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Ethanol reforming and 1,3-butadiene hydrogenation reactions were studied on Pt-Ni bimetallic and
monometallic catalysts supported on several supports, including y-Al203, SiO2, TiOz, CeOz, and high
surface area (HSA) and low surface area (LSA) ZrO, to elucidate the effect of oxide supports on the
bimetallic structures and catalytic activity. The catalysts were prepared by co-impregnation and
were characterized by pulse CO chemisorption, transmission electron microscopy, and extended
X-ray absorption fine structure. Reactions were carried out in a Fourier transform infrared batch
reactor. The supports strongly affected the catalytic activity. For ethanol reforming, the activities of
the Pt-Ni bimetallic catalysts were in the order TiOz > SiOz > y-Al203  LSA-ZrO2 > CeO2 > HSA-ZrO;
while for 1,3-butadiene hydrogenation, the order was SiOz > CeOz > y-Al203 > LSA-ZrOz > HSA-ZrO; =
TiO2. For the hydrogenation reaction, the Pt-Ni bimetallic catalysts outperformed the Pt and Ni
monometallic catalysts; in contrast, for the reforming reaction, synergetic bimetallic effects were
only found on SiOz, TiO2, and HSA-ZrO..
© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

surface, with a monolayer of Ni atoms located on a Pt(111)
surface, is characterized by increased interactions with ad-

SBimetallic catalysts are used in many reactions such as hy-
drogenation, dehydrogenation, and reforming because their
properties are often different from those of the corresponding
monometallic catalysts [1-3]. Many experimental and theoret-
ical studies have been performed to determine the activity and
stability of bimetallic systems on well-defined single crystal
surfaces [3-5]. The bimetallic structure strongly affects cata-
lytic performance. For example, the Ni-terminated bimetallic

sorbates and is more active for oxygenate reforming than ei-
ther of the parent metals [6-8]. In contrast, the Pt-terminated
bimetallic surface, with Ni atoms located underneath the
Pt(111) surface, shows a novel low-temperature hydrogenation
pathway that is absent on either Pt(111) or Ni(111) [5]. These
surface science results have been extended to y-Al203 sup-
ported Pt-Ni bimetallic catalysts for hydrogenation reactions,
where Pt-terminated bimetallic catalysts show higher hydro-
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genation activity than either of the monometallic catalysts
[9,10].

The thermodynamically preferred configuration of the Pt-Ni
bimetallic catalyst depends on the reaction environment. The
Pt-terminated configuration is stable in vacuum or under a
hydrogen environment; however, in the presence of adsorbed
atomic oxygen, Ni atoms segregate to the surface to produce
the Ni-terminated configuration [4]. The interactions between
the metals and the support may also affect the configuration of
the Pt-Ni bimetallic catalyst, which in turn should affect the
catalytic activity for specific reactions.

Supported catalysts often exhibit different catalytic perfor-
mance, depending on the nature of the support materials. For
hydrogenation activity of acetone over Pt/Ni, Qi et al. [11]
found that Pt-Ni/SiO2 bimetallic catalysts exhibited significant-
ly higher activity than Pt-Ni/y-Al203 and Pt-Ni/TiO2. For re-
forming reactions, Menezes et al. [12] found that Pt/MgO and
Pt/ZrO2 presented better activity than Pt/Al203 and Pt/CeOz,
and correlated this effect to the strong electron-donating char-
acter of MgO and ZrOa.

In our previous work, TiOz and y-Al203 were used to study
the effect of oxide supports on stabilizing desirable Pt-Ni bime-
tallic structures for hydrogenation and reforming reactions
[13]. In the current study, ethanol reforming and 1,3-butadiene
hydrogenation were used as the probe reactions to further
study the effects of other oxide supports for Pt-Ni bimetallic
catalysts. The oxide supports were TiOz, y-Al203, SiO2, CeO2, and
ZrO2 (both high surface area ZrOz (HSA-ZrOz) and low surface
area ZrOz (LSA-ZrO2)). We found that the oxide supports
strongly affected the catalytic activity, and that the effects were
different for reforming and hydrogenation reactions. The sup-
ported catalysts were characterized using transmission elec-
tron microscopy (TEM) and extended X-ray absorption fine
structure (EXAFS) measurements to better understand the
differences in activity.

