally stable rutile phase [44]. Compared to the monometallic
nes, phase transformation of anatase to rutile TiO2 on the bimetal-
ic AuPd/TiO2 catalysts was suppressed. For the bare TiO2, phase
ransformation to rutile was also observed with a slightly higher
atio of anatase to rutile (decreased from 4.9 to 4.3 after reduction
t high temperature) compared to the ones with Pd or AuPd addi-
ion during FSP synthesis (4.7). The role of metal dopant on phase
ransformation of TiO2 has been reported and is usually based on
he assumptions of substitutional and interstitial solid solubility
45]. The metal dopant in substitutional form may  increase oxygen
acancy level and promote phase transformation (through increas-
ng in lattice relaxation), while the interstitial form of metal dopant

ay  enhance lattice constraint and inhibit phase transformation
45,46]. During FSP synthesis, in which the metal precursors con-
aining Ti, Au, and Pd were fed into the reactor simultaneously,
he role of Au and Pd dopants was based on the assumption of
i4+ substitution, so the rutile phase transformation was facilitated.
he results in this study are consistent to those reported previ-
usly by Paulauskas et al. [47] that %rutile phase TiO2 increased
n the metal-doped TiO2 synthesized by FSP. Comparing between

onometallic and bimetallic samples, the change of anatase to
utile ratio upon high temperature reduction was more pronounced
n the monometallic catalysts. This is probably because the reduc-
ion of PdO occurred on the Pd/TiO2 which may  result in an increase
n the number of oxygen vacancies and lattice relaxation so that
utile phase transformation was promoted. Whilst most of Pd was

n the state of Pd-Au alloy in the in the bimetallic AuPd/TiO2. The
ET specific surface area, pore volume, and average pore diame-
er of both catalysts did not change significantly with increasing
eduction temperature.
Pd/TiO2 R500 (c) AuPd/TiO2 R40 (d) AuPd/TiO2 R500 catalysts (in-set: XRD patterns
over a scan range from 35◦ to 45◦ 2� of (a) Pd/TiO2 R40 (b) Pd/TiO2 R500 (c) AuPd/TiO2

R40 (d) AuPd/TiO2 R500 catalysts).

The XRD patterns of the bimetallic AuPd/TiO2 and monometal-
lic Pd/TiO2 reduced at 40 ◦C and 500 ◦C are shown in Fig. 1. The
characteristic XRD peaks for all the catalysts showed the presence
of anatase and rutile TiO2 phases, corresponding to the standard
#JCPDS 84-1286 and #JCPDS 88-1175, respectively. The XRD peaks
for Pd metal or PdO could not be observed for both catalysts due
probably to the low Pd loading content and/or high dispersion of
Pd nanoparticles on the TiO2 supports. However, the XRD peaks
corresponding to the (1 1 1) plane of AuPd alloy nanoparticles can
be observed for the FSP-prepared bimetallic AuPd/TiO2 catalysts as
shown in Fig. 1. According to literature [48], AuPd alloy exhibited
the XRD peak at 38.7◦ of (1 1 1) plane, while the mixture of separate
Pd and Au exhibited two  XRD peaks of Pd (1 1 1) plane at 39.8◦ and
Au (1 1 1) plane at 38.2◦, indicating the formation of an AuPd alloy
for the former with an intermediate lattice parameter between that
of Pd and Au and the presence of two different phases for the latter.
The adding Au was considered to be helpful to protect Pd0 from
being oxidized into PdO [25].

The reducibility of catalyst samples was  investigated by H2-
TPR and the results are shown in Fig. 2. According to the H2-TPR
results, the negative peaks at low temperature (∼65 ◦C) observed
for all the catalyst samples except the bare TiO2 support which were
attributed to the decomposition of Pd hydride (PdHx) formed earlier
with H2. The Pd metal particles have the ability to absorb hydro-
gen within their structure to form Pd hydride at room temperature
[49]. The decomposition of Pd hydride over supported Pd has been
reported in the literature to occur in the temperature range of
323–373 K [50–53]. The absence of any detectable H2 consumption
signal (positive TPR peak) in advance of H2 release (negative TPR
peak) indicates a room temperature reduction [54]. There is a gen-

eral agreement in the literature that H2 uptake at room temperature
corresponds to the reduction of supported and unsupported PdO at
room temperature [55–57]. For the bimetallic Au-Pd catalysts, the
peak area for Pd hydride decomposition was  lower compared to
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Table  1
TiO2 crystallite size and ratio anatase to rutile phase based on the XRD results, actual metal loadings, and the N2 physisorption properties.

