
Journal of Catalysis 271 (2010) 239–250
Contents lists available at ScienceDirect

Journal of Catalysis

journal homepage: www.elsevier .com/locate / jcat
Correlating extent of Pt–Ni bond formation with low-temperature hydrogenation
of benzene and 1,3-butadiene over supported Pt/Ni bimetallic catalysts

William W. Lonergan, Dionisios G. Vlachos, Jingguang G. Chen *

Department of Chemical Engineering, Center for Catalytic Science and Technology (CCST), University of Delaware, Newark, DE 19716, USA

a r t i c l e i n f o
Article history:
Received 1 December 2009
Revised 20 January 2010
Accepted 21 January 2010
Available online 25 February 2010

Keywords:
Pt/Ni bimetallic catalysts
Hydrogenation
Benzene
1,3-Butadiene
EXAFS
0021-9517/$ - see front matter � 2010 Elsevier Inc. A
doi:10.1016/j.jcat.2010.01.019

* Corresponding author. Fax: +1 302 831 2085.
E-mail address: jgchen@udel.edu (J.G. Chen).
a b s t r a c t

Low-temperature hydrogenation of benzene and 1,3-butadiene on supported Pt/Ni catalysts have been
used as probe reactions to correlate hydrogenation activity with the extent of Pt–Ni bimetallic bond for-
mation. Pt/Ni bimetallic and Pt and Ni monometallic catalysts were supported on c-Al2O3 using incipient
wetness impregnation. Two sets of bimetallic catalysts were synthesized: one set to study the effect of
metal atomic ratio and the other to study the effect of impregnation sequence. Fourier transform infrared
spectroscopy (FTIR) CO adsorption studies were performed to characterize the surface composition of the
bimetallic nanoparticles, and transmission electron microscopy (TEM) was utilized to characterize the
particle size distribution. Batch reactor studies with FTIR demonstrated that all bimetallic catalysts out-
performed monometallic catalysts for both benzene and 1,3-butadiene hydrogenation. Within the two
sets of bimetallic catalysts, it was found that catalysts with a smaller Pt:Ni ratio possessed higher hydro-
genation activity and that catalysts synthesized using co-impregnation had greater activity than sequen-
tially impregnated catalysts. Extended X-ray absorption fine structure (EXAFS) measurements were
performed in order to verify the extent of Pt–Ni bimetallic bond formation, which was found to correlate
with the hydrogenation activity.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Bimetallic catalysts often exhibit activities and selectivities that
differ from those of the corresponding monometallic catalysts [1–
3]. Due to these unique properties, bimetallic catalysts have been
utilized in many different catalytic applications [4–6]. Early work
on bimetallic catalysts also showed that the catalytic properties
can be tuned by adjusting the relative amounts of the two metals
[1]. By combining both experimental studies and theoretical calcu-
lations, many fundamental investigations have been performed in
an effort to correlate the electronic properties of bimetallic sur-
faces to chemical reactivities [2,3,7–14].

Recently, the structure of bimetallic surfaces has been found to
influence electronic and catalytic properties [7,9,12,13,15–17]. Re-
search in our group has focused on the Ni/Pt(1 1 1) monolayer
bimetallic system in which a monolayer of Ni atoms are located
either on the surface, resulting in a Ni-terminated Ni–Pt–Pt(1 1 1)
surface or in the subsurface region, giving a Pt-terminated Pt–Ni–
Pt(1 1 1) subsurface structure [15]. These two surfaces exhibit dis-
tinct properties that differ either from monometallic surface or
from each other [13,15,16,18]. Specifically, atomic hydrogen and
alkenes bind more weakly to the Pt–Ni–Pt(1 1 1) surface than to
ll rights reserved.
Ni–Pt–Pt(1 1 1) and the monometallic surfaces, leading to a novel
low-temperature hydrogenation pathway on the Pt–Ni–Pt(1 1 1)
subsurface structure [13]. A similar hydrogenation pathway is also
observed on a Pt/Ni(1 1 1) surface prepared by depositing a mono-
layer (ML) of Pt on Ni(1 1 1) [19]. Conversely, the Ni–Pt–Pt(1 1 1)
surface binds adsorbates more strongly than Pt–Ni–Pt(1 1 1) and
the monometallic surfaces [16], making the Ni–Pt–Pt(1 1 1) surface
more active for reforming of oxygenates, such as ethylene glycol
and glycerol to produce H2 [16,20]. The different binding energies
on the subsurface Pt–Ni–Pt(1 1 1) and surface Ni–Pt–Pt(1 1 1)
structures have been explained based on the location of the surface
d-band center from density functional theory (DFT) calculations
[21].

Combined experimental and theoretical studies on the thermo-
dynamic stability of the Ni/Pt(1 1 1) monolayer bimetallic surfaces
reveal that the Ni monolayer can migrate in the presence of adsor-
bates. For instance, the Pt–Ni–Pt(1 1 1) subsurface structure is
found to be stable either in vacuum or with adsorbed atomic
hydrogen [22]; however, in the presence of adsorbed oxygen, Ni
atoms will segregate to the surface to create the Ni–Pt–Pt(1 1 1)
surface [23,24]. The activation barrier for the transformation be-
tween subsurface and surface structures is relatively low,
�15 kcal/mol, signifying that Ni atoms may diffuse and segregate
during calcination and reduction procedures and under reaction
conditions. Similar behavior has been observed for monolayer Ni
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on a polycrystalline Pt substrate under in situ conditions, where Ni
atoms diffuse into the subsurface region in the presence of H2 and
segregate to the surface in the presence of O2 [25]. A recent X-ray
photoelectron spectroscopy (XPS) study found similar results for
supported Pt/Ni catalysts in which in the reducing environment
of H2 Pt migrates to the surface, while in an O2 environment, Ni
segregates to the surface to form a NiO skin [26].