2. Experimental
2.1. Catalyst preparation

The catalysts were prepared by impregnation methods. The
supports, y-Al203 (surface area: 80-120 m2/g), amorphous SiO2
(175-225 m?/g), CeO2 (35-45 m?2/g), HSA-ZrOz (100-200
m?2/g), LSA-ZrOz (20-30 m?2/g), and amorphous anatase TiO2
(180-300 m2/g), were purchased from Alfa Aesar. The X-ray
diffraction (XRD) patterns of the LSA-ZrO; and HSA-ZrO:z sup-
ports were reported in our previous paper [14]. The y-Alz203,
SiO2, and CeOz supports had standard XRD patterns. Precursor
solutions were made by adding the necessary volume of deion-
ized water to Pt(NH3)4(NO3)2 (Alfa Aesar) and Ni(NO3)2:6H20
(Alfa Aesar) precursor salts. For high surface area supports
(y-Al20s3, SiO2, HSA-ZrOz2, TiOz2), incipient wetness impregnation
was used, while, for low surface area supports (CeOq,
LSA-Zr02), slurry phase impregnation was used. All the bime-
tallic catalysts were synthesized using co-impregnation. After
impregnation, the catalysts were dried at 373 K for 10 h and
then calcined at 563 K for 2 h. For the monometallic catalysts,

the metal weight loading was 1.7% Pt or 1.5% Ni. For the bi-
metallic catalysts, the loadings were 1.7% Pt and 1.5% Ni, cor-
responding to a Pt:Ni atomic ratio of 1:3.

2.2. Catalyst characterization

2.2.1. Pulse CO chemisorption

To determine the number of active sites available on the
catalyst, CO uptake was measured using an AMI-200ip (Alta-
mira Instruments, Pittsburgh, USA). Approximately 100 mg
catalyst was loaded into a quartz reactor and reduced under
50% Hz/He mixture (40 mL/min) at 723 K for 1 h. After cooling
in He, pulse CO chemisorption was performed at room temper-
ature using pulses of 37 cm3/min CO in a He carrier gas. A
thermal conductivity detector (TCD) was used to monitor the
flow of CO out of the quartz reactor. Metal dispersion was cal-
culated assuming a stoichiometry of M:CO = 1:1 (M = Pt, Ni).

222 TEM

TEM analysis was performed using a JEOL 2010F equipped
with a Schottky field emission gun operated at 200 keV. Imag-
ing was performed in scanning mode using a 20 nm camera
length and a 0.5 nm diameter nanoprobe. Reduced catalyst
samples were prepared by grinding and suspending the cata-
lysts in ethanol, followed by dropping a small amount of this
solution onto a carbon-coated copper grid. The grid was al-
lowed to dry before loading the sample into the TEM.

2.2.3. EXAFS

To confirm the presence of Pt-Ni bimetallic bonds, EXAFS
measurements of the Pt Lu-edge were performed on the X18B
and X19A beamlines at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory, USA. The catalysts
were reduced under 5% Hz/He flow (40 mL/min) at 723 K for
1 h, and data were collected at room temperature. The incident
and transmitted X-ray signals were collected with ionization
chambers while the fluorescence signal was collected using a
12-channel germanium detector. The EXAFS spectra from the
samples were calibrated to the Pt Lui-edge energy from a Pt
reference foil collected in transmission mode. Details of the
data analysis were reported in our previous work [9].

2.2.4. In-situ Fourier transform infrared (FT-IR) batch reactor

FT-IR spectroscopy was used to monitor the gas-phase con-
centrations of reactants and products during reaction. Spectra
were recorded at a resolution of 4 cm-! using a Thermo Nicolet
Nexus 470 spectrometer equipped with a mercury cadmium
telluride (MCT-A) detector. The procedures for preparing sam-
ples, details of the sample holder, and the reduction conditions
have been previously reported [9]. For each reaction experi-
ment, ~25 mg of the supported catalyst was loaded into the IR
cell. The catalyst was reduced by 30 Torr Hz at 723 K. The de-
tails of the reduction were reported elsewhere [13].

For ethanol reforming, ethanol vapor and water vapor were
mixed at a partial pressure ratio of 1:3, corresponding to the
stoichiometry of ethanol reforming, C2HsOH + 3H20 — 2CO2 +
6Hz. To start the reaction, the reactant gas mixture was quickly
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introduced into the IR cell while holding the catalyst at 523 K.
During the reaction, the gas phase was monitored by recording
IR spectra (32 scans) every 30 s. The concentrations of reac-
tants and products were estimated using the absorbance inten-
sities of their characteristic vibration modes as follows: v(C-0)
at 1056 cm-1 for ethanol, v(H-C=0) at 2705 cm-! for acetalde-
hyde, v(C-H) at 3016 cm-! for methane, v(C=0) at 2358 cm-1
for CO2, v(C=0) at 2170 cm-! for CO, and v(H-O-H) at 1558
cm-! for water. The detailed calibration procedures have been
reported in our previous work [13].

