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Partial hydrogenation of acetylene over NiTi layered
double hydroxide supported PdAg catalyst

Y.N.Liu !, J. T. Feng *, Y. F. He !, J. H. Sun 2, D. Q. Li »*

ABSTRACT: NiTi layered double hydroxide (NiTi-LDH) with rich defective sites was
synthesized and used as the support for the preparation of a novel supported PdAg nanoalloys
catalyst for the partial hydrogenation of acetylene. The obtained PdAg/NiTi-LDH -catalyst
exhibited a remarkable catalytic performance. When the conversion of acetylene reached 90%,
the selectivity towards ethene maintained 82%. Superior hydrogenation activity was ascribed
to two key factors. Small particle size and high dispersion of PdAg nanoparticles were
responsible for boosting the catalytic activity. In addition, Ti** defective sites in the support
also played an important role on the enhancement of activity. The interface at the Ti3" species
and active metals acting as new active sites enhanced the activation and dissociation of
hydrogen and therefore further improved catalytic activity. Preferable selectivity was assigned
to the electronic effect between NiTi-LDH support and PdAg nanoalloys. The electron transfer
from the Ti*" species to Pd resulted in the increase of electron density and the linearly
coordinated sites of Pd and therefore facilitated the desorption of ethene. Moreover, due to the
reducibility of NiTi-LDH, the selectivity and stability over reduced PdAg/NiTi-LDH catalyst

were further enhanced on account of the strong metal-support interaction.

1. Introduction

Ethene is an important polymerization feedstock and intermediate
in many industrial reactions. It is typically obtained by thermal or
catalytic cracking of higher hydrocarbons. During this process, a
small quantity of acetylene is produced inevitably. The trace of
acetylene in the stream can poison the olefin polyethylene catalysts. !
3 Therefore, the acetylene content in the feedstock has to be reduced
to at least 5 ppm. Supported Pd catalyst is commercially used for this
purpose, but shows poor selectivity and stability.* >

There are several approaches to improve selectivity at high
acetylene conversion including the addition of a second metal and
screen of a suitable support. The role of the second metal (e.g. Ag,
Ni, Cu, Ga and Zn) in the Pd-based catalyst is generally considered
to be derived from two factors: geometric effect and/or electronic
effect.> 7 Among possible bimetallic Pd-based catalysts, PdAg
catalyst has attracted extensive attention. Zhang et al.® found that
bimetallic PdAg catalyst possessed higher selectivity because the
introduction of Ag diluted the multiply coordinated sites of Pd and

then enhanced the selectivity of ethene owing to the geometric effect.

Neurock and co-workers® revealed that the addition of Ag into Pd
catalyst could increase the electron density of the Pd d-band as a
result of charge transfer from Ag to Pd, which weakened the
adsorption of both ethene and acetylene on the alloy surface. Except
for active components, the effect of support is also of importance for
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the partial hydrogenation of acetylene such as surface area, pore
distribution and acid-base property of the support. Panpranot and co-
workers '° found that the mixed phases Al,O3 supported Pd catalysts
with higher BET surface area resulted in significant improvements in
both acetylene conversion and ethylene selectivity compared to that
of y-ALOs or a-AlOs. Chen et al? confirmed the novel and
promising catalytic properties of zeolite supported bimetallic
catalysts compared with those supported on y -Al2O3 due to the
multidimensional pore system with large pore apertures of zeolite.
Moreover, some research groups reported that the catalyst support
with rich defect sites could change the electronic properties of
metals'"> 12 and consequently obtain preferable catalytic performance.
Panpranot and co-workers'> reported that Pd catalysts supported on
TiO> with Ti** defects exhibited higher selectivity towards ethene in
the partial hydrogenation of acetylene. The existence of Ti*"
defective sites increased the electron density of close-contacted Pd
and weakened the adsorption strength of ecthene. Therefore,
developing a novel bimetallic PdAg alloy catalyst using possible
materials with rich defect sites as supports for partial hydrogenation
of acetylene could be remarkably valuable.

Layered double hydroxides (LDHs) are a class of typical 2D
inorganic layered matrices with a general formula of [M?'.
M3(OH) [ (A™)xn-mH20. The M?* and M>* cations are uniformly
dispersed within the layers.'* Owing to the flexibility in composition
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and the special structure, LDHs have been a promising materials
used as catalyst supports and actual catalysts.!>'® Wei and co-
workers!” demonstrated that Ti-containing LDH displayed abundant
surface defects served as trapping electrons which significantly
enhanced photocatalytic activity compared to bulk Ti oxide. Liu and
Hensen et al.? reported that the catalytic activity of Au catalysts for
aerobic oxidation of alcohols can be significantly improved by using
Cr-containing LDH as the support. The results showed that O> could
be activated on Cr** defect sites in the surface layer, resulting in Cr®*
species and basic hydroxyl with electron transfer from Cr-LDH
support to Au nanoparticles. However, the application and beneficial
effect of using this specific material with rich defective sites as
catalyst supports for partial hydrogenation are rarely reported.
Therefore, the combination of bimetallic PdAg nanoalloys with rich
defected LDH support as a novel heterogenecous catalyst for partial
hydrogenation of acetylene is of great significance. In the present
work, a novel supported PdAg nanoalloy catalyst for partial
hydrogenation of acetylene was fabricated by using NiTi-LDH with
rich defective sites as the support. The structural properties of the
catalyst were characterized by XRD, XPS, ESR, HRTEM and N,
adsorption-desorption. Special attention was paid to the relationship
between surface properties of the catalyst and catalytic performance.
Especially, the influence of surface defects as well as the interface
between metal and support on metal particle size, the amount of
active sites and electronic properties of metals were investigated.
Furthermore, due to the reducibility of NiTi-LDH support, the
obtained PdAg/NiTi-LDH catalyst was further reduced at high
temperature to study the strong metal-support interaction (SMSI)
effect.
2. Experimental
2.1 Materials