In a previous study on Pt/Ni catalysts, it was reported that the
activities for the disproportionation (self-hydrogenation) of cyclo-
hexene and the selective hydrogenation of acetylene in the pres-
ence of ethylene could be affected by whether Ni or Pt was
impregnated first [27]. The primary objective of the work pre-
sented in this paper is to correlate the effects of Pt:Ni atomic ratio
and impregnation sequence with the extent of Pt–Ni bimetallic
bond formation and with the low-temperature hydrogenation
activity of benzene and 1,3-butadiene. The effect of metal atomic
ratio was studied by synthesizing bimetallic catalysts with Pt:Ni
ratios of 1:1, 1:3, and 1:10. Impregnation sequence was investi-
gated by synthesizing catalysts using either a Ni-first or a Pt-first
sequential impregnation or a simultaneous co-impregnation. Ex-
tended X-ray absorption fine structure (EXAFS) and transmission
electron microscopy (TEM) were used to characterize the extent
of bimetallic formation and particle size, respectively. In order to
study the effects of these two series of catalysts on the hydrogena-
tion of conjugated systems, benzene and 1,3-butadiene hydrogena-
tion were chosen as probe reactions because they serve both
fundamental and practical purposes.

Benzene hydrogenation to cyclohexane is an important indus-
trial reaction because it can be utilized to reduce the aromatic con-
tent of petroleum fuels [28,29], and in the production of
commodity chemicals, the cyclohexane products can be further re-
acted to produce adipic acid and caprolactum which are two of the
intermediates in the production of nylon [30]. A number of differ-
ent transition metal-based catalysts such as Ni [31–39], Pt [40,41],
Pd [42,43], Ru [44–47], Fe [48–50], and Co [51–55] have been stud-
ied for use in benzene hydrogenation. Commonly, Pt- and Ni-based
catalysts are used in commercial processes to produce cyclohex-
ane, while Ru-based catalysts are commonly used to partially
hydrogenate benzene to cyclohexene [47].

The hydrogenation of 1,3-butadiene serves as a means to purify
the butene stream generated in the cracking of naphtha or gas oil.
In order to successfully polymerize butene, 1,3-butadiene must be
removed, because even small amounts of 1,3-butadiene (up to 1%)
are sufficient to poison the polymerization catalysts [56]. Catalysts
based on Pd [57–60] and Pt [60,61] are commonly studied for use
in 1,3-butadiene hydrogenation. Pd supported on alumina has
been reported as the most active and selective catalyst for the
selective hydrogenation of dienes; however, some literature shows
that Pt/Ni bimetallic catalysts exhibit both high activity and selec-
tivity to 1,3-butadiene hydrogenation [60].
2. Experimental

2.1. Catalyst preparation

The c-Al2O3-supported catalysts were synthesized using incipi-
ent wetness impregnation. Two sets of bimetallic catalysts were
synthesized: one set to study the effect of impregnation sequence
and the other to study the effect of Pt:Ni atomic ratio. Three control
monometallic catalysts were also synthesized: 1.7 wt.% Pt/c-Al2O3,
1.5 wt.% Ni/c-Al2O3, and 5.0 wt.% Ni/c-Al2O3. To study the effect of
impregnation sequence, three catalysts with Pt:Ni atomic ratio of
1:3 were synthesized with the following sequences: Ni-first, Pt-
first, and co-impregnation. A series to study the effect of Pt:Ni
atomic ratio was synthesized using the Ni-first impregnation for
the following Pt:Ni ratios: 1:1, 1:3, and 1:10. Table 1 lists the syn-
thesized catalysts, their metal loadings, and the nomenclature that
will be used to identify them for the remainder of this paper.

Pt and Ni precursor solutions were made by adding the neces-
sary volume of deionized water to the Pt(NH3)4(NO3)2 (Alfa Aesar)
and Ni(NO3)2�6H2O (Alfa Aesar) precursor salts. Catalysts were
dried at 373 K for 10 h and calcined at 563 K for 2 h. Sequentially
impregnated catalysts were dried and calcined at the same condi-
tions after each impregnation.

2.2. Catalyst characterization

2.2.1. Pulse CO chemisorption
Pulse chemisorption using an AMI-200ip (Altamira Instru-

ments) was performed to determine the carbon monoxide (CO)
uptake and metal dispersion. Approximately 0.1 g of catalyst
was loaded into a quartz reactor and reduced under a hydro-
gen–helium mixture (50% H2/He) at 723 K for 1 h. After cooling
in He, pulse CO chemisorption was performed at room tempera-
ture using pulses of 20 cm3 min�1 CO in a He carrier gas. A ther-
mal conductivity detector (TCD) was used to monitor the flow of
CO out of the quartz reactor. Metal dispersion was calculated
from the CO chemisorption measurements assuming a stoichiom-
etry of M:CO = 1:1 (M = Pt, Ni). Both the metal dispersion and CO
uptake results are shown in Table 2. Due to the uncertainty in
stoichiometry and surface compositions of the bimetallic cata-
lysts, the dispersion values in Table 2 might not be very meaning-
ful, but are listed to provide a relative ranking of metal
dispersion. However, the amount of adsorbed CO provides a
quantitative comparison of the number of active sites among
the two series of catalysts. The data in Table 2 show that both
Pt and Ni monometallic catalysts adsorb CO at room temperature.
Inspection of the two series of bimetallic catalysts shows that as
the amount of Ni in the catalysts increases, the CO uptake in-
creases and that impregnation sequence does not affect the
amount of CO adsorbed by the catalysts.