For 1,3-butadiene hydrogenation, the initial ratio of hydro-
gen to 1,3-butadiene was 2.2:1. The hydrogenation reaction
proceeded at a catalyst temperature of 308 K and initial pres-
sure of ~13.0 Torr. The concentrations of reactant and prod-
ucts were estimated using the absorbance intensities of their
characteristic vibration modes as follows: v(C=C—C=C) at 1586
cm-! for 1,3-butadiene, v(C=C) at 1655 cm-! for 1-butene, and
ACHs) at 1466 cm-! for butane. Because of peak overlap with
1-butene at 1466 cm-1, the concentration of butane could not
be directly determined. Instead, it was estimated by subtracting
the 1-butene contribution from the total intensity at 1466 cm-1.

2.3. Analysis of the reaction data

To compare the trends in catalyst activity, the consumption
reactions for both ethanol reforming and 1,3-butadiene hydro-
genation were approximated as first order. The data analysis
procedures have been reported in our previous work [13]. No-
table deactivation was found with some catalysts, especially Ni
monometallic catalysts. Therefore, deactivation was also in-
cluded in the rate law. By fitting the measured concentration of
the reactant, both the reaction and deactivation rate constants
could be obtained simultaneously.

3. Results and discussion
3.1. EXAFS

Analysis of the Pt Lu-edge X-ray absorption near-edge
structure (XANES) and EXAFS can provide information about
the oxidation states of the metals and the presence of bimetallic
bonds, respectively [15]. Figure 1(a) shows the Pt Lm-edge
XANES spectra of a Pt foil and the six supported Pt-Ni catalysts.
All the catalysts exhibited a white line feature prior to reduc-
tion that indicates the metal is oxidized; however, following
reduction in hydrogen, this white line feature was greatly de-
creased in all cases, and appeared very similar to the white line
of the Pt foil, indicating that the Pt in these catalysts was now in
the metallic state. The reduction of Pt is observed in Fig. 1(b),
which displays the Fourier transformed EXAFS before and after
reduction. The characteristic peak of Pt-O at low radial distri-
bution (R < 2 A) in the fresh samples was no longer present
after reduction in hydrogen, and only Pt-M peaks at slightly
larger radial distribution (2A < R < 3 A) were observed in the
EXAFS.

The experimental data after reduction in Hz were fitted us-
ing FEFF6 [16] in R-space for the six supported bimetallic Pt-Ni
catalysts. The k-ranges used in the fitting were chosen in order
to exclude regions of noise at high-k. Some data sets were in-
herently noisier due to the greater absorptivity of heavier ele-
ments such as Ti, Zr, and Ce, which attenuated the X-ray signal.
A Hanning window with sill width of 2 A-1was used in Fouri-
er-transforming the spectra into R-space. The best-fit results
are summarized in Table 1. In the bulk phases, Ni and Pt had
first-nearest-neighbor distances of 2.492 A (Ni-Ni) and 2.774 A
(Pt-Pt). For the Pt/Ni bimetallic catalysts, the first-nearest-
neighbor distance should be a value in between those for the
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Fig. 1. Pt LllI-edge XANES spectra (a), Fourier transformed (magnitude) k2-weighted EXAFS function |y(k)| of Pt LIlI-edge before and after reduction
(b), and first shell fits of (k)| after reduction (c) for the Pt-Ni bimetallic catalysts on the different supports.
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Table 1
Results of Pt Lm-edge EXAFS analysis and TEM measurements.

Average particle size

Catalyst Shell CN R(A) from TEM (nm)

Pt-Ni/y-Al.0s  Pt-Pt 57+09 2.72+0.01 1.9
Pt-Ni 32%0.5 2.58+0.01

Pt-Ni/TiO: Pt-Pt 4.4+20 2.70+0.03 1.9
Pt-Ni 28+09 2.54%0.01

Pt-Ni/SiO2 Pt-Pt 3.1+04 2.69%0.01 21
Pt-Ni 53£03 257+0.01

Pt-Ni/HSA-ZrO, Pt-Pt 14+18 2.66%0.05 —
Pt-Ni 42+09 252+0.01

Pt-Ni/LSA-ZrO, Pt-Pt 3.1%£11 2.71+0.01 —
Pt-Ni 58+0.6 2.56+0.01

Pt-Ni/CeO2 Pt-Pt 2504 2.71+0.01 1.8
Pt-Ni  59#05 256%0.01

two monometallic distances. As shown in Table 1, the Pt-Ni
distance was between 2.54 and 2.58 A for all the bimetallic
catalysts, confirming the formation of the Pt-Ni bonds.