Catalysts Crystallite size of
anatase TiO2

(nm)

Ratio of anatase
to rutile phase
TiO2

a

Actual metal
loadingsb

N2 physisorption
results

Pd (wt.%) Au (wt.%) BET surface area
(m2/g)

Pore volume (cm3/g) Average pore
diameter (nm)

Pd/TiO2 R40 24 4.7 (82.3:17.7) 0.9 n/a 66 0.37 22
R500 26 3.8 (79.4:20.6) 0.9 n/a 67 0.38 23

AuPd/TiO2 R40 25 4.7 (82.4:17.6) 0.9 0.9 74 0.40 22
R500 27 4.1 (80.3:19.7) 0.9 0.9 65 0.37 23

n/a: not available.
a Percentages of anatase and rutile TiO2 phase compositions were determined according the method described in Ref. [105].
b Based on the ICP-OES results.

ofiles 

t
s
A
i
p
K
e
l
w
[
s
t
t
a
t
b
b

t
o
r
o
[
o
f
t

Fig. 2. H2 temperature-programmed reduction pr

he monometallic ones, suggesting a decrease in the Pd hydride
pecies being formed and/or most of Pd species in the bimetallic
uPd/TiO2 were incorporated as the AuPd alloy nanoparticles. This

ndicated that Pd hydride formation could be suppressed by the
resence of AuPd alloy. Such an effect has also been reported by
rawczyk et al. [58] and Lingaiah et al. [50] when a second metal
.g., In and Fe was added to supported Pd catalysts. According to the
iteratures, the effect of hydride formation in supported Pd catalysts

as found to be less pronounced than the effect of alloying with Ag
59,60]. Tew et al. also investigated the role of hydride in oxide-
upported Pd nanoparticles for alkyne hydrogenation and showed
hat hydride species were not essential for complete hydrogenation
o occur [61]. Furthermore, the Pd hydride should be decomposed
lready upon reduction at high temperature prior to the catalytic
ests. Regarding the reduction of the AuPd alloy, a small broad peak
etween 90 and 120 ◦C was observed for the AuPd/TiO2 and could
e attributed to the reduction of AuxPdyO to AuxPdy alloy [62,63].

The TPR profiles of the TiO2 supports indicate the partial reduc-
ion of the TiO2 support itself at higher temperature. The reduction
f Ti4+ to Ti3+ and Ti3+ to Ti<3+ was observed at 485 ◦C and >520 ◦C,
espectively. The partial reduction of TiO2 has been reported to
ccur at T ≥ 500 ◦C and was dependent on the TiO2 structure

55,64,65]. Compared to the bare TiO2 supports, the reduction peak
f the TiO2 shifted slightly towards lower temperature (shifted
rom 485 ◦C to 430 ◦C and 445 ◦C for AuPd/TiO2 and Pd/TiO2, respec-
ively). The presence of noble metals (Pd or AuPd) facilitated
of TiO2 support, Pd/TiO2, and AuPd/TiO2 catalysts.

the partial reduction of TiO2 due to the hydrogen spillover from
group VIII transition metals to the TiO2 support [66]. The hydro-
gen molecules were dissociated on the noble metal particles (i.e.,
reduced Pd0) into hydrogen atoms and spilled over onto the TiO2
support and then partially reduced the TiO2 to TiO(2 − x) [67–69].