Ni(NOs)2'6H,0, TiCls, urea, PdCl,, NaCl, NaBH4, Poly vinyl
alcohol and commercial TiO, were purchased from Aladdin Co..
Commercial PdAg/Al,O; catalyst (BCH-20B, tooth spherical) were
purchased from the Beijing Chemical Industry Research Institute.
PVA (MW=2000) and acetone (A.R. Grade) were obtained from
Beijing Chemical Co. and used without further purification. The
water used in all the experiments was deionized and had an electrical
conductivity<107® S-cm™.18
2.2 Preparation of NiTi-LDH support

0.5 mL of TiCls solution (Vrticu:Vuc=1:1, TiCls is 0.002 mol),
0.01 mol of Ni(NO3)2'6H>0 and 0.1 mol of urea were dissolved in
100 mL deionized water under vigorous stirring for 10 h at reflux
temperature (100 °C). The resulting solid was centrifuged, washed
with deionized water, and dried at 60 °C.
2.3 Preparation of supported PdAg nanoalloy catalysts

Using the co-reduction method in the synthesis of PdAg alloy
catalysts, PdCl, was employed as the Pd*" precursor. Na,PdCls
solution was prepared by dissolving 0.6440 g of PdCl, and 0.4250 g
of NaCl in 100 mL of deionized water and stirred until it was
completely dissolved. 560 pL of Na,PdCls solution and 400 pL of
AgNO; solution (dissolving 0.8495 g of AgNO; in 100 mL of
deionized water) together with 0.0080 g of NaBH4 and 0.0052 g of
PVA were mixed together under vigorous stirring. After stirring for
1 h at room temperature, dark grey PdAg colloidal solution was
obtained. To prepare supported catalyst, 0.1440 g of NiTi-LDH was

2| J. Name., 2012, 00, 1-3

then added into PdAg colloidal solution and was stirred for another 1
h. The resulting suspension was centrifuged, washed with deionized
water as well as anhydrous acetone, and dried at 60 °C. As
comparison, commercial TiO; and the prepared Ni(OH), supported
PdAg alloy catalysts were also synthesized under the premise of
remaining other conditions unchanged. Preparation method of
Ni(OH), was stated as follows: 2.9070 g of Ni(NO3),:6H>O and
6.5000 g of urea were dissolved in 100 mL deionized water under
vigorous stirring for 10 h at reflux temperature (100 °C). The
resulting solid was centrifuged, washed with deionized water and
dried at 60 °C. To investigate the interaction between metal and
support after high temperature reduction, PdAg/NiTi-LDH catalyst
was further calcined at 500 °C in H> for 4 h before acetylene
hydrogenation and the obtained catalyst was denoted as PdAg/NiTi-
LDH-H»-R.
2.4 Characterizations

XPS of the samples was collected using a Thermo VG ESCALAB
250 spectrometer equipped with Mg Ka anode. The calibration peak
is the C 1s peak at 284.6 eV. X-ray diffraction (XRD) patterns were
performed by a Shimadzu XRD-6000 diffractometer using Cu Ka
source (A= 0.154 nm) in the 20 range from 3° to 70° and a scan step
of 10° min’!. The specific surface area was calculated according to
the Brunauer-Emmett-Teller (BET) method based on the adsorption
isotherm. The Barrett-Joyner-Halenda (BJH) method was used to
calculate the pore volume and the pore size distribution. The lattice
fringes of the catalysts were characterized using a JEOL JEM-2100
(HRTEM).
Chemical analyses were obtained with inductively coupled plasma
spectroscopy (ICP-AES; a Shimadzu ICPS-75000).
Electron spin resonance (ESR) spectroscopy was conducted under

high-resolution transmission electron microscope

emission

vacuum at -150 °C without illumination using a JEOL electron spin
resonance spectrometer. It was performed to qualitatively and
quantitatively monitor the Ti*" species on the surface of the TiO, and
NiTi-LDH.

Pulse CO chemisorption, temperature-programmed reduction
(TPR) and C,Hs4-TPD were carried out using Micrometric
Chemisorb 2750
conductivity detector (TCD). The dispersion of the catalysts was

chemisorption instrument with a thermal
determined by pulse carbon monoxide (CO) chemisorption. In
general, pure Ag does not chemisorb CO and therefore CO
chemisorption occurred only on Pd atoms on the surface of PdAg
nanoalloys. A CO/Pd average stoichiometry of 1 has been assumed
for calculation of the dispersion.? After pre-treatment, multiple
pulses of a 5% CO/He mixture were passed over the catalyst from a
330 pL sample injector at room temperature until a constant CO
peak area was observed. TPR was recorded using 10% H; in Ar with
a total flow rate of 25 mL-min’!, heated from room temperature to
550 °C. Prior to C;H4-TPD, 0.1000 g catalysts were heated at 120 °C
for 30 min in argon and cooled to room temperature. The catalyst
was kept until the adsorption was saturated in a stream of ethene
with helium as a carrier gas, then the catalyst was purged with
helium for 30 min. C;H4-TPD was controlled by heating from room
temperature to 450 °C. Prior to H»-TPD, the catalysts were also
heated at 120 °C for 2 h in nitrogen and then placed in 10 % Hx/Ar
with a flow rate of 40 mL-min’! for 0.5 h at 30 °C. TPD was carried

out in a stream of argon with a flow rate of 40 mL'min' and a
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temperature ramp of 10 °C min™!. The experimental error in TPD
temperatures is +3 °C according to repeated tests. TPO analyses
were also carried out on catalyst samples. After a time-on-stream
hydrogenation process, the catalysts were transferred into a quartz
reactor followed by heating in He flow for 60 min at 120 °C. The gas
composition was then switched to 10% O in helium, and the
temperature was increased to 600 °C at a ramp rate of 10 °C min™..
2.5 Partial hydrogenation of acetylene