2.2.2. FTIR studies
Fourier transform infrared (FTIR) spectroscopy was used to

measure the adsorption sites of CO on the different catalysts as
well as to monitor the gas-phase concentrations of reactants and
products during the hydrogenation of benzene and 1,3-butadiene.
The design of the IR cell was based on a design reported elsewhere
in the literature [62]. Fitted with BaF2 windows, the stainless steel
IR cell allowed for in situ reduction of samples and spectroscopic
measurements of either surface adsorbates or gas-phase species.
Spectra were recorded with 4-cm�1 resolution using a Thermo
Nicolet Nexus 470 spectrometer equipped with a MCT-A (mercury
cadmium telluride) detector.

Catalysts were supported in the reactor by pressing the catalyst
powder onto a tungsten mesh (1 � 2.4 cm, 100 mesh, 0.025 cm
wire diameter, Alfa Aesar) at a force of 3 tons. The tungsten mesh
was then attached to a nickel mounting bracket connected at the
end of a z-translating manipulator and feedthrough. A K-type ther-
mocouple was attached to the mesh to monitor the temperature of
the catalyst during reduction and reaction. The feedthrough pro-
vided connections for the thermocouple and leads for resistive
heating of the catalyst through the tungsten mesh. The gases and
liquid vapors used for reduction, adsorption studies, and hydroge-
nation reactions were introduced into the IR cell through a gas
manifold maintained under high vacuum conditions.

For all FTIR experiments, �25 mg of supported catalyst was
loaded into the IR cell as described above. Before each experiment,
the IR cell and gas manifold were evacuated to a pressure below
10�6 Torr for 1 h in order to remove water and other impurities.
The catalyst was then reduced at 723 K in 30 Torr of hydrogen



Table 1
Catalyst compositions and nomenclature.

Catalyst Metal content (wt.%) Atomic ratio (Pt:Ni) Impregnation sequence Nomenclature

Pt Ni

1.7%Pt/c-Al2O3 1.7 – – – 1Pt/c-Al2O3

1.5%Ni/c-Al2O3 – 1.5 – – 3Ni/c-Al2O3

5.0%Ni/c-Al2O3 – 5.0 – – 10Ni/c-Al2O3

1.7%Pt–0.5%Ni/c-Al2O3 1.7 0.5 1:1 Ni-first 1Pt–1Ni/c-Al2O3

1.7%Pt–1.5%Ni/c-Al2O3 1.7 1.5 1:3 Ni-first 1Pt–3Ni/c-Al2O3

1.7%Pt–5.0%Ni/c-Al2O3 1.7 5.0 1:10 Ni-first 1Pt–10Ni/c-Al2O3

1.5%Ni–1.7%Pt/c-Al2O3 1.7 1.5 1:3 Pt-first 3Ni–1Pt/c-Al2O3

1.5%Ni–1.7%Pt/c-Al2O3 1.7 1.5 1:3 Co-impregnated 1Pt–3Ni(co-imp)/c-Al2O3

Table 2
CO chemisorption results.

Catalyst CO uptake (lmol CO/
g catalyst)

Dispersion from
chemisorption (%)

1Pt/c-Al2O3 17.4 20.3
3Ni/c-Al2O3 14.4 5.6
10Ni/c-Al2O3 27.9 10.9
1Pt–1Ni/c-Al2O3 12.8 14.3
1Pt–3Ni/c-Al2O3 23.5 14.5
1Pt–10Ni/c-Al2O3 37.5 10.9
3Ni–1Pt/c-Al2O3 22.0 13.5
1Pt–3Ni(co-imp)/c-Al2O3 24.6 15.1
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for 0.5 h. Following reduction, the cell was evacuated and the cat-
alyst was flashed to 723 K to remove any surface species generated
during reduction. This reduction cycle was repeated three times
before performing FTIR experiments.

For CO adsorption studies, the catalyst was lowered into the IR
beam in order to collect the surface background spectra. Then
�1 Torr of CO was introduced into the IR cell and kept there for
5 min at room temperature before evacuating the cell. Surface
spectra of adsorbed CO were then collected.

The hydrogenation reactions were performed using the IR cell
as a batch reactor. The purity of the benzene vapor and the 1,3-
butadiene gas was verified in situ prior to experimentation by
comparing the IR spectra with standard references reported in lit-
erature [63]. During the reactions, the gas-phase reactants and
products were monitored by recording IR spectra (32 scans) every
30 s. Prior to the initiation of a reaction, a baseline for the reaction
was determined by collecting IR spectra of the reactor cell under
vacuum for 10 min. During the collection of the reaction baseline,
the reactant species were premixed at room temperature within
the gas manifold. For benzene hydrogenation, hydrogen gas and
benzene vapor were mixed at a partial pressure ratio of 6:1, while
for 1,3-butadiene hydrogenation, the ratio of hydrogen to 1,3-buta-
diene was 2.2:1. To start the reaction, the reactant gas mixture was
quickly dosed into the IR cell while holding the catalyst at the de-
sired reaction temperature. The hydrogenation reactions pro-
ceeded at catalyst temperatures of 343 and 308 K and initial
pressures of �8.0 and �13.0 Torr for benzene and 1,3-butadiene,
respectively.

For benzene hydrogenation, the concentrations of the two main
gas-phase species (benzene and cyclohexane) were estimated
using the intensities of their characteristic vibrational modes at
1810 cm�1 (overtone of the CAC stretching mode at 993 cm�1)
and 1458 cm�1 (ACH2 deformation), respectively. The xCH2 vibra-
tional mode (1139 cm�1) of cyclohexene was also monitored; how-
ever, it was not observed in any of the reactions.