XPS analysis was  used to determine the chemical composition
and electronic structure of chemical species on the surface of the
catalyst samples. The binding energies of Pd 3d5/2 and Au 4f7/2,
are summarized in Table 2. The typical binding energy of Pd and
Au was  reported to be in the range of 335.0–335.4 eV [70] and
83.8–84.0 eV [71], respectively. For the monometallic Pd/TiO2 cat-
alysts, the binding energy for Pd 3d5/2 XPS moved from 337.3 eV
to 334.6 eV after reduction at high temperature. For the bimetallic
AuPd/TiO2, both the Pd 3d5/2 and Au 4f7/2 peaks shifted towards
lower binding energies, compared to Pd and Au metals, which may
be attributed to Au–Pd alloy formation. The Pd 3d5/2 and Au 4f7/2
peaks for AuPd/TiO2 R40 were observed at 334.8 eV and 82.7 eV,
respectively. When reduced at higher temperature, the XPS peak
of Pd 3d5/2 decreased further to 334.5 eV, due probably to more
alloy formation. Typically a shift of the binding energies due to
charge transfer from Pd to Au indicates an alloy formation [72]. For
the Pd–Au system upon alloying, Au gains s, p electron and loses

d electron whereas Pd loses s, p electrons but gains d electrons.
Au is one of the most electronegative metallic elements, so upon
alloying with Pd, a result of net charge transfer from Pd site to Au
site is expected [6,73]. The negative shift of Pd 3d binding energy



282 B. Pongthawornsakun et al. / Applied Catalysis A: General 506 (2015) 278–287

Table 2
XPS and EDX results.

Catalysts Binding energy (eV) Atomic concentration Atomic ratio Atomic concentration (EDX)

Pd 3d Au 4f Pd(%) Au(%) Pd/Ti Au/Ti (Pd+Au)/Ti Pd/Au

Pd/TiO2 R40 337.3 n/a 0.37 n/a 0.013 n/a n/a n/a
R500  334.6 n/a 0.32 n/a 0.010 n/a n/a n/a

AuPd/TiO R40 334.8 82.7 0.67 0.40 0.022 0.013 0.035 1.66
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R500  334.5 82.7 0.54 0.32 

/a: not available

ompared to the monometallic Pd due to the gaining of d electrons
pon AuPd alloying has been observed in several cases including
nsupported Pd-Au alloys [72], AuxPdy/SiO2 [13], and AuPd/CeO2
74]. Considering the electronic state of Pd 3d for Pd/TiO2 R40, the
inding energy appeared at 337.3 eV indicated to the PdO formation
t surface. Although the TPR results revealed that reduction of PdO
ook place after reduction in H2 at 40◦ for 2 h, re-oxidation of the Pd

etal at the surface of the Pd/TiO2 catalyst upon contacting with air
as likely. According to the literatures [75], the small domains of

d metal at the surface are easy to re-oxidize upon cooling to room
emperature in air forming the surface oxide phase which can be
een by XPS while the bulk oxide was not detected by XRD or TEM.
n addition, Melendez and Hoflund [76] reported that the smaller Pd
articles are easier to oxidize and to form PdO layer than the larger
d particles. Nevertheless, by reduction at 500 ◦C or alloying with
u, the Pd particles were found to be more resistant re-oxidation
t the surface.

Elemental compositions at the catalyst surface (atomic%) are
resented in Table 2. The ratios of Pd/Ti and (Au + Pd)/Ti decreased
hen the catalysts were reduced at 500 ◦C, due probably to the
igration of TiOx species onto the metals during high tempera-

ure reduction, or so-called the SMSI effect [69,77,78]. The decrease
n Pd/Ti atomic ratio on the catalyst surface was observed by ca.
3% on both catalysts, suggesting that the SMSI effect occurred
ith a similar degree on the monometallic Pd/TiO2 and bimetal-

ic AuPd/TiO2. It should be noted that the Au:Pd alloy composition
f the AuPd/TiO2, as determined by ICP, did not change with the
eduction temperature (remained at 0.9 wt.% for both Au and Pd).
lthough little is known about the effect of H2 reduction temper-
ture on the surface composition of AuPd alloy, some previous
tudies have reported changes of AuPd alloy morphology upon
eat treatment. For examples, Herzing et al. [79] reported a change