The extent of bimetallic formation appeared to be different
on the different supports. The Pt-Ni coordination numbers
were found to be 3.2 + 0.5 on y-Alz203, 5.3 + 0.3 on Si02, 2.8 + 0.9
on TiOz, 4.2 £ 0.9 on HSA-ZrOz, 5.8 + 0.6 on LSA-ZrOz, and 5.9 *
0.5 on CeO2. The ratio of the Pt-Ni to Pt-Pt coordination num-
bers characterized the extent of bimetallic bond formation. For
the Pt-Ni bimetallic catalysts supported on SiO2, ZrOz, and CeOz,
this ratio of coordination numbers was greater than one, signi-
fying that most Pt atoms are primarily coordinated with Ni
atoms. In comparison, the ratios for the y-Al203 and TiOz sup-
ported catalysts were less than one, suggesting that the first
coordination shell around each Pt atom consisted of more Pt
atoms than Ni on these two supports. It is important to note
that all these results were obtained in reducing environments.
Under reaction conditions, the surface configuration can be
altered by the presence of adsorbates [17].

3.2. TEM analysis of particle size distributions

Table 2
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TEM was used to determine the particle size distributions of
the reduced bimetallic catalysts. To maximize the contrast be-
tween the metal and the support, high-angle annular dark field
(HAADF) imaging was used to image the catalysts. The statis-
tics of the particle size distributions, estimated by measuring
horizontal particle diameters in several different images for
each catalyst, are shown in Table 1. The average particle sizes
were very similar for the Pt-Ni bimetallic catalysts over various
oxide supports.

3.3. CO uptake

CO uptake results are shown in Table 2. The amount of ad-
sorbed CO provides a quantitative comparison of the number of
active sites on the catalysts. The data in Table 2 show that both
Pt and Ni monometallic catalysts adsorbed CO at room temper-
ature. Pt-Ni/TiOz had much lower CO uptake than the other
bimetallic catalysts. Because the particle size estimated from
TEM measurements was similar on TiOz and other supports,
the difference in the CO uptake was not caused by differences
in dispersion, but was instead attributed to the strong metal
support interaction (SMSI) effect [18,19]. The Ni monometallic
catalysts had smaller CO uptake values than the Pt monometal-
lic and Pt-Ni bimetallic catalysts over the same oxide support.

3.4. Effect of support on ethanol reforming

3.4.1. Pt-Ni bimetallic catalysts

The consumption curves for ethanol on the Pt-Ni bimetallic
catalysts with different supports at 523 K are shown in Fig. 2.
The effect of support was significant, with higher activity seen
on TiOz and SiO2. The catalysts also showed varied stability. For
example, the conversion of ethanol over Pt-Ni/HSA-ZrO: was
very similar to that over Pt-Ni/CeO2z and Pt-Ni/LSA-ZrOz in the
first 10 min but became much slower in the subsequent period,
indicating that Pt-Ni/HSA-ZrO: had worse stability than

CO uptake and reaction and deactivation rate constants for the different catalysts.

Ethanol reforming

1,3-Butadiene hydrogenation

Catalyst (u(r:r?olllgtg:;) ke ka Normalized k- ke ka Normalized k.
(min-! gear)  (10-3min-1) (10-2 min-! pmolco1) (min!ger!)  (103min')  (10-2 min-! pmolco!)

Pt-Ni/y-Alz03 44.4 0.84 7.4 1.88 341 13.2 7.85
Pt-Ni/CeO: 354 0.55 14.5 1.55 2.93 9.6 8.29
Pt-Ni/HSA-ZrO2 47.1 0.49 519 1.04 0.09 0 0.19
Pt-Ni/SiO2 23.6 1.63 2.7 6.93 5.66 0 24.0
Pt-Ni/TiO: 12.8 2.35 2.5 18.39 0.10 0 0.81
Pt-Ni/LSA-ZrO: 40.9 0.80 32.3 1.96 0.99 0 242
Pt/y-AL03 45.0 1.96 10.6 4.35 1.40 0 3.21
Pt/CeO: 14.1 0.34 16.0 2.38 0.17 2.2 1.20
Pt/Zr02(HSA) 40.1 0.34 37.6 0.85 0.09 1.7 0.22
Pt/SiO: 30.7 0.42 21.7 1.36 3.26 218 10.6
Pt/TiO2 31.1 1.17 6.7 3.76 0.08 0 0.32
Pt/Zr0(LSA) 26.2 1.63 9.7 6.21 0.29 0.70 1.11
Ni/y-Al203 14.4 0.78 56.3 5.42 0.78 16.2 5.44
Ni/CeO2 11.2 0.36 41.4 3.23 2.03 10.1 18.2
Ni/HSA-ZrO: 5.1 0.01 15.2 0.27 0.002 0 0.05
Ni/SiO: 10.2 0.08 3.3 0.81 243 0 239
Ni/TiO2 12.1 0.20 18.1 1.62 0.04 0 0.30
Ni/LSA-Zr0O: 15.0 0.25 57.4 1.65 0.42 23.1 2.83
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Pt-Ni bimetallic catalyst
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Fig. 2. Comparison of ethanol consumption over Pt-Ni bimetallic cata-
lysts on different supports.