The concentration of 1,3-butadiene was determined using the
peak intensity of the vibrational mode at 1586 cm�1 (C@CAC@C
deformation mode). 1-Butene was determined to be the only bu-
tene produced from the hydrogenation of 1,3-butadiene because
no peaks corresponding to cis-2-butene were observed, which in
turn suggested that no trans-2-butene was present either, because
it would be expected that the two isomers would be under thermo-
dynamic equilibrium. In the absence of cis-2-butene or trans-2-bu-
tene, the concentration of 1-butene was calculated using the
intensity of the vibrational mode at 1655 cm�1 (C@C deformation).
The concentration of butane was estimated by calculating the
intensity of 1-butene at 1466 cm�1 (CH3 deformation) and sub-
tracting that from the total intensity at 1466 cm�1, resulting in
the intensity corresponding to butane. This calculation is summa-
rized in Eq. (1):

IntensityButaneð1466Þ ¼ IntensityTotalð1466Þ

� Conc1�Buteneð1655Þ
Intensity1�Buteneð1466Þ

Conc1�Buteneð1466Þ

� �
ð1Þ

All carbon atoms were accounted for by performing a carbon
balance, confirming the absence of cis-2-butenes and trans-2-
butenes.

The different extinction coefficients for all the gas-phase reac-
tants and products were accounted for by calibrating the intensity
of the characteristic FTIR peak as a function of concentration of
each molecule. The intensity of each peak was measured at a num-
ber of pressures in a range relevant to each reaction. Using the vol-
ume of the reactor cell and the ideal gas law, gas-phase
concentrations were calculated based on the pressure-intensity
calibration for each molecule.

2.2.3. Transmission electron microscopy (TEM)
TEM analysis was performed on spent catalysts using a JEOL

2010F equipped with a Schottky field emission gun operated at
200 keV, with an ultra-high resolution pole piece providing a point
resolution of 1.9 Å. Energy dispersive X-ray spectroscopy (EDS)
was used to perform elemental analysis on larger particles using
an EDAX Phoenix X-ray spectrometer with a resolution of 134 eV
over a 40 keV range. Imaging and EDS analysis were performed
in scanning mode (STEM) using a 20 nm camera length and a
0.5 nm diameter nanoprobe. TEM samples were prepared by grind-
ing and suspending spent catalysts in ethanol, and then a small
amount of this solution was dropped onto a carbon-coated copper
grid and allowed to dry before loading the sample into the TEM.

2.2.4. Extended X-ray absorption fine structure
EXAFS measurements of the Pt LIII-edge were collected in order

to detect the formation of Pt–Ni bimetallic bonds. The EXAFS
experiments were conducted on the X18B and X19A beamlines
at the National Synchrotron Light Source (NSLS), Brookhaven Na-
tional Laboratory. EXAFS samples were prepared by pressing the
alumina-supported catalysts into self-supported pellets using a
force of �3 tons. The mass of the pellets was chosen so that the
thickness of the samples was on the order of two absorption
lengths in order to optimize the signal to noise ratio. The catalyst
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pellets were loaded into an in-house designed EXAFS cell which al-
lowed for in situ reduction and simultaneous collection of both
transmission and fluorescence signals. The catalysts were reduced
by heating under a diluted hydrogen flow (5% H2 in He, 40 sccm) to
723 K with a heating rate of 10 K min�1. The samples were held at
723 K for 1 h and then allowed to cool to room temperature under
diluted H2 flow. The Pt LIII-edge EXAFS were then collected at room
temperature using a double crystal Si(1 1 1) monochromator. Ion-
ization chambers were used to measure the incident and transmit-
ted X-ray signals, while the fluorescence signal was collected using
a 12-channel germanium detector. EXAFS measurements were also
collected from a Pt foil in order to calibrate the edge energies of the
measurements collected from the catalyst samples.

The EXAFS measurements were collected in three energy re-
gions, each having a different step size and integration time: the
pre-edge region from �150 eV to �25 eV before the edge, the
near-edge region from �25 eV before the edge to 40 eV past the
edge, and the post-edge region from 40 eV to 18k (approximately
1450 eV) past the edge. The step sizes and integration times used
in the three regions were: 5 eV and 1 s for the pre-edge, 0.5 eV
and 2 s for the near-edge, and 0.05k (approximately 3 eV) and 2 s
for the post-edge.

The IFFEFIT 1.2.11 data analysis package (Athena, Artemis,
Atoms, and FEFF6) was used to analyze and fit the EXAFS data
[64,65]. The raw data were reduced by aligning the scans to the foil
standard, deglitching when necessary, and merging multiple scans
together to reduce experimental error. The AUTOBK algorithm in
Athena was used to remove the isolated-atom background function
from the EXAFS data and then the data were Fourier transformed
into R-space. Local structural information was obtained by using
Artemis to fit each data set with theoretical standards generated
by FEFF6 [66] in R-space. Both the Pt–Pt and the Pt–Ni contribu-
tions to the theoretical EXAFS were taken into account in fitting
the data for the bimetallic catalysts, while only Pt–Pt contributions
were included in fitting the monometallic Pt catalyst. The theoret-
ical Pt–Pt photoelectron amplitudes and phases were calculated for
the bulk Pt fcc structure. Pt–Ni contributions were calculated the-
oretically in FEFF6 by using the same Pt fcc structure with the
exception that the Pt atoms in the first nearest-neighbor shell were
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Fig. 1. Fourier transform infrared (FTIR) spectroscopy of CO adsorption (a) on the ser
bimetallic catalysts with different impregnation sequences.
replaced with Ni atoms. The passive electron reduction factor ðS2
0Þ

was found to be 0.85 from fitting of the Pt-foil data, and this value
was fixed through the fitting of all the catalysts. The seven param-
eters used in the fitting procedure were the correction to the edge
energy, the coordination numbers of the Pt–Pt and Pt–Ni bonds,
corrections to their model interatomic distances, and their mean-
square deviations in interatomic distances (EXAFS Debye–Waller
factors).