rom homogeneous alloy of the as-synthesized 2.5 wt.% Au-2.5 wt.%
d/Al2O3 catalysts to Pd-rich shell/Au-rich core morphology after
eat treatment (calcination) under air atmosphere. Moreover, the
d/Au ratio at the surface increased with increasing heat treat-
ent temperature from 200 ◦C to 400 ◦C, indicating Au depletion

rom the surface and Pd migration to the surface. However, the
ubsequent reduction treatment (H2, 500 ◦C for 5 h) showed the
nversion of core-shell morphology (the Pd-rich shell/Au-rich core

orphology of the catalyst was changed into Pd-rich core/Au-rich
hell). Edwards et al. [80], however, revealed that the Pd/Au ratio
t the surface increased slightly from 1.0 to 1.4 with increasing
emperature to 400 ◦C. In addition, treatment under O2 and CO/O2
as found to induce Pd segregation at the surface of the AuPd/TiO2
anoparticles (Au/Pd atomic ratio = 8) [81].

From the prediction of simple surface energetics, the surface
ree energies of Pd and Au are 2.043 J/m2 and 1.626 J/m2, respec-
ively. Thus, Au would preferentially decorate the surface in order
o minimize the surface free energy [82]. However, the nature
nd structure morphology of AuPd particles is dependent upon

oth heat treatment temperature and atmosphere. It appeared that
reparation of the TiO2 supported AuPd alloy by the single step FSP
esulted in uniform AuPd particles with high thermal stability so
0.017 0.010 0.028 1.78

that the composition of AuPd did not change upon high tempera-
ture reduction (500 ◦C).

TEM images of the monometallic Pd/TiO2 and bimetallic
AuPd/TiO2 catalysts reduced at 40 and 500 ◦C are shown in Fig. 3
along with the particle size distribution in Fig. 4. The average metal
particle size was  determined from TEM images of approximately
500 particles. The AuPd/TiO2 R40 catalysts exhibited uniform
AuPd alloy nanoparticles distribution with average particle size of
2–5 nm.  After reduction at high temperature, a slight increase in
the average size is observed from 3.8 nm to 4.5 nm.  The geomet-
ric standard deviation of the AuPd/TiO2 R40 and the AuPd/TiO2
R500 were calculated to be 1.27 and 1.50, respectively. For the
monometallic Pd/TiO2 catalysts, the Pd particles in the TEM images
of the Pd/TiO2 R40 and Pd/TiO2 R500 catalysts were quite difficult
to visualize but we  can determine their sizes to be in the range
of 2–3 nm whatever the reduction temperature. This difficulty in
detecting Pd nanoparticles may  be due to the fact that Pd is “lighter”
than Au (and of course bimetallic AuPd) and so the arising con-
trasts from very small particles are weaker; also we  have to take
into account the nature of the support since titania may render
the detection of very small nanoparticle contrasts rather difficult
due to electron absorption which is not observed for other oxide
supports such as silica and alumina [83–85] or non-oxide supports
such as nitrides [85–87] or carbonaceous materials [88–91]. As it
was mentioned in the experimental section, the TEM instrument
used to perform imaging and EDX is equipped with a LaB6 ther-
moionic gun. With such an electron source it is difficult to work with
probes below 5–10 nm in diameter since the amount of current is
rather low and, as a result, spectra acquisition in EDX is rather long
and inconsistent with particle evolution under the electron beam
(diffusion, damage, . . .), especially on small bimetallic nanoparti-
cles (<5 nm). Taking into account previous studies on supported
bimetallic nanoparticles [84,92,93] and in order to limit damage or
any other evolution under the electron beam to negligible levels
we have thus used a 10 nm electron probe to analyze small indi-
vidual particles and a slightly decondensed 25 nm electron probe
to analyze small groups of particles (2–5). To analyze large regions
(several �m2) we  used a (largely) decondensed electron probe.
EDX results presented in Fig. 5 clearly show that the nanoparti-
cles were bimetallic for both AuPd/TiO2 R40 and AuPd/TiO2 R500
catalysts. Composition determined from large regions show that
both samples are (35 ± 3)% at Au and (65 ± 3)% at Pd which in very
good agreement with value expected from ICP (35% at Au) and very
close to the XPS measurements (37% at Au for both samples) which
are also performed over large regions. This reveals indeed that the
entirety of the bimetallic nanoparticles were analyzed both by EDX
(since the electron beam probes all the particles) and XPS (since it
is sensitive to a thickness of around 5–10 nm and the nanoparticles
are below 5 nm for a very large majority of them). The EDX analysis
of individual nanoparticles (see Fig. 5) reveals that the nanoparti-
cles in AuPd/TiO2 R40 were less homogeneous in composition than