Acetylene hydrogenation was investigated in a Xian Quan WFS-
3015 fixed bed microreactor over the temperature range from 30-90
°C with total flow rate of 167.5 mL min~!, reaction pressure of 0.4
MPa, and a space velocity (GHSV) of 10050 h™!, 33.2% C,H4/C2H>
mixed gases (containing 0.967% acetylene in ethene), 0.6% H», and
66.2% N> (H2/C2H2=2). A 0.05 g of catalyst and 1.95 g (1.25 mL) of
quartz sand were mixed and filled into the reactor. Prior to reaction,
the samples were reduced in hydrogen at 100 °C for 1 h with a flow
rate of 5 mL-min’!. The reactants and products were analyzed by gas
chromatography (GC) with a flame ionization detector online using a
PLOT capillary column (0.530 m x 50 mm). Acetylene conversion
and ethene selectivity are defined as follows: 8

CaHz (inlet) — Collz (outlet)
CoHa (inlet)

CoHa (outlet) — CoHs (inlet)
CoHz (inlet) — CoHz (outlet)

3. Results and discussion
3.1 Catalytic performance in partial hydrogenation of acetylene

Acetylene conversion =

Ethene selectivity =

The catalytic performance including activity and selectivity
towards ethene of the NiTi-LDH with two kinds of transition metal
supported PdAg catalyst for partial hydrogenation of acetylene in an
ethene-rich stream was tested in a fixed-bed flow reactor. For
comparison purposes, TiO2 and Ni(OH). supported PdAg catalysts
were also tested under the employed reaction conditions. In this
work, catalytic activity is defined as the rate of acetylene
consumption, which is expressed as the moles of acetylene
conversion in unit time. Therefore, higher acetylene conversion
represents higher rate/activity.?! The Pd loading and the Ag loading
of the three catalysts, obtained from ICP analysis, were shown in
table 2. The actual values were slightly different from the theoretical
value (1.4%), but the values are allowable within experimental error.
The result rules out the influence of different Pd and Ag content on
the catalytic performance, indicating the activity related to the nature
of the catalyst. Figure 1A shows plots of acetylene conversion versus
reaction temperature over different catalysts. With the reaction
temperature increasing, the acetylene conversion increases. The
PdAg/NiTi-LDH catalyst exhibited much higher acetylene
conversion than that of other PdAg catalysts with different supports.
Especially, when the reaction temperature increased to 70 °C, the
acetylene conversion of PdAg/NiTi-LDH catalysts reached 90%
which was 30% and 60% higher than that of PdAg/TiO» and
PdAg/Ni(OH),, respectively. To eliminate the contribution of NiTi-
LDH support, catalytic performance of the pristine NiTi-LDH was
also tested. As shown in Figure 1A, the acetylene conversion of
NiTi-LDH was less than 5% ranging from 30 to 90 °C indicating

This journal is © The Royal Society of Chemistry 2012
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that the contribution of NiTi-LDH support on the catalytic
performance can be ignored. Selectivity at a fixed conversion for the
catalysts is shown in Figure 1B. The selectivity toward ethene of the
three catalysts decreased with conversion increasing and at iso-
conversions selectivity toward ethene decreased in the order
PdAg/NiTi-LDH> PdAg/TiO>> PdAg/Ni(OH),. Compared with
monometallic Pd catalyst reported in literatures,?! 2 all of the three
catalysts exhibited much higher selectivity towards ethene on
account of the synergistic effect of bimetallic PdAg nanoalloys.
When the conversion of acetylene reached 90%, ethene selectivity
over PdAg/NiTi-LDH maintained 82%, which is remarkably higher
than that over the reported catalysts as well as commercial
PdAg/AlL,O; catalyst shown in Table 1.2!2° The preferable catalytic
performance of PdAg/NiTi-LDH catalyst might be attributed to the
structural nature of the catalyst itself including large specific surface
area, '© high metal dispersion, 2> 28 enhanced interface effect®-

and/or the change of electronic properties of metals.!'! 12
AIOO- B
| —e—Pd-Ag/TIO,

807 —a—pd-Ag/NiTi-LDH
1 —»—NiTi-LDH

—e— Pd-Ag/Ni(OH),

90

®
8

Selectivity (%)
=

Conversion (%)
&

—e—PdAZ/NI(OH),

—e—PdAg/TIOy

—— PdAg/NiTi-LDH

) 30 40 50 60 70 80 90 0 20 40 0‘0 K‘U 100
Temperature (°C) Conversion (%)

Fig. 1 Plots of (A) the acetylene conversion versus reaction
temperature and (B) the ethene selectivity versus conversion at a
total flow rate of 167.5 mL/min (GHSV: 10050 h') with varying
reaction temperature from 30 to 90 °C.
3.2 The study of structure-property relationship
3.2.1 Crystalline structure of the catalyst