3. Results

3.1. FTIR of adsorbed CO

The FTIR spectra of adsorbed CO on the two series of catalysts
used to study the effects of metal atomic ratio and impregnation
sequence are presented in Fig. 1a and b, respectively. Fig. 1a con-
tains the CO adsorption data for the series of catalysts used to
study the effect of metal atomic ratio. The intense high-frequency
peak observed in each spectrum around 2060 cm�1 can be attrib-
uted to CO binding to the metals through the atop site [67–70].
The lower frequency peaks at 1846 cm�1 on 1Pt/c-Al2O3 and
1945 cm�1 on 3Ni/c-Al2O3 and 10Ni/c-Al2O3 represent CO bound
through bridge sites on the catalyst particles [67–70]. Ni is known
to form NiAl2O4 with c-Al2O3 [71]; however, the presence of both
atop and bridge-bound CO in both Ni monometallic catalysts show
that there is at least a fraction of Ni in the metallic state after
reduction. Inspecting the spectra for the three bimetallic catalysts
with increasing amounts of Ni, it is seen that at lower Ni loadings
(Pt:Ni = 1:1, 1:3), the peaks associated with bridge-bound CO ap-
pear at frequencies similar to the CO bridge binding sites on 1Pt/
c-Al2O3, suggesting that CO is adsorbed on Pt atoms. However,
on 1Pt–10Ni/c-Al2O3, the bridge-bound CO frequency is similar
to that on 10Ni/c-Al2O3, suggesting that CO is most likely adsorbed
on Ni atoms. This could be explained by the fact that there are ten
times as many Ni atoms as Pt atoms, so Ni–CO vibrations would
dominate the signal.

Fig. 1b displays the CO spectra for the series of catalysts used to
study the effect of impregnation sequence. Once again considering
only the bridge-bound CO as a means for comparison, the three
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Fig. 2. TEM images and particle size distributions for the catalysts: (a) 1Pt/c-Al2O3, (b) 1Pt–1Ni/c-Al2O3, (c) 3Ni–1Pt/c-Al2O3, (d) 1Pt–3Ni/c-Al2O3, (e) 1Pt–3Ni(co-imp)/
c-Al2O3, (f) 1Pt–10Ni/c-Al2O3.
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Table 3
Particle size distribution statistics.

Catalyst Median
diameter (nm)

Average
diameter (nm)

Standard deviation
in diameter (nm)

1Pt/c-Al2O3 1.4 1.9 1.4
1Pt–1Ni/c-Al2O3 1.6 1.9 1.4
1Pt–3Ni/c-Al2O3 1.3 1.8 1.5
1Pt–10Ni/c-Al2O3 1.8 2.1 1.3
3Ni–1Pt/c-Al2O3 1.2 1.4 1.1
1Pt–3Ni(co-imp)/c-Al2O3 1.6 1.9 1.3
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bimetallic catalysts all show CO frequencies similar to that on Pt.
This suggests that impregnation sequence does not significantly af-
fect CO binding sites. One interpretation of this result could be that
during reduction the atoms can migrate and that Ni atoms diffuse
into the region beneath the surface while Pt atoms segregate to the
surface. This is consistent with DFT predictions that, for Ni/
Pt(1 1 1) surfaces, the segregation of Pt atoms to the top-most layer
is thermodynamically favored both in the presence of atomic
hydrogen and in vacuum [24]. The results found here for CO
adsorption on the supported Pt/Ni catalysts are also in agreement
with several other findings in literature. In our previous work
studying the disproportionation of cyclohexene on monolayer
bimetallic surfaces, it was found that disproportionation only took
place on the Pt–Ni–Pt(1 1 1) surface [72]. In a follow-up work on
supported Pt/Ni catalysts, the disproportionation of cyclohexene
was observed, suggesting that the nanoparticles were Pt termi-
nated [27]. The XPS studies by Mu et al. also showed that sup-
ported Pt/Ni catalysts were Pt-terminated after reduction [26].
3.2. Transmission electron microscopy (TEM)

High angle annular dark field (HAADF) TEM images and particle
size distributions are shown in Fig. 2. The statistics from the parti-
cle size distribution are shown in Table 3. Particle size distributions
were calculated by measuring horizontal particle diameters in sev-
eral different images for each catalyst. Median particle sizes were
found to be between 1.2 and 1.8 nm for the monometallic Pt cata-
lyst and the five bimetallic catalysts. As seen in several of the
images in Fig. 2, several larger particles are also present in all of
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with different impregnation sequences. The Pt foil is included to serve as a reference fo
the catalysts, which are the reason for the wide standard devia-
tions in particle size shown in Table 3. EDS analysis (spectra not
shown) on several large particles revealed that they were primarily
composed of Pt, signifying that a fraction of the Pt in the catalysts
has not been fully utilized since it is not completely alloyed with Ni
and its presence in large particles reduces the number of active
sites.