those in AuPd/TiO2 R500. From the measurements, the Au compo-
sition of the AuPd/TiO2 R40 was 37.7% at. with a standard deviation
±9.6 whereas that of the AuPd/TiO2 R500 was 36.3% at. with a
standard deviation ±3.6. In other word, the higher temperature
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AuPd/TiO2 R500 (c) Pd/TiO2 R40 (d) Pd/TiO2 R500.
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Table 3
The reaction rates obtained at 10 min reaction time of the different catalysts.

Catalysts Reaction rate (�mol s−1 g cat.−1)

Pd/TiO2 R40 170
Pd/TiO2 R500 211
AuPd/TiO2 R40 245
AuPd/TiO R500 223
Fig. 3. TEM images of (a) AuPd/TiO2 R40 (b) 

eduction tends to homogenize the composition of the individ-
al nanoparticles. One can thus obtain collections of supported
imetallic nanoparticles rather homogeneous in composition and
omparable to what can be achieved by physical methods as, for
nstance, cluster deposition by laser ablation in vacuum [92,94]
nd liquids [93]. The FSP method has the advantage over the phys-
cal methods that it is easier to upscale for industrial applications.
rom the EDX results, the ratio of Pd/Au (atomic%) for bimetallic
uPd/TiO2 as shown in Table 2. The ratios of Pd/Au for AuPd/TiO2
ere not significantly changed with increasing reduction temper-

ture from 40 ◦C to 500 ◦C. This result corresponds to the Pd/Au
omposition on surface from the XPS results.

.2. Reaction study in 1-heptyne hydrogenation

The catalytic performances of the FSP-made Pd/TiO2 and Au-
d/TiO2 catalysts were evaluated in the selective liquid phase
ydrogenation of 1-heptyne under mild conditions. The conver-
ion of 1-heptyne, the selectivity to 1-heptene, and the yield of
-heptene as a function of time for the catalysts reduced at 40 and
00 ◦C are presented in Fig. 6(a)–(c), respectively. The products
rom the reactions were 1-heptene and heptane, no other by-
roducts were detected. The initial reaction rates were calculated
t 10 min  reaction time and the results are shown in Table 3. The
rder of the catalytic activity for 1-heptyne hydrogenation was as
ollows: AuPd/TiO2 R40 > AuPd/TiO2 R500 > Pd/TiO2 R500 > Pd/TiO2

40. Within 60 min  of the reaction time, complete conversion of
-heptyne was obtained for all the FSP-made catalysts. The bimetal-

ic AuPd/TiO2 catalysts showed higher catalytic activity than the
onometallic Pd/TiO2, regardless of the reduction temperature.
2

Error of measurements was  ±3%.

The results are consistent with previous works where addition of Au
as a second metal to form Au–Pd alloy improved the catalytic activ-
ity of Pd/TiO2 in the selective hydrogenation of 1-heptyne [4,25,40].
According to literature [32,95,96], a small charge transfer from Pd to
Au resulted in activated Au which could adsorb hydrogen. Schimpf
et al. [96] reported that electron transfer to Au would result in the
Au being enriched in valence electron density. Then a partial trans-
fer of electron density to the �* orbital of the unsaturated bond is
facilitated and the interaction of the active sites with the functional
group is altered.