Pt-Ni/CeO2 or Pt-Ni/LSA-ZrO2.

For quantitative comparison, the reaction rate k- and deac-
tivation rate ka are shown in Fig. 3. The order of activity of the
bimetallic catalysts was TiOz > SiOz > y-Al203 =~ LSA-ZrOz > CeO2
> HSA-Zr03, and their stabilities were in the order TiOz = SiO2 >
y-Al203 > CeOz > LSA-ZrO2z > HSA-ZrO2. Overall, the Pt-Ni/TiO2
bimetallic catalyst was the best for reforming ethanol, both in
terms of activity and stability. Although the y-Al203-supported
catalysts have been intensively studied for aqueous phase re-
forming of biomass-derived molecules [20], their hydrothermal
stability is a significant issue at relatively high temperatures in
the aqueous phase [21]. Hydrothermal stability is also a con-
cern for SiOz-supported catalysts. In recent years, there has
been progress in improving the thermal and hydrothermal
stability of TiOz [22,23], which makes TiOz an attractive sup-
port for reforming reactions.

Selectivity of Hz production is an important parameter for
reforming reactions. Because the vibration modes in gas-phase
Hz could not be observed with FT-IR spectroscopy, the produc-
tion of Hz2 was determined indirectly through the rates of pro-
duction of CO and COz2. In the reforming reaction, CO was pro-
duced first, followed by COz production via the water-gas shift
(WGS) reaction. Thus, the concentrations of CO and CO2z could
also provide information on the catalyst activity for the WGS
reaction. Of the three most active catalysts, i.e. Pt-Ni/TiOz,
Pt-Ni/SiO2, and Pt-Ni/y-Al203, Pt-Ni/SiO2 exhibited the greatest
CO production, while Pt-Ni/TiOz displayed the highest CO:
production. Note that with the Pt-Ni/TiO: catalyst, the CO con-
centration decreased after 60 min. This was because no CO was
produced via reforming reaction during this period, while CO
was consumed by the WGS reaction. Although the Pt-Ni/CeO:
catalyst did not show high activity towards the reforming reac-
tion, the production of COz was similar to that on Pt-Ni/TiOz,
indicating that Pt-Ni/CeO2 had a high activity for the WGS reac-
tion.

Besides the reforming and WGS reactions, dehydrogenation
and decomposition reactions were also observed. The selectivi-
ties of production of CH4 and acetaldehyde are also compared

2.5 80
< |
2.0+
=460
Z1st Z i
= d40.F
£ S
< 1O0F <
3
—20
0.5+
0.0L 1 . 1 L[], ’T . 1 . 1

. 0
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Fig. 3. Effect of supports on activity and stability of the Pt-Ni bimetallic
catalysts for ethanol reforming.

in Fig. 4. Among the three most active catalysts, the Pt-Ni/SiO2
catalyst possessed the highest selectivity for CH4, while
Pt-Ni/TiO2 produced much less CHa. Acetaldehyde is an im-
portant intermediate product formed by dehydrogenation of
ethanol [24], an important reaction that has drawn much atten-
tion in recent years [25]. Pt-Ni/LSA-ZrO; had the highest selec-
tivity for acetaldehyde, while Pt-Ni/SiO2 had the lowest selec-
tivity. With Pt-Ni/TiOz, the concentration of acetaldehyde was
relatively high in the initial period and then decreased by fur-
ther decomposition. With Pt-Ni/y-Al203 and Pt-Ni/CeOz, the
concentration of acetaldehyde remained unchanged during the
reaction time studied, indicating that the formation and con-
sumption rates of acetaldehyde were similar. These results
suggested that Pt-Ni/TiOz and Pt-Ni/LSA-ZrOz had higher de-
hydrogenation activity to form acetaldehyde compared with
the C—C bond scission activity needed to form CO and CHa.