To explore the crystal structure of the catalysts, XRD analysis of
metallic colloidal sol (A) and the prepared NiTi-LDH, Ni(OH), and
commercial TiO> supports (B) were carried out and the patterns are
shown in Figure 2. The pattern of the metallic colloidal sol showed
two diffraction peaks that can be indexed to diffraction from the
(111) and (200) of the face-centered cubic (fcc) structure of metallic
PdAg. The diffraction peaks of bimetallic PdAg were coincidently
located between Pd (JCPDS 46-1043) and Ag (JCPDS 04-0783),
indicating the formation of PdAg nanoalloys.® The di11 and daoo of
PdAg nanoalloys were calculated to be 0.230 nm and 0.197 nm
according to Bragg formula. As shown in Figure 2B, the XRD
pattern of NiTi-LDH (curve a) can be indexed as a rhombohedral
structure with the typical (003), (006), (009) and (110) reflections at
20=12.2°,24.5°, 33.5°, and 59.7° with a basal spacing (doo3) of 0.722
nm (20 = 12.2°) illustrating that the interlayer anion is CO3*." No
other crystalline phase was detected, which demonstrated the high
purity of NiTi-LDH. The pattern of the prepared Ni(OH), (curve b)
exhibited strong diffraction peaks corresponding to diffraction from
the (001), (100), (101), (102) and (110) suggesting the formation of
Ni(OH),.’! The pattern of the commercial TiO, support shown as
curve ¢ exhibited the characteristic reflections of (101), (004), (200),
(105) and (204) indicating TiO> was in the anatase phase.'> However,
due to the low loading and the small particle size of PdAg
nanoalloys, no obvious diffraction peaks can be observed
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Table 1 Ethene selectivity at acetylene conversion 90% on various catalysts.

Catalysts Ethene Selectivity Pd Loading (%) GHSV (h') Ho/C2H: Reaction
(%) pressure (MPa)

PdAg/NiTi-LDH # 82 1.42 10050 2 0.4
PdAg/TiO,* 75 1.44 10050 2 0.4
Commercial PdAg/Al,O3 (BCH-20B)* 51 0.04 10050 2 0.4

Cuboc Pd/MgAI-LDH?! 68 2.40 8040 2 0.4
PdsGa/MgO-Al, 05 81 5.00 10056 2 0.05
Pd/MgO-Al,05?? 50 5.00 10056 2 0.05
Flowerlike PAAu/MgAI-MMO? 70 1.00 1607-11255 2 0.2
Octahedra PdAAu/MgAl-MMO? 56 1.00 1607-11255 2 0.2
PdAg/ALOs(impregnation)** 20 1.00 4000-16 000 2 Not reported
PdCu/AlOs(surface redox) % 38 1.00 3000-13500 2 Not reported
PdAg/ALOs(surface redox) % 40 1.00 3000-13500 2 Not reported
Pd-Si/SiO; 2 38 1.00 4000-16 000 2 Not reported
Pd/Si0,%¢ 25 1.00 4000-16 000 2 Not reported

2 tested in this work

after immobilizing onto the support. Therefore, the XRD patterns Ni(OH).. To measure the distribution and mean size, 200 particles
of the supported catalysts were not given. in different regions were randomly selected. The mean size of the
B (101)\ PdAg nanoparticles in PdAg/NiTi-LDH, PdAg/TiO, and
o | [ oo e e PdAg/Ni(OH), is 2.6 nm, 3.1 nm and 5.6 nm, respectively.
WW . | f<°°’> ‘ Moreover, the lattice spacing of the metallic colloidal sol was
oo | o) [0V 42 measured to be 0.230 nm and 0.197 nm corresponding to the (111)

A [ Padsioss | '“"T"J and (100) facets of PdAg nanoalloy and were well consistent with
m.] o m— N, .y XRD results, further indicating the formation of PdAg alloy. The
1 dispersion of supported PdAg catalysts was determined by CO

00" ) chemisorption experiments® and the corresponding values were

Fig. 2 XRD patterns of (A) the. I.’dAg colloidal .SOI and (B) the listed in Table 1. It is obviously observed that the dispersion of
supports:. (a). the prepared NiTi-LDH, (b) Ni(OH), and (c) PdAg supported on NiTi-LDH is 15% and 40% higher than that of
commercial TiO; PdAg supported on TiO; and Ni(OH), which was consistent with
3.2.2 Textural properties of support and th.e cata.llysts the trend calculated by the particle size from HRTEM images. In
BET surface areas of the supports were listed in Table 2. The general, nanoparticles possessed narrower distribution, smaller
particle size and higher dispersion could increase the proportion of
active metal surface atoms to bulk phase atoms, and thus improve
the catalytic performance.?® Therefore, smaller particle size and
facilitates the improvement of the catalytic activity.’? This result higher dispersion of PdAg/NiTi-LDH could be the contribution on
was consistent with the trend of catalytic performance in figure 1. the preferable catalytic performance compared with that of
In addition, according to the literatures, high dispersion of active PdAg/TiO; and PdAg/Ni(OH),. However, this difference in the
@etals .could also be ascribed to the strong metal.—sT.lpport particle size and dispersion of PdAg particles can not considered to
interaction (SMSI). ** * SMSI effect of the PdAg/NiTi-LDH be the only reason for the disparity in the catalytic activity
catalyst will be confirmed in the following discussion. HRTEM observed for PdAg/TiO; and PdAg/NiTi-LDH. As a result, we will

1mages .and the .correspondmg s1ze dlsmbllltlon. of PdAg further explore the other factors for the difference of catalytic
nanoparticles on different supports are shown in Figure 3. As activity of PdAg/TiO; and PdAg/NiTi-LDH

expected, PdAg nanoparticles dispersed more homogeneously on

the surface of NiTi-LDH and TiO» compared with those on

Intensity (a.u.)
Intensity (a.u.)