However, the effect of reduction temperature on the catalyst
performances was  different between the Pd/TiO2 and AuPd/TiO2
catalysts. The activity of the Pd/TiO2 increased when reduced at
500 ◦C due to complete reduction of PdO to metallic Pd0 as revealed
by the XPS results, despite the lower Pd/Ti ratio on the Pd/TiO2
R500 catalyst. On the other hand, the bimetallic AuPd/TiO2 R500
exhibited lower activity than the ones reduced at 40 ◦C. Because

there were no significant changes in the particle size, the mor-
phology, and alloy composition, the lower catalyst activity of the
AuPd/TiO2 R500 was  attributed to the lower amount of the metals
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 bime
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Fig. 4. HR-TEM images and particle size distribution of the
n the surface (Au + Pd)/Ti upon high temperature reduction. The
ffect of high reduction temperature on the decrease of catalytic
ctivity of alloying bimetallic particles has been reported for other
tallic AuPd/TiO2 catalysts reduced at 40 (a) and 500 ◦C (b).
catalyst systems such as Pt-Ge/Al2O3 and Pt-Sn/Al2O3 in hydro-
genation/dehydrogenation reactions [97]. The catalytic activity of
bimetallic Pt-Sn and Pt-Ge catalysts reduced at high tempera-
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Fig. 5. Amount of Au (%at) in the bimetallic nanoparticles measured by EDX for AuPd/TiO
Measurements were made on individual nanoparticles or small groups (3–5) nanoparticles
composition determined by ICP.

Fig. 6. Conversion of heptyne (solid line) and selectivity to 1-heptene (dash line) (a)
a
c

t
r
a
c
b
c

d

has been reported to be very low (conversion 5–45% for reaction
nd yield of 1-heptene (b) of the monometallic Pd/TiO2 and bimetallic AuPd/TiO2

atalysts reduced at 40 and 500 ◦C (error margin for the reported rates was 0–2%).

ure (500 ◦C) decreased drastically compared to bimetallic catalysts
educed at lower temperature (300 ◦C) and monometallic Pt cat-
lyst. The temperature of hydrogen reduction treatment plays a
rucial factor governing the hydrogenation activity not only for the
imetallic AuPd alloy nanoparticles, but also for the bimetallic Au

ore-Pd shell nanoparticles [98].

The selectivity to 1-heptene for all the FSP-made catalysts
uring the 30 min  reaction time were nearly 100% except that
2 R40 (open circles and squares) and AuPd/TiO2 R500 (black circles and squares).
 (circles) and on large regions (squares). The straight grey line indicates the nominal

of AuPd/TiO2 R40 (the selectivity of 1-heptene 87%). Comparing
at the same level of conversion (∼99%), the selectivity to 1-
heptene was found in the following order: AuPd/TiO2 R40 > Pd/TiO2
R40 > AuPd/TiO2 R500 > Pd/TiO2 R500 catalysts. Prolonging the
reaction time to 120 min, the selectivity to 1-heptene for the
Pd/TiO2 R40, Pd/TiO2 R500, and AuPd/TiO2 R40 catalysts decreased
to 85, 66, and 54%, respectively. Reduction at 500 ◦C resulted in a
significant increase in selectivity of 1-heptene for the AuPd/TiO2
R500 to 64% after 120 min reaction time.