3.4.2. Comparison of bimetallic and monometallic catalysts

To further study the effects of support on reforming of eth-
anol, the Pt-Ni bimetallic catalysts were compared with Pt and
Ni monometallic catalysts in Fig. 5 and Table 2. The activities of
the Pt monometallic catalysts were in the order y-Al203 >
LSA-ZrOz = TiOz > SiOz2 = CeOz » HSA-ZrOz, and the order of
stabilities was TiOz > y-Al203 ~ LSA-ZrOz > CeOz > SiOz >
HSA-ZrOz2. Overall, Pt/y-Al203 was the best monometallic cata-
lyst for reforming of ethanol considering both activity and sta-
bility. The effects of supports on performance of the Pt-Ni bi-
metallic catalyst and the Pt monometallic catalysts were dif-
ferent. Synergetic effects were observed on SiOz, TiO2, and
HSA-ZrO2 in terms of the rate constants normalized for both
catalyst weight and CO uptake. In contrast, the Pt-Ni bimetallic
catalyst had a lower activity than the Pt monometallic catalysts
on the CeOz, y-Al203, and LSA-ZrO: supports. The Pt-Ni/TiO2
and Pt-Ni/SiOz catalysts showed slower deactivation than
Pt/TiO2 and Pt/SiO2, especially on the SiO2 support, while
Pt-Ni/ZrO2 showed faster deactivation than Pt/ZrO2. The deac-
tivation behavior of the Pt-Ni bimetallic catalysts supported on
v-Al203 and CeOz was similar to that of their corresponding Pt
monometallic catalysts.
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Fig. 4. Effect of supports on the production of CHs and acetaldehyde from ethanol reforming.

The monometallic Ni catalysts showed low activity, as
shown in Fig. 5 and Table 2. Significant deactivation was ob-
served due to coke deposition during ethanol steam reforming
[26]. Experiments on well-defined Pt-Ni single crystal surfaces
have shown that the activity of reforming follows the trend
NiPtPt(111) > Ni(111) > Pt(111) > PtNiPt(111) [8]. To compare
with these results, the reaction rate constants normalized with
respect to CO uptake are listed in Table 2. Most Ni catalysts had
higher normalized activity than Pt catalysts. Dada also found
poor dispersion of Ni on SiOz, a high reaction rate constant after
normalizing for the CO-uptake value, and fast deactivation.
Thus, the key issue with the Ni catalyst is to improve its stabil-
ity and dispersion.

3.5.  Effect of support on 1,3-butadiene hydrogenation

3.5.1. Pt-Ni bimetallic catalysts
2.5
| I Pt-Ni
2.0 —
NI
L o154
Q
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£
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0.5 1 I
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Fig. 5. Comparison of the support effects on the activities of PtNi
monometallic and bimetallic catalysts for reforming of ethanol.

The hydrogenation of 1,3-butadiene was used as a probe
reaction to further study the effect of the oxide support because
the substrate that gave the Pt-Ni bimetallic catalyst with the
highest activity was different for reforming and hydrogenation.
The consumption curves for 1,3-butadiene over the Pt-Ni bi-
metallic catalysts on different supports at 308 K are shown in
Fig. 6, and the rate constants are shown in Fig. 7 and listed in
Table 2. There was a significant effect of support on the activity
of the catalyst. The activities of the Pt-Ni bimetallic catalysts for
hydrogenation of 1,3-butadiene followed the order SiOz > CeO2
> y-Al203 > LSA-ZrOz. The Pt-Ni/TiOz and Pt-Ni/HSA-ZrO: cata-
lysts were nearly inactive at 308 K. This low activity was prob-
ably because of a strong metal-support interaction, which led to
formation of Pt-Ni particles with no Pt core [14]. These results
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Fig. 6. Consumption of 1,3-butadiene during 1,3-butadiene hydrogena-
tion at 308 K on the Pt-Ni bimetallic catalysts.



Tiefeng Wang et al. / Chinese Journal of Catalysis 34 (2013) 2009-2017 2015

6
l I Pt-Ni
5 Pt
l C—INi
4 4
3]
'o
£
= 2
14

y-ALO; SiO, TiO, HSA-ZrO, LSA-ZrO, CeO,

Fig. 7. Comparison of the support effect on the activity of PtNi mono-
metallic and bimetallic catalysts for hydrogenation of 1,3-butadiene.

were consistent with our previous results for hydrogenation of
acetone on Pt-Ni bimetallic catalysts on different supports,
where the order of activities was SiOz > y-Al203 >> TiO2. Among
the commonly used supports, SiO2 was the best for hydrogena-
tion reactions. In contrast with their behavior during the re-
forming reaction, most catalysts showed little or no deactiva-
tion under 1,3-butadiene hydrogenation conditions. This can be
at least partially attributed to the low reaction temperature,
and thus less carbon deposition.