60 10 20 30 40 50 60 70
20 ()

specific surface areas of NiTi-LDH and TiO» were significantly
larger than that of Ni(OH).. In general, high surface area of the
support could provide high dispersion of active metals, which

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 4
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Table 2 Textural properties of support and the catalysts.

BET surface area ?

Samples (m?g) Pd Loading® (%)  Ag loading® (%) ?,(/1) dispersion* aﬁesh_Pdd (nm)
NiTi-LDH 104.27 - - - -

TiO; 101.99 - - - -

Ni(OH), 48.88 - - - -
PdAg/NiTi-LDH - 1.42 1.11 31.5 2.6
PdAg/TiO; - 1.44 1.10 25.8 3.0
PdAg/Ni(OH), - 1.43 1.11 11.2 5.6

2 Determined by BET analysis; ® Determined by ICP analysis; ¢ Determined by CO-chemisorption; ¢ Determined by HRTEM.

S niy

......

Fig. 3 HRTEM images of (a) PdAg/Nii-LDH, (b) PdAg/TiO; and
(c) PdAg/Ni(OH), (d) PdAg colloidal in the
corresponding images show the particle size frequency distribution

sol. Inset
histograms.
3.2.3 Characterizations of defects in the supports

It is reported that NiTi-LDH and TiO: supports contain surface
defect (Ti**) which are produced by trapping of electrons and the
amount of accumulated electrons may reflect the number of defect
sites.’® Based on the catalytic results, the PdAg nanoparticles
supported on NiTi-LDH and TiO, with Ti** defective sites
exhibited much higher activity than those on Ni(OH), support
which suggested the existence of Ti** defects may facilitate the
catalytic performance. In order to qualitatively investigate the Ti*"

This journal is © The Royal Society of Chemistry 2013

defects containing in the supports, electron spin resonance (ESR)
technology was performed over both NiTi-LDH and anatase TiO»
supports and the results are shown in Figure 4. Nakaoka and
Nosaka®” reported six signals of ESR measurement occurring on
the surface of titania: (i) Ti*'O°Ti**OH, (ii) surface Ti**, (iii)
adsorbed oxygen (O%), (iv) Ti**O*Ti**O%, (v) inner Ti**, and (vi)
adsorbed water. In this study, only one major signal at g values of
1.996 (less than 2) was observed in both NiTi-LDH and TiO»
which can be assigned to Ti** (3d1) at the surface.?
the intensity of the Ti** signal of the co-precipitation derived NiTi-

Furthermore,

LDH was higher than the commercial TiO,, suggesting larger
amount of defects in NiTi-LDH.

NiTi-LDH

TiO,

Relative Intensity (a.u.)

I
Magnetic Field (mT)
Fig. 4 ESR spectra of NiTi-LDH and TiO>
To further quantitatively investigate the Ti** defects in two kinds

of Ti containing materials, XPS analysis was performed. Ti 2p3»
spectra of PdAg/NiTi-LDH and PdAg/TiO, were shown in Figure
SA. The XPS spectra of both PdAg/NiTi-LDH and PdAg/TiO,
catalysts showed two peaks. After fitting, the peaks centered at
458.5 and 460.5 eV can be assigned to Ti*, which is consistent

with the values reported in the literature, '* 3 whereas the peak at

J. Name., 2013, 00, 1-3 | 5
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the lower binding energy of 456.7 and 458.9 eV can be attributed to
Ti**. It is observed that the peak area ratio of Ti** to Ti*" in

PdAg/NiTi-LDH and PdAg/TiO; catalysts were obviously different.

The Ti**/Ti*" ratio of PdAg/NiTi-LDH catalyst is 0.47 which is
much higher than that of PdAg/TiO; catalyst (0.22), indicating
larger number of defects in the support of NiTi-LDH,> which is in
accordance with the ESR results.

PAAg/NITHLDH
|

1340.0

Intensity (a.u.)
Intensity (a.u.)

PJAGNITI-LDH

PAATIO, |

T T
336 334 332

468 468 464 482 460 458 456 342 340 338 33
Binding Energy (eV)

Binding Energy (V)

T
c ! Agad,, D Ni2p,,

3(‘;6 o6 s+ oz 800 o o4 6%
Binding Energy (eV)

% |PdAgITIO,

Intensity (a.u.)
) S g_
e 4

Intensity (a.u.)

PdAg/NiTi-LDH,

376 374 372 370 368
Binding Energy (eV)

Fig. 5 Ti 2p (A), Pd 3d (B), Ag 3d (C) XPS spectra of PdAg/TiO»,
PdAg/NiTi-LDH catalysts and Ni 2p (D) XPS spectra of
PdAg/NiTi-LDH catalyst.
3.2.4 H; dissociation/activation of the catalysts

Based on the previous report in the literature, we speculate that
the interface of Ti*" species in contact with palladium surface could
act as new active sites which could more significantly enhance the
activation and dissociation of hydrogen.*® To gain information
about H; activation/dissociation, H>-TPD experiments were carried
out on the PdAg/NiTi-LDH and PdAg/TiO, catalysts and the
results are shown in Figure 6. Both catalysts showed at least two
domain peaks of desorbed H», suggesting that hydrogen may be
bounded to Pd surfaces with more than two adsorption states. The
high temperature peak between 150~200 °C is attributed to the
desorption of chemisorbed hydrogen, while the peak below 100 °C
is attributed to the physically adsorbed hydrogen, which are more
weakly bonded to the surface.*> ¥ As for PdAg/NiTi-LDH, the
intensity of the desorption peak of chemisorbed hydrogen increased
and the peak position remarkably moved to lower temperature
compared with PdAg/TiO,, indicating that H:
dissociation/activation occurred more easily on the catalyst of
PdAg/NiTi-LDH.