3.3. Extended X-ray absorption fine structure (EXAFS)

Fig. 3a and b shows the Pt LIII-edge X-ray absorption near-edge
structure (XANES) spectra of the two series of catalysts before and
after reduction. Also, included in these figures are the spectra for
Pt/c-Al2O3 before and after reduction, and the Pt foil for reference.
The background-subtracted, edge step normalized and k2-
weighted Pt LIII-edge EXAFS data (v(k)) are shown in R-space in
Fig. 4a and b. The data were Fourier transformed using a k-range
between 2 Å�1 and 16 Å�1 and the Hanning window function with
sill width Dk = 2 Å�1.
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Examining the Pt LIII-edge XANES and EXAFS reveals informa-
tion regarding the oxidation state of the samples [73]. Large Pt–O
peaks are present at low radial distribution for all catalysts before
reduction (Fig. 4a and b). After reduction in hydrogen, the Pt–O
peaks disappear and Pt–M (M = Pt or Ni) peaks appear at slightly
larger values of R. Similar conclusions can be drawn from the
XANES data in Fig. 3a and b, where the white line intensity de-
creases toward that of Pt foil after reduction in H2, indicating that
the Pt has been reduced.

Fig. 5a and b presents the Fourier transformed experimental
data after reduction for the two series of catalysts and the fits ob-
tained using FEFF6 theory [66]. The results from the fitting proce-
dure are summarized in Table 4. The EXAFS data were analyzed by
including only Pt–Pt and Pt–Ni contributions. Based on the evi-
dence from the XANES and EXAFS of the reduced samples dis-
cussed above, Pt–O contributions were neglected in the fitting of
the reduced catalysts. For the bimetallic catalysts, the Pt–Pt dis-
tances presented in Table 4 range from 2.69 Å to 2.74 Å, which
are 0.03 Å to 0.09 Å smaller than the metallic Pt–Pt distance
(2.77 Å). Likewise, the Pt–Ni distances in Table 4 range from
2.55 Å to 2.58 Å, which are 0.06 Å to 0.09 Å larger than the metallic
Ni–Ni distance (2.49 Å). These results confirm that Pt–Ni bimetallic
bonds are present in the catalysts. Also, good fits to the Pt LIII-edge
data could only be obtained by including both Pt–Pt and Pt–Ni con-
tributions in the model, which strongly suggests that bimetallic
bonds are present in the bimetallic nanoparticles.

The effect of impregnation sequence and metal atomic ratio can
also be seen in Table 4. A trend is observed as the amount of Ni in
the catalysts is increased. The 1Pt–1Ni/c-Al2O3 catalyst has the
smallest Pt–Ni coordination (1.2(5)) number, while the 1Pt–3Ni/
c-Al2O3 and 1Pt–10Ni/c-Al2O3 catalysts have increasingly larger
8

6

4

2

0

|χ
(R

)|
 (

Å
-3

)

109876543210

R (Å)

1Pt-3Ni/γ-Al2O3

1Pt-10Ni/γ-Al2O3

1Pt-1Ni/γ-Al2O3

1Pt/γ-Al2O3

 Fresh
 After H2 Treatment

(a)

Fig. 4. Before and after reduction, Fourier transformed (magnitude) k2-weighted EXAFS
metal atomic ratios and (b) the series of bimetallic catalysts with different impregnatio
coordination numbers (2.6(6) and 5.5(8), respectively). This trend
suggests that increasing the amount of Ni in the catalysts increases
the extent of bimetallic formation. A trend also appears in the
study of impregnation sequence. The 3Ni–1Pt/c-Al2O3 (Pt-first)
impregnation yields the lowest Pt–Ni coordination number
(1.2(5)) while the 1Pt–3Ni/c-Al2O3 (Ni-first) impregnation gives a
larger Pt–Ni coordination number (2.6(6)); however, the 1Pt–
3Ni(co-imp)/c-Al2O3 catalyst shows the largest Pt–Ni coordination
number (3.2(5)). This suggests that the co-impregnation leads to
the highest extent of bimetallic formation among the three synthe-
sis procedures.

The coordination numbers obtained from EXAFS analysis can be
used to predict particle size using a correlation proposed by Fren-
kel et al. [74]. Assuming a hemispheric cuboctohedral geometry,
this correlation predicts average particle sizes between 2.0 and
2.5 nm for the catalysts studied in these experiments. These values
are slightly larger than the median and mean values obtained
through TEM imaging (Table 3).

In all five of the bimetallic catalysts, the ratio of Pt–Pt to Pt–Ni
coordination numbers is larger than the atomic ratios of Pt:Ni. For
instance, the 1Pt–10Ni/c-Al2O3 catalyst has Pt–Pt and Pt–Ni coor-
dination numbers of 2.9 and 5.5, respectively, which yields a ratio
of 1:1.9. This implies that the remaining Ni atoms are either lo-
cated in monometallic Ni nanoparticles, dispersed across the c-
Al2O3 support, or present in the form of NiAl2O4.

3.4. Activity of benzene hydrogenation

Figs. 6a and 7a show the rates of benzene hydrogenation for the
two series of bimetallic catalysts and the corresponding monome-
tallic catalysts in the FTIR batch reactor. Cyclohexane was the only
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Table 4
Summary of Pt LIII-edge fitting for 1Pt/c-Al2O3 and Ni:Pt bimetallic catalysts.