Typically, TiO2 manifests the SMSI effect with group VIII tran-
sition metals after high temperature reduction, resulting in the
formation of Pd-TiOx species which enhance the alkene selectiv-
ity in many alkyne hydrogenation reactions [99–101]. However, it
should be noted that most of the catalysts reported to have such
effects were prepared by conventional methods such as impregna-
tion or deposition-precipitation of metal precursors on the TiO2
supports. The results in this study showed that the SMSI effect
may  be less pronounced on the monometallic Pd/TiO2 catalysts.
Although there might be some migration of TiOx species on the Pd
surface of the Pd/TiO2 R500, the changes of surface species from
PdO to metallic Pd0 showed grater effect on the catalyst perform-
ances so that the catalyst exhibited lower selectivity of 1-heptene
compared to the one reduced at 40 ◦C with higher hydrogena-
tion activity. On the other hand, for the bimetallic AuPd/TiO2 in
which the metal particles were already in the form of AuPd alloy
in the as-prepared catalysts, reduction at 500 ◦C can improve the
selectivity of 1-heptene from 54 to 64% after complete 1-heptyne
conversion (prolonging reaction time to 120 min). According to the
TPR results, the reduction of TiO2 was  also easier on the bimetal-
lic AuPd/TiO2 than on the monometallic Pd/TiO2. Comparing the
yield of 1-heptene as a function of reaction time for the various
catalysts, the highest yield of 1-heptene (∼93%) was obtained over
the AuPd/TiO2 R40 in the shortest reaction time (20 min) while
high temperature reduction was required for the monometallic
Pd/TiO2 to exhibit similar level of 1-heptene yield at longer reaction
time. The reaction results of the liquid phase 1-heptyne hydro-
genation over supported Pd-based catalysts in this study are also
compared to those reported in the literature as summarized in
Table 4. The catalytic activity of the commercial Lindlar catalyst
time up to 150 min) [102]. The catalyst performances of Pd-based
catalysts for the selective hydrogenation of 1-heptyne to 1-heptene
were improved by the addition of a second metal such as W,  Ni, and
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Table 4
Comparison of the catalytic activity of supported Pd catalysts in the liquid-phase hydrogenation of 1-heptyne under mild conditions.

Catalysts Preparation Reaction conditions Time (min) Conversion (%) Selectivity (%) Yield (%) Ref.

Pd/TiO2

R40
FSP 303 K, 4 bar 10 33 97 32 This study

60  100 93 93
Pd/TiO2

R500
10 42 98 41
30  96 98 94
60  100 76 76

AuPd/TiO2

R40
10 48 97 47
20  98 95 93

AuPd/TiO2

R500
10 44 97 43
30  93 96 89
60  100 86 86

0.4%Pd-2.4%W/�-Al2O3reduced120 ◦C IMP 303 K,
150 kPa

30 18 98 18 [103]
180 100 98 98

0.4%Pd/Al2O3 IMP 303 K,
150 kPa

30 10 95 9.5 [102]
150 18 98 18

0.4%Pd-
1%Ni/Al2O3

30 13 96 12
150 30 98 29

Lindlar Commercial 30 5 88 4
150 45 81 36

[PdCl2(NH2(CH2)12CH3)2]/�-Al2O3 IMP  303 K, 150 kPa n/a 90 63 57 [106]
0.5%Pd-
1%Au/TiO2

IMP/DP 303 K, 1 bar 10 73 96 70 [25]
30 100 55 55

1%Pd/TiO2 FSP 303 K, 1 bar 5 80 94 75 [1]
40 100 90 90

1%Pd/SiO2 FSP 303 K, 105 kPa 5 43 92 40 [104]
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SP: flame spray pyrolysis, IMP: impregnation, DP: deposition.

u [25,102,103]. Interestingly, the presence of Au and W on the Pd-
ased catalysts demonstrated remarkably high conversion and high
electivity [25,103]. Furthermore, TiO2 supported monometallic Pd
nd bimetallic AuPd catalysts were synthesized in one-step by the
SP method and compared to those obtained by the conventional
mpregnation technique [1,4,104]. The catalytic performances of
he FSP-made AuPd/TiO2 catalysts in terms of 1-heptene yield are
t state-of-the art (1-heptene yield ∼93% at reduction temperature
f 40 ◦C, 20 min  reaction time). The yield of 1-heptene that has been
eported over the other non-FSP made Pd-based catalysts was  typ-
cally lower in the range of 4-75%. There was only one exceptional
ase of the 0.4%Pd-2.4%W/�-Al2O3 reduced at 120 ◦C that 98% yield
f 1-heptene was obtained at 303 K and 150 kPa after 3 h reaction
ime [103].