6 | J. Name., 2012, 00, 1-3

Pd-Ag/TiO,

H, uptake (a.u.)

Pd-Ag/NiTi-LDH

" 1 2 1 " 1 " 1 " 1 n
50 100 150 200 250 300
Temperature (OC)
Fig. 6 H>-TPD of PdAg/NiTi-LDH and PdAg/TiO catalyst.
3.2.5 Electronic effect of the catalysts

To clarify the effect of Ti** defect sites on the interaction
between PdAg nanoalloys and supports, XPS analysis was carried
out and the results are shown in Figure 5. The XPS curves of Pd 3d
(Figure 5B) were well fitted to two peaks. The one at lower binding
energy (BE) is assigned to the electron transitions of Pd 3ds», and
the higher one presents the electron transitions of Pd 3ds,. The
absence of characteristic peaks corresponding to Pd** indicates that
all the Pd*" precursor has been reduced to Pd’. In comparison with
the spectrum of PdAg/AL,O3%* the peak of Pd 3dsp, over
PdAg/TiO; and PdAg/NiTi-LDH catalysts were shifted to lower
binding energy by approximately 0.3 eV and 0.5 eV, respectively.
However, the Ti 2ps» and Ti 2pi» peaks assigned to the Ti** of
PdAg/TiO; and PdAg/NiTi-LDH catalysts were slightly shifted to
higher binding energies by about 0.2 eV and 0.4 eV compared with
the pristine supports as shown in Figure 5A. For Ag 3dsp2, no
obvious shift can be observed compared with the values in the
literature ® %3, as shown in Figure 5(C). The BE values of Ti*' in Ti
2p spectra of PdAg/TiO, and PdAg/NiTi-LDH catalysts at around
358.5 and 360.5 eV are also in accordance with the reported values
for the corresponding TiO> and NiTi-LDH.'** Similarly, the XPS
spectrum of PdAg/NiTi-LDH within the region of Ni 2ps. (Figure
5D) contained two peaks, appearing at binding energies around
855.3 and 861.7 eV which are corresponding to the characteristic
peaks of Ni** and the shakeup satellite peak, respectively, which
were well consistent with the values of pristine Ni-containing LDH
reported in the literature.** The above results indicated that there
was no obvious interaction between PdAg nanoalloys and Ni
species or Ti*" species, while there was the electron transition from
the Ti** species to Pd resulting in the increase of electron density
and the linearly coordinated sites of Pd and therefore easy
desorption of ethene.**” Especially, the higher degree of shift in
PdAg/NiTi-LDH catalyst indicates much stronger metal-support
interaction which leads to preferable ethene selectivity.

To further confirm the speculation based on XPS results,
temperature programmed desorption (TPD) of ethene was
performed to investigate the desorption capacity of ethene from the
surface of PdAg/TiO; and PdAg/NiTi-LDH catalysts and the
corresponding curves are shown in Figure 7. PdAg/TiO; shows two

This journal is © The Royal Society of Chemistry 2012
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major peaks. The one at the lower temperature (165 °C) is assigned
to low-coordinated adsorbed ethene species, which were more
weakly adsorbed and desorbed followed by the recombination of
the surface hydrocarbon species to produce either ethene or ethane.
The peak at ca. 235 °C is due to multi-coordinated adsorbed ethene
species, which were easier to produce byproducts such as ethane.*’
In the case of PdAg/NiTi-LDH, three main desorption peaks were
observed, among which the peak at ca. 330 °C was ascribed to the
removal of COs> from the interlayer of NiTi-LDH.#” The peak
position related with the desorption of low-coordinated adsorbed
ethene species moved to lower temperature by approximately 10 °C
compared with that of PdAg/TiO,, suggesting that ethene species
were more easily desorbed from the surface of PdAg/NiTi-LDH
catalyst, which is consistent with the speculation of XPS results.

TCD Signal (a.u.)

PR BT B . .
50 100 150 200 250 300 350 400

Temperature (OC)

Fig. 7 Ethene-TPD from sample catalysts: (a) PdAg/TiO: and (b)
PdAg/NiTi-LDH.
3.2.6 Possible mechanism of PdAg/NiTi-LDH catalyst

In summary, superior hydrogenation activity was ascribed to two
main factors. Smaller particle size and higher dispersion of PdAg
nanoparticles were responsible for the enhancement of catalytic
activity. In addition, Ti*" defective sites in the support also played
an important role on improving the activity. The interface at the
Ti®" species and active metals acting as new active sites enhanced
the activation and dissociation of hydrogen and therefore further
improved catalytic activity. Preferable selectivity was assigned to
the electronic effect between NiTi-LDH support and PdAg
nanoalloys. The electron transfer from the Ti*" species to Pd
resulted in the increase of electron density and the linearly
coordinated sites of Pd and therefore facilitated the desorption of
ethene. The proposed mechanism for acetylene hydrogenation over
PdAg/NiTi-LDH catalysts is illustrated in a conceptual model in
Figure 8. The model shows two types of active sites. One of which
created on the surface of Pd atoms; the other generated on the
interface over Ti*" species in contact with palladium surface which
could more significantly enhance the activation and dissociation of
hydrogen and therefore further enhance the activity. In addition,
because of the elecronic effect between NiTi-LDH support and
PdAg metals, the active sites were responsible for selective
hydrogenation of acetylene to ethene and thus exhibited high
ethene selectivity.