3.5.2.  Comparison of bimetallic and monometallic catalysts

The Pt-Ni bimetallic and monometallic catalysts on different
supports are compared in Fig. 7. The activities of the Pt mono-
metallic catalysts for hydrogenation of 1,3-butadiene followed
the order SiOz > y-Al203 >> LSA-Zr0O, CeOz, TiOz, HSA-ZrO2. This
trend was similar to that for the Pt-Ni bimetallic catalysts, ex-
cept that Pt-Ni/CeO2 and Pt-Ni/LSA-ZrOz showed significantly
enhanced activity compared to their Pt counterparts. Deactiva-
tion was observed with Pt/SiO2, Pt/CeO:, Pt/LSA-ZrO2, and
Pt/HSA-ZrO2. The overall stability of the Pt-Ni bimetallic cata-
lysts was better than that of the corresponding Pt monometallic
catalysts.

The overall activity on Ni catalysts was lower than that on
the corresponding Pt monometallic or Pt-Ni bimetallic cata-
lysts. The one exception was the Ni/CeOz catalyst, which
showed a much higher activity than Pt/CeO2. The activities of
the Ni monometallic catalysts for hydrogenation of
1,3-butadiene followed the order SiO:z = CeOz > y-Al203 >
LSA-ZrO. The Ni/TiOz and Ni/HSA-ZrO:z catalysts showed no
activity at 308 K. Deactivation was more pronounced with
Ni/y-Al203, Ni/CeOz, and Ni/LSA-ZrO2, while no deactivation
was observed with Ni/SiO2.

3.6. Discussion

3.6.1. Support effect on reforming reaction

For ethanol reforming, there is a significant synergistic ef-
fect for the Pt-Ni bimetallic catalysts on SiO2 and TiO2, while
Pt-Ni bimetallic catalysts on y-Al203 and LSA-ZrOz show de-
creased activity compared to the corresponding Pt monometal-
lic catalysts. This effect is even more pronounced if the rate
constants are normalized with respect to CO uptake.

Ultra high vacuum (UHV) experiments and density func-
tional theory (DFT) calculations have shown that the catalytic
activity for reforming reactions follows the trend NiPtPt(111) >
Ni(111) > Pt(111) > PtNiPt(111) [7,8]. Therefore, one possible
reason for the different trends on TiOz and SiO2 compared to
those on y-Al203 and LSA-ZrO: is the differences in configura-
tion of the Pt-Ni bimetallic catalysts on different supports un-
der reforming reaction conditions. It has been shown that oxi-
dizing conditions can make the Ni-terminated, NiPtPt(111)
configuration more stable than the Pt-terminated, PtNiPt(111)
configuration. The trends found experimentally on a Pt(111)
single crystal remain the same, despite the introduction of mul-
tiple grain boundaries and crystal planes, when a polycrystal-
line Pt foil is used [27]. Therefore, the trends predicted and
found experimentally for model single crystal surfaces will
most likely hold when the model bimetallic systems are ex-
tended to nanoparticle catalysts. Grass et al. [28] carried out an
in situ study of the interactions of a bimetallic RhosPdos bulk
crystal with Oz, CO, and NO using ambient pressure X-ray pho-
toelectron spectroscopy (APXPS) and compared the results to
those obtained for 15 nm nanoparticles with the same overall
composition. They found that segregation and oxida-
tion/reduction followed the same trend on the bulk crystal as
on the nanoparticles but proceeded faster at lower tempera-
ture on nanoparticles than on the bulk crystal.

Under the reforming reaction conditions, oxidizing species
are present (water and COz) which may be adsorbed on the
catalyst surface. It is expected that the adsorption of O and/or
OH on the surface will pull Ni atoms to the surface. Although
the Pt-Ni/y-Al203 bimetallic catalyst is less active than
Pt/y-Al203 for ethanol reforming under the low-pressure stud-
ies in this work, different results have been reported for re-
forming of ethylene glycol in aqueous phase [20]. This suggests
that increasing the partial pressure of water may increase the
coverage of O and/or OH on the surface and lead to the
Ni-terminated bimetallic configuration that is more active for
reforming reactions.