Catalyst 1Pt/c-Al2O3 1Pt–1Ni/c-Al2O3 1Pt–3Ni/c-Al2O3 1Pt–10Ni/c-Al2O3 3Ni–1Pt/c-Al2O3 1Pt–3Ni(co-imp)/c-Al2O3

N(Pt–Pt) 6.2 ± 0.4 6.8 ± 0.7 4.4 ± 0.7 2.9 ± 1.4 7.3 ± 0.9 5.7 ± 0.9
N(Pt–Ni) – 1.2 ± 0.5 2.6 ± 0.6 5.5 ± 0.8 1.4 ± 0.5 3.2 ± 0.5
R(Pt–Pt), Å 2.75 ± 0.01 2.73 ± 0.01 2.72 ± 0.01 2.69 ± 0.01 2.74 ± 0.01 2.72 ± 0.01
R(Pt–Ni), Å – 2.58 ± 0.01 2.57 ± 0.01 2.55 ± 0.01 2.58 ± 0.01 2.58 ± 0.01
r2(Pt–Pt), Å2 0.006 ± 0.001 0.008 ± 0.001 0.007 ± 0.001 0.007 ± 0.002 0.007 ± 0.001 0.007 ± 0.001
r2(Pt–Ni), Å2 – 0.011 ± 0.003 0.010 ± 0.002 0.007 ± 0.001 0.008 ± 0.002 0.010 ± 0.001
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observed reaction product, and the rates of cyclohexane produc-
tion are presented in Figs. 6b and 7b. For both series of catalysts,
it was observed that the rate of cyclohexane production over the
bimetallic catalysts was greater than that of either monometallic
Pt or Ni. The effect of impregnation sequence on activity is seen
in Fig. 6a and b. The 3Ni–1Pt/c-Al2O3 catalyst displays the lowest
activity of the three bimetallic catalysts, while the 1Pt–3Ni/c-
Al2O3 shows intermediate activity, and the 1Pt–3Ni(co-imp)/c-
Al2O3 catalyst shows the highest activity.

From the series of catalysts with different Pt:Ni atomic ratios
(Fig. 7a and b), the 1Pt–1Ni/c-Al2O3 and 1Pt–3Ni/c-Al2O3 catalysts
are seen to have approximately the same hydrogenation activity,
while the 1Pt–10Ni/c-Al2O3 catalyst displays the highest activity.
The activity of the 10Ni/c-Al2O3 catalyst is also shown in these fig-
ures and it is interesting to note that it is completely inactive to
benzene hydrogenation at this temperature.

In order to make quantitative comparisons, the rates of benzene
hydrogenation were approximated by fitting the experimental data
with first-order kinetics of the conversion of benzene. The first-or-
der fit was performed over the entire curve of benzene consump-
tion. Due to the excellent carbon balance over the duration of the
hydrogenation reaction, the rate of benzene consumption should
also be a good representation of the rate of cyclohexane production
on each catalyst. The rate constants for the disappearance of ben-
zene are listed in Table 5. In the series of catalysts used to study
the effect of Pt:Ni ratio, the rate constants for benzene hydrogena-
tion followed the order of 10Ni/c-Al2O3 < 1Pt/c-Al2O3 < 1Pt–1Ni/c-
Al2O3 � 1Pt–3Ni/c-Al2O3 < 1Pt–10Ni/c-Al2O3. A similar trend in
the Pt–Ni coordination number obtained from EXAFS was also ob-
served for this series of bimetallic catalysts, showing that increas-
ing the amount of Ni in the bimetallic catalysts increases the extent
of Pt–Ni bimetallic bond formation, which in turn increases activity
for benzene hydrogenation. Benzene hydrogenation rate constants
were also observed to depend on impregnation sequence, where
activity followed the order of 3Ni/c-Al2O3 < 1Pt/c-Al2O3 < 3Ni–
1Pt/c-Al2O3 < 1Pt–3Ni/c-Al2O3 < 1Pt–3Ni(co-imp)/c-Al2O3. The
benzene hydrogenation activities for this series of catalysts also
correlate with the Pt–Ni coordination numbers obtained through
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EXAFS analysis, showing that the 1Pt–3Ni(co-imp)/c-Al2O3 catalyst
has both the highest activity and the largest Pt–Ni coordination
number. This suggests that co-impregnation allows for the best
mixing of metal atoms before they become fixed to the support
during calcination.

3.5. Activity of 1,3-butadiene hydrogenation

The benzene hydrogenation studies showed that the bimetal-
lic catalysts only slightly outperformed the monometallic cata-
lysts. 1,3-Butadiene hydrogenation was chosen as a second
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probe reaction to further support the trends observed in ben-
zene hydrogenation. Figs. 8a and 9a show the rates of 1,3-buta-
diene hydrogenation over the two series of catalysts studied.
This work does not include an analysis of the selectivity of
the catalysts, but the production and consumption of 1-butene
and the production of n-butane are shown in Figs. 8b and 9b
and 8c and 9c, respectively. Summing the total number of mo-
les of carbon in 1,3-butadiene, 1-butene, and n-butane yielded a
carbon balance that was accurate within the error of the exper-
iments, supporting the assertion that 1-butene was the only bu-
tene present.
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Table 5
First-order consumption rate constants for the hydrogenation of benzene and 1,3-
butadiene over the monometallic and bimetallic catalysts.

Catalyst Benzene k (min�1) 1,3-Butadiene k (min�1)