This journal is © The Royal Society of Chemistry 2012
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Fig. 8 Conceptual model for selective acetylene hydrogenation
mechanism on PdAg/NiTi-LDH catalyst.
3.3 SMSI effect of the reduced PdAg catalysts

It is well known that the improvement of metal/support
interactions could also lead to an enhanced selectivity in the partial

4547 As reported, reducible metal oxides

hydrogenation reactions.
reduced at high temperature could migrate onto metallic surface,
which enriches the electron density of the metals and increases the
linearly coordinated sites of the metals and therefore weakens the
ethene adsorption to improve ethene selectivity. This phenomenon
is in the scope of the well-known strong metal-support interactions
(SMSI) as demonstrated in previous works.*’

TPR experiments were carried out to investigate the reducibility
of the NiTi-LDH materials. Figure 9 presents the reduction profiles
of NiTi-LDH and their corresponding supported PdAg catalysts.
The maximum on the TPR curve of NiTi-LDH at about 398 °C can
be related to the reduction of Ni species, the peak at about 357 °C
can be interpreted as corresponding to the reduction of Ti species.*®
4 The one at the 330 °C was ascribed to the removal of CO3* from
the interlayer of NiTi-LDH.*’ With the introduction of PdAg, the
reduction peak relating to Ni species of the PdAg/NiTi-LDH
catalyst shifted dramatically from 398 to 207 °C and the Ti species
reduction peak also shifted to lower temperatures from 357 to 274
°C. These results clearly demonstrate that the presence of PdAg
nanoparticles strongly promotes the reduction of NiTi-LDH and
such promotion effect has been attributed to hydrogen activated on
the metal phase induced by intimate metal-support interactions.*® In
addition, 500 °C was selected to further reduce the PdAg/NiTi-
LDH in our work to study the SMSI effect.

d PAAG/NITI-LDH
N
=
%D Ti oxides
#2 | —— Ni oxides
8 removal of COSZ'
=
NiTi-LDH
1 L 1 s 1 L 1 " 1
100 200 300 400 500

Temperature (°C)

Fig. 9 TPR profiles for NiTi-LDH and PdAg/NiTi-LDH

Before acetylene hydrogenation reaction, PdAg/NiTi-LDH
catalyst was calcined at 500 °C in H> for 4 h. Figure 10 shows plots
of acetylene conversion versus reaction temperature (A) and plots

J. Name., 2012, 00, 1-3 | 7
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of ethene selectivity versus acetylene conversion (B) over
PdAg/NiTi-LDH catalyst before and after reduction. The acetylene
conversion of PdAg/NiTi-LDH-H-R catalyst is quite similar with
the unreduced catalyst indicating the stability of PdAg/NiTi-LDH
after high temperature reduction. The ethene selectivity increased
by 5% after reduction, which might be attributed to the
modification of the electronic structure of the Pd surface by
partially reduced Ti and Ni oxides.’! Furthermore, Ti*" defective
sites could easily diffuse from the lattice to surface of Pd particles
to generate SMSI effect and therefore further enhance the

selectivity.>!

100 2
A
—e—PdAg/NiTi-LDH
—e— PAA/NITi-LDH-H,R

s

—=—Pd-Ag/NiTi-LDH
—e—Pd-Ag/NiTi-LDH-H, R

2
3

Conversion (%)

T T T T T T T T T T T T T T
30 40 50 60 70 10 20 30 40 S0 60 70 80 90
Temperature (°C) Conversion (%)

Fig. 10 Plots of the acetylene conversion (A) and ethene selectivity
versus conversion (B) at a total flow rate of 167.5 mL/min (GHSV:
10050 h'") for PdAAg/NiTi-LDH and PdAg/NiTi-LDH-H»-R catalyst
To determine the influence of high temperature reduction on the
electronic structure of catalysts, the XPS spectra of Ni 2p, Ti 2p and
Pd 3d of PdAg/NiTi-LDH-H>-R catalyst are shown in Figure 11.
There are three peaks near 851.3 eV, 855.3 eV and 861.5 eV within
the region of Ni 2ps; (Figure 11A), which are corresponding to the
characteristic peaks of Ni°, Ni** and the shake-up peak of Ni*',
respectively.’> The XPS spectrum of PdAg/NiTi-LDH-H,-R within
the region of Ti 2ps (Figure 11B) contained three peaks, appearing
at binding energies around 456.2, 458.4 and 460.0 ¢V, which were
ascribed to Ti*', Ti**, Ti*" species.’ The results show that a part of
Ni and Ti species containing in NiTi-LDH were reduced to Ni® and
TiOx. As shown in Figure 11C, the binding energy of Pd 3d shifted
to a lower binding energy by approximately 0.2 ¢V compared with
the unreduced catalyst (Figure 5C), which may indicate the charge
transfer from the generated Ni® and TiOx species to Pd. The charge
transfer increases the electron density of Pd which facilitates
desorption of ethene and therefore leads to preferable selectivity.

Intensity (a.u.)
Intensity (a.u.)

864 862 860 858 856 854 852 850 848 846 bl bd find el 480 8 456
Binding Energy (¢V) Binding Energy (¢V)

Intensity (a.u.)