The interactions between the oxide support and metal can
also affect the surface configuration and catalytic activity.
Strong metal-support interaction (SMSI) effects on TiOz have
been found after high temperature reduction in Hz, resulting in
suppressed chemisorption because of the presence of TiOx spe-
cies on the metal surface [18,19]. TiOx on the metal surface of
Pt-Ni nanoparticles may cause Ni to segregate to the surface
and form NiOy, since it is expected that Ni atoms will be stable
on the catalyst surface in the presence of oxidizing species [4].
In our previous work [13], we used DFT calculations to study
the interaction between the Pt-Ni cluster and the support
(y-Alz03 and TiOz) and found that the binding of Pt or Ni is
weaker to TiO2z than to y-Alz03. This makes it easier for Ni to
segregate to the bimetallic surface on TiO: in the presence of
adsorbed oxidative species.

3.6.2. Support effect on hydrogenation reaction

In general, the Pt-Ni bimetallic catalysts outperformed the
Pt and Ni monometallic catalysts for 1,3-butadiene hydrogena-
tion on all the supports studied, based on equal catalyst weight.
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This is consistent with the previous results for benzene and
1,3-butadiene hydrogenation over vy-Al203-supported Pt-Ni
bimetallic catalysts [9], and acetone hydrogenation with Pt-Ni
bimetallic catalysts supported on y-Al203, TiOz and SiOz [11].

Note that Pt-Ni bimetallic catalysts have a similar or some-
times smaller number of surface active sites than the corre-
sponding monometallic Pt catalysts, as shown by the CO uptake
values. Thus, the enhanced activity of the Pt-Ni bimetallic cata-
lysts is not caused by an increase in the number of active sites.
The enhanced hydrogenation activities are consistent with
previous surface science studies [29,30] and DFT calculations
[31] of low-temperature hydrogenation of cyclohexene on
Ni/Pt(111) bimetallic surfaces. In these studies the
Pt-terminated bimetallic surface, PtNiPt(111), showed signifi-
cantly higher hydrogenation activity than the Ni and Pt mono-
metallic surfaces. The higher hydrogenation activity was at-
tributed to the relatively weak binding energies of both atomic
hydrogen and cyclohexene on the bimetallic surfaces, leading to
facile hydrogenation of cyclohexene. It is also necessary for the
Pt-terminated configuration to be stable under the hydrogena-
tion conditions for high hydrogenation reactivity to occur.
From previous DFT calculations, the PtNiPt(111) configuration
is thermodynamically more stable than the corresponding
NiPtPt(111) configuration in vacuum and in the presence of
adsorbed atomic hydrogen [4]. Of the six supports evaluated,
Si02 has a weak interaction with the Pt-Ni metal particles,
which should favor the formation of a thermodynamically sta-
ble Pt-terminated configuration in the Pt-Ni bimetallic parti-
cles; this is consistent with the high hydrogenation activity of
this catalyst.

4. Conclusions

Ethanol reforming and 1,3-butadiene hydrogenation reac-
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tions on Pt-Ni bimetallic and Pt and Ni monometallic catalysts
supported on y-Al203, SiOz, TiOz, ZrO2, and CeO: have been
studied. The oxide supports strongly affect the activity of the
Pt-Ni monometallic and bimetallic catalysts for both ethanol
reforming and 1,3-butadiene hydrogenation, and the optimal
support is different for reforming and hydrogenation reactions.
For ethanol reforming, the order of activity for Pt-Ni bimetallic
catalysts is TiO2 > SiOz > y-Al203 ~ LSA-ZrO2 > CeO2 > HSA-ZrO,
and the stabilities are TiOz = SiO2> y-Al203 > CeO2> LSA-ZrOz >
HSA-ZrOz. In contrast, for 1,3-butadiene hydrogenation, the
activity follows the trend of SiOz > CeO2 > y-Al203 > LSA-ZrOz >
HSA-ZrO2 = TiO2. The Pt-Ni bimetallic catalysts outperform the
corresponding Pt and Ni monometallic catalysts for
1,3-butadiene hydrogenation, indicating that the Pt-terminated
bimetallic configuration is dominant under hydrogenation con-
ditions. For ethanol reforming, Pt-Ni bimetallic catalysts out-
perform the monometallic catalysts on SiOz, TiOz, HSA-ZrO2,
and CeO2 but not on y-Al203 or LSA-ZrOz; this is most likely
because of the combined effect of the metal-support interaction
and adsorbate-stabilized configuration of the bimetallic cata-
lyst.
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