. Conclusions

The reduction temperature strongly affected the catalytic per-
ormances of the FSP-synthesized TiO2 supported monometallic
d and bimetallic AuPd catalysts in the selective hydrogenation
f 1-heptyne. For the Pd/TiO2, reduction at 500 ◦C resulted in the
omplete reduction of PdO on the catalyst surface, leading to an
mprovement in hydrogenation activity and 1-heptene yield. On
he other hand, the AuPd/TiO2 R40 exhibited higher reaction rate
nd higher yield of 1-heptene than the AuPd/TiO2 R500 under simi-
ar reaction conditions used. Based on the XPS and TEM-EDX results,
here were no significant changes in the alloy particle size and the
omposition of Au:Pd alloy. Therefore, the lower catalytic activity
as correlated to the lower active metal (Pd + Au)/Ti on the catalyst

urface. The highest yield of 1-heptene (∼93%) was obtained over
he bimetallic FSP-AuPd/TiO2 reduced at 40 ◦C in 20 min  reaction
ime.

cknowledgements
We gratefully thank the Dusadeepipat scholarship from Chu-
alongkorn University for B.P. and the Grant for International
esearch Integration: Chula Research Scholar, Ratchadaphiseksom-
hot Endowment Fund. The authors also acknowledge support
40 100 62 62

from the National Research Council of Thailand (NRCT) under PHC
SIAM no. 29626VJ.

References

[1] O. Mekasuwandumrong, S. Phothakwanpracha, B. Jongsomjit, A. Shotipruk,
J.  Panpranot, Catal. Lett. 136 (2010) 164–170.

[2] O. Mekasuwandumrong, S. Phothakwanpracha, B. Jongsomjit, A. Shotipruk,
J.  Panpranot, Powder Technol. 210 (2011) 328–331.

[3] L. Mädler, W.J. Stark, S.E. Pratsinis, J. Mater. Res. 18 (2003) 115–120.
[4] B. Pongthawornsakun, S.-i. Fujita, M.  Arai, O. Mekasuwandumrong, J.

Panpranot, Appl. Catal. A: Gen. 467 (2013) 132–141.
[5] V. Polshettiwar, T. Asefa, Nanocatalysis Synthesis and Applications, John

Wiley & Sons, Inc., New Jersey, 2013.
[6] F. Gao, D.W. Goodman, Chem. Soc. Rev. 41 (2012) 8009–8020.
[7] J.-B. Chang, C.-H. Liu, J. Liu, Y.-Y. Zhou, X. Gao, S.-D. Wang, Nano-Micro Lett.

7  (2015) 307–315.
[8] C.-H. Cui, J.-W. Yu, H.-H. Li, M.-R. Gao, H.-W. Liang, S.-H. Yu, ACS Nano. 5

(2011) 4211–4218.
[9] P. Liu, J.K. Norskov, Phys. Chem. Chem. Phys. 3 (2001) 3814–3818.

[10] V. Ponec, Applied Catalysis A: Gen. 222 (2001) 31–45.
[11] D. Kumar, M.S. Chen, D.W. Goodman, Catal. Today 123 (2007) 77–85.
[12] H.-f. Yang, P.-y. Xie, H.-y. Yu, X.-n. Li, J.-g. Wang, Phys. Chem. Chem. Phys. 14

(16) (2012) 654–16659.
[13] A.M. Venezia, V. La Parola, G. Deganello, B. Pawelec, J.L.G. Fierro, J. Catal. 215

(2003) 317–325.
[14] F. Gao, Y. Wang, D.W. Goodman, J. Phys. Chem. C 113 (2009) 14993–15000.
[15] T. Ward, L. Delannoy, R. Hahn, S. Kendell, C.J. Pursell, C. Louis, B.D. Chandler,

ACS Catal. 3 (2013) 2644–2653.
[16] R.M. Ormerod, C.J. Baddeley, R.M. Lambert, Surf. Sci. 259 (1991) L709–L713.
[17] M.  Al-Herz, M.J.H. Simmons, J. Wood, Ind. Eng. Chem. Res. 51 (2012)

8815–8825.
[18] J.G. Ulan, W.F. Maier, D.A. Smith, J. Organ. Chem. 52 (1987) 3132–3142.
[19] P.C. L’Argentière, M.E. Quiroga, D.A. Liprandi, E.A. Cagnola, M.C.
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