1Pt/c-Al2O3 2.5 � 10�3 1.4 � 10�2

3Ni/c-Al2O3 �0 1.3 � 10�3

10Ni/c-Al2O3 �0 2.6 � 10�3

1Pt–1Ni/c-Al2O3 4.4 � 10�3 4.0 � 10�2

1Pt–3Ni/c-Al2O3 4.1 � 10�3 4.8 � 10�2

1Pt–10Ni/c-Al2O3 6.5 � 10�3 1.6 � 10�1

3Ni–1Pt/c-Al2O3 3.4 � 10�3 3.0 � 10�2

1Pt–3Ni(co-imp)/c-Al2O3 6.3 � 10�3 9.9 � 10�2
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Figs. 8a and 9a show once again that both series of bimetallic
catalysts outperform the monometallic Pt and Ni catalysts, and
the trends in activity are similar to those observed for benzene
hydrogenation. Approximating the experimental rates of 1,3-
butadiene conversion with first-order kinetics yields the rate con-
stants listed in Table 5. Similar to benzene hydrogenation, the fol-
lowing trend in rate constants is observed in the effect of Pt:Ni
ratio: 10Ni/c-Al2O3 < 1Pt/c-Al2O3 < 1Pt–1Ni/c-Al2O3 < 1Pt–3Ni/c-
Al2O3 < 1Pt–10Ni/c-Al2O3. In the study of impregnation sequence,
the rate constants follow the trend of 3Ni/c-Al2O3 < 1Pt/c-
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Fig. 8. The consumption of 1,3-butadiene (a), production and consumption of 1-butene
308 K for the series of catalysts with different impregnation sequences.
Al2O3 < 3Ni–1Pt/c-Al2O3 < 1Pt–3Ni/c-Al2O3 < 1Pt–3Ni(co-imp)/c-
Al2O3, which is also similar to the trend observed for benzene
hydrogenation.
4. Discussion

Several parallels between model surfaces and supported cata-
lysts can be drawn based on the results presented above. First, in
the study of model Ni/Pt(1 1 1) surfaces, it was found that Pt atoms
would segregate to the surface under reduction conditions [22].
Fig. 1a and b shows that this is also observed on supported cata-
lysts. The spectra for bimetallic catalysts in Fig. 1a demonstrate
that CO binds through surface Pt atoms, while the spectra in
Fig. 1b show that regardless of impregnation sequence, catalysts
of the same weight loading show similar CO vibrational frequen-
cies, indicating that the catalyst surfaces have similar structures
(namely Pt resides on the surface). Recent XPS studies on both
polycrystalline Ni/Pt films [25] and on supported Pt/Ni nanoparti-
cles [26] have also shown that Pt resides on the surface after reduc-
tion in H2. Studies on model bimetallic systems have also
demonstrated that Pt-terminated surfaces, either the Pt–Ni–
Pt(1 1 1) prepared by deposition and subsequent diffusion of one
monolayer (ML) Ni on Pt(1 1 1) or the Pt–Ni(1 1 1) surface pre-
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pared by depositing ML Pt on Ni(1 1 1) [19], lead to novel low-tem-
perature hydrogenation because they bind hydrogen and alkenes
more weakly than either parent metal [75]. This effect was also ob-
served in both the hydrogenation of benzene and 1,3-butadiene,
where the bimetallic catalysts were seen to be more active than
either of the corresponding monometallic catalysts.

Surface science and DFT studies have observed that the strain
effect from the lattice mismatch can modify the electronic struc-
ture of metals, which contributes to the novel activity observed
on monolayer bimetallic catalysts [60,76,77]. The Pt–Pt inter-
atomic distances obtained through EXAFS fitting (Table 4) suggest
that Pt atoms in the bimetallic catalysts are in a strained state (the
bulk Pt–Pt distance is 2.77 Å; the Pt–Pt distance in the Pt/c-Al2O3

catalyst is 2.75 Å). It is more interesting to note that as Pt:Ni ratio
is increased from 1:1 to 1:10, the Pt–Pt interatomic distance de-
creases from 2.73 Å to 2.69 Å., demonstrating that Pt atoms are un-
der greater strain as the extent of bimetallic bond formation
increases. If the surfaces of the bimetallic nanoparticles were ter-
minated by Ni atoms, such a large strain effect should not be
noticeable in the Pt–Pt interatomic distances. A monolayer of lar-
ger atoms (Pt) on top of smaller ones (Ni) would cause a much
greater strain, as seen in the Pt–Pt interatomic distances, support-
ing the assertion that Pt atoms reside on the surface of the bimetal-
lic nanoparticles (as shown in FTIR spectroscopy of adsorbed CO).
Additionally, the structure of the 1Pt–10Ni/c-Al2O3 catalyst may
mimic the Pt/Ni(1 1 1) surfaces studied by Khan and co-workers,
in which strain effects were identified as one of the possible rea-
sons for the enhanced hydrogenation activity [19]. The correlations
between the model surfaces and supported catalysts provide a use-
ful example of how better hydrogenation catalysts can potentially
be designed based on information from DFT modeling and surface
science studies.

The results presented in this paper clearly show that bimetallic
catalysts exhibit higher hydrogenation activity than the corre-
sponding monometallic catalysts for the hydrogenation of conju-
gated C@C bonds. In studying the effect of metal atomic ratio
and impregnation sequence, this work also shows that the hydro-
genation activity is increased by either increasing Ni loading or
using a simultaneous co-impregnation. It is very interesting to note
that the increasing activity in each series of catalysts also corre-
sponds to an increasing number of Pt–Ni nearest neighbors from
EXAFS, confirming conclusively that the hydrogenation activity is
directly related to the extent of the Pt–Ni bimetallic bond
formation.
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5. Conclusions

Pt/Ni bimetallic catalysts were synthesized in order to study the
effects of metal atomic ratio and impregnation sequence. The
bimetallic catalysts were more active than either parent metal cat-
alyst for both benzene and 1,3-butadiene hydrogenation. In study-
ing the effect of metal atomic ratio, it was found that
hydrogenation activity increased with increasing Ni loading. Simi-
larly, it was found that the catalyst synthesized by co-impregna-
tion exhibited the highest activity in comparison with either
sequentially impregnated catalyst. Hydrogenation activity was also
seen to correlate to Pt–Ni coordination numbers calculated from
EXAFS measurements. FTIR CO adsorption results suggest that Pt
resides on the surface of bimetallic nanoparticles and that the Pt
atoms can segregate during reduction at high temperatures, which
is consistent with previous DFT modeling and surface science stud-
ies in which the Pt-terminated surface is thermodynamically stable
under reducing environment.
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