342 30 338 336
Binding Energy (eV)

Fig. 11 Ni 2p (A), Ti 2p (B) and Pd 3d (C) XPS spectra of
PdAg/NiTi-LDH-H»-R catalysts

334 332
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To investigate the stability of PdAg/NiTi-LDH and PdAg/NiTi-
LDH-H-R catalysts, time-on-stream analysis was carried out at 70
°C with the relative pressure of 0.4 MPa for up to 48 h and the
results are shown in Figure 12, in which to represents the time when
the reaction stabilized at this temperature. Unreduced PdAg/NiTi-
LDH catalyst exhibited a pronounced deactivation behavior with
time-on-stream increasing while the activity over the reduced
PdAg/NiTi-LDH-H-R catalyst maintained an almost stable state in
every test point during 48 h. This stable activity can be ascribed to
two key factors, one of which was excellent resistibility against
carbon deposition which partly suppress the block of active sites
and therefore possessing preferable stability; °* the other was
structural stability of PdAg nanoalloys attributing to the existence
of the strong interaction between PdAg nanoalloys and supports.

g5.] Il PdAg/NiTi-LDH-H -R
I PdAg/NiTi-LDH

~90 4
&
=
=
5 85 1
-
g
@]

80 1

75 -

t t+12 24 436 1, +48
Time (h)

Fig. 12 Histogram of acetylene conversion versus reaction time
over the PdAg/NiTi-LDH and PdAg/NiTi-LDH-H»>-R catalysts.
(total flow rate: 167.5 mL/min (GHSV: 10050 h™!) at reaction
temperature 70 °C).

To obtain information about the formation of the carbonaceous
deposits on the catalyst surface during the aging experiment, TPO
analysis was conducted. Figure 13 presents the catalyst profile after
the 48 h usage. The TPO profile indicated two peaks centered at
230 °C that can be ascribed to the combustion of coke associated to
metal sites which can be considered to be harmless to the reaction,
and the peak located around 350 °C can be associated with the
combustion of amorphous coke, a precursor of graphitic carbon that
has a structure of oligomeric hydrocarbon, CxHy, which reduces the
availability of hydrogen and/or acetylene.’>>7 It can be easily
figured out that the high temperature peak area of PdAg/NiTi-
LDH-H»-R catalyst was significantly smaller than that of
PdAg/NiTi-LDH, indicating preferable resistance against
carbonaceous compounds deposition and therefore possessing
superior stability.

This journal is © The Royal Society of Chemistry 2012
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Fig. 13 TPO profiles of PdAg/NiTi-LDH and PdAg/NiTi-LDH-H,-
R catalysts after 48 h usage.

Besides of the resistance against carbon, structure stability of
PdAg/NiTi-LDH-Hz-R catalyst is another important measurement
towards stability of catalytic performance. HRTEM images of the
two catalysts after continuous reaction for 48 h are shown in Figure
14. An increase in the mean size of PdAg nanoalloys was observed
in the unreduced PdAg/NiTi-LDH catalyst from 2.6 to 3.4 nm due
to the weak interaction between supports and active components.
However, no obvious aggregation of PdAg nanoalloys was
observed in the used PdAg/NiTi-LDH-H»-R catalyst, indicating
that the SMSI effect after high temperature reduction effectively
suppress the migration and aggregation of PdAg nanoalloys and
thus maintained preferable stability. Therefore, the favorable
stability of PdAg/NiTi-LDH-H»-R catalyst might be ascribed
mainly to the excellent resistance against carbonaceous deposits
and stability of the small PdAg nanoparticles size.

5
—

] ig. 14 TEM images of the used catalst (a)PAg/NiTi-LDH‘
and (b) PdAg/NiTi-LDH-H-R; Inset in the corresponding images
show the particle size frequency distribution histograms.

4. Conclusion

A novel supported PdAg nanoalloy catalyst was designed and
synthesized by using NiTi-LDH with rich defective sites as the
support for the partial hydrogenation of acetylene. The obtained
PdAg/NiTi-LDH catalyst exhibited much higher activity and
selectivity compared with TiO, and Ni(OH). supported PdAg
catalysts. When the conversion of acetylene reached 90%, ethene
selectivity over PdAg/NiTi-LDH catalyst maintained 82%. The
excellent activity was ascribed to two key factors. The results of
BET, HRTEM and CO chemisorption showed that the PdAg
nanoparticles with smaller size and higher dispersion were found to
boost catalytic activity. In addition, Ti** defective sites also play an

This journal is © The Royal Society of Chemistry 2012
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important role on the enhancement of the catalytic performance.
ESR and XPS results confirmed the existence of Ti** defective sites
containing in the NiTi-LDH support and the number of Ti**
defective sites was higher than that of commercial TiO>. The
interface at the Ti** species and active metals could act as new
active sites which further enhanced the activation and dissociation
of hydrogen confirmed by H>-TPD. The preferable selectivity was
assigned to the electronic effect between NiTi-LDH support and
PdAg nanoalloys. XPS of the catalyst revealed the electron transfer
from the Ti** species to Pd which resulted in the increase of
electron density and the linearly coordinated sites of Pd and
therefore facilitated the desorption of ethene affirmed by CHs-
TPD. Moreover, the SMSI effect between the metal and support
was revealed by reducing the PdAg/NiTi-LDH catalyst at 500 °C.
TPR analysis indicates that the NiTi-LDH is more likely to be
reduced under the existence of PdAg nanoparticles. The reduced
PdAg/NiTi-LDH catalyst exhibited much higher selectivity
compared with the unreduced PdAg/NiTi-LDH catalyst. The SMSI
effects in which Pd atoms draw electron density away from Ti**
species enhanced the interaction of Pd atoms with the supports, and
thereby increased the catalytic selectivity. In addition, the reduced
catalyst exhibited preferable stability. One of the reasons was
excellent resistibility against carbon deposition which partly
suppress the block of active sites; the other was structural stability
of PdAg nanoalloys attributing to the existence of the strong
interaction between PdAg nanoalloys and supports. Consequently,
the reduced PdAg/NiTi-LDH
enhanced activity, selectivity and stability are of tremendous

catalyst with simultaneously
importance in the partial hydrogenation of acetylene.
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