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a b s t r a c t

It is well known that bimetallic surfaces, such as the Pt–Ni–Pt(bulk) structure, with one monolayer of Ni
residing in the subsurface region of Pt, often show unique catalytic properties including low temperature
hydrogenation pathways. It is also known that transition metal carbides, such as tungsten monocarbide
(WC), often show catalytic properties similar to Pt. In the current study, we explored the possibility to
replace bulk Pt in the Pt–Ni–Pt(bulk) structure by anchoring Pt–Ni on a WC substrate. The dissociative
adsorption of hydrogen and the hydrogenation of cyclohexene were used as probe reactions to evaluate
the chemical properties of Pt–Ni–WC(bulk), with Density Functional Theory (DFT) calculations and Tem-
perature Programmed Desorption (TPD) measurements being performed. Similar to Pt–Ni–Pt, the Pt–Ni–
WC surface shows weakly bonded hydrogen as predicted from DFT calculations and confirmed by TPD
experiments. In addition, the presence of weakly bonded atomic hydrogen and cyclohexene led to the
low temperature hydrogenation of cyclohexene, again similar to that observed on Pt–Ni–Pt. Our results
indicate that anchoring the Pt–Ni structure on WC should potentially reduce the loading of Pt in the
bimetallic catalysts. Furthermore, the replacement of bulk Pt by WC should also prevent the diffusion
of the subsurface Ni into the bulk, potentially increasing the stability of the desirable subsurface bime-
tallic structure in Pt–Ni–WC.

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

Pt catalysts are widely used due to their ability to facilitate a
wide array of chemical reactions such as petroleum cracking, hydro-
genation, the oxidation of carbon monoxide in automobile catalytic
converters, and the oxidation and reduction reactions in polymer
electrolyte membrane (PEM) fuel cells [1–10]. Despite their diverse
catalytic applications, the widespread use of Pt catalysts is often
limited by the high cost and limited supply of the precious metal.
To overcome this, Pt is often modified with some other metal to en-
hance the activity and/or selectivity of the catalyst, thus decreasing
the Pt loading needed to carry out the desired reaction. A substantial
amount of experimental and theoretical research has been con-
ducted to determine the origins of the improved catalytic properties
of Pt-based bimetallic catalysts [1–10]. While a fundamental under-
standing is beginning to take shape, it is also becoming apparent
that there are several key issues with the use of Pt-based bimetallic
catalysts. Despite gains in activity and/or selectivity, bimetallic cat-
alysts are susceptible to many modes of deactivation. In addition to
poisoning by adsorbates, coking, and sintering, bimetallic catalysts
can also undergo deactivation if the unique structures of their bime-
tallic bonding are compromised [1–4].
ll rights reserved.
One family of Pt-based catalysts that has received considerable
attention is Pt modified by 3d transition metals [9,11–16]. These
catalysts have exhibited improvements in the activity and/or selec-
tivity of the hydrogenation of alkenes and a,b-unsaturated alde-
hydes [9,13], the reforming of oxygenates [14,15], and in the
oxygen reduction reaction in PEM fuel cells [16]. Of the 3d transi-
tion metals, Ni modification of Pt has been shown to result in the
highest activity and selectivity for hydrogenation reactions on both
model surfaces and supported catalysts [6,13,17–19] and thus will
be the focus of the current paper.

Previous surface science studies have revealed that different
bimetallic configurations can be synthesized when Ni is deposited
onto Pt(1 1 1). If the deposition is performed at room temperature
Ni atoms remain on top of Pt, resulting in a surface configuration,
Ni–Pt–Pt(1 1 1). At elevated temperatures, Ni will diffuse into the
bulk. However, if the temperature is kept at an intermediate range
of �600 to �800 K, a subsurface configuration, Pt–Ni–Pt(1 1 1),
with the topmost atomic layer enriched in Pt and the second layer
enriched in Ni, is produced. Due to both surface strain and hetero-
metallic bonding interactions, or the ligand effect, these two types
of bimetallic surfaces have distinct surface electronic properties
[7], leading to different binding strength of adsorbates and thus
different catalytic properties.

The bimetallic structure of interest in the current manuscript is
the Pt–Ni–Pt(1 1 1) subsurface configuration which, in comparison
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with Pt(1 1 1), has favorable catalytic properties to enhance the
activity and selectivity of the hydrogenation of small unsaturated
hydrocarbons [17,20]. Specifically, this subsurface structure has a
d-band center that is shifted away from the Fermi level in compar-
ison with Pt(1 1 1), resulting in weaker binding of atomic hydrogen
and alkenes. For example, while Pt(1 1 1) binds cyclohexene
strongly enough to favor dehydrogenation and decomposition,
Pt–Ni–Pt(1 1 1) binds cyclohexene strongly enough to undergo
hydrogenation, but not too strongly so that the extent of dehydro-
genation and decomposition is reduced [13].

These enhanced catalytic properties are only realized on the
subsurface Pt–Ni–Pt(1 1 1) configuration. If elevated temperatures
are required for reaction, the Ni atoms no longer reside in the sec-
ond layer of Pt(1 1 1), but instead diffuse into the bulk leaving a
monometallic Pt(1 1 1) surface. Also, adsorbates such as oxygen
can cause the subsurface Ni atoms to segregate to the surface,
forming the Ni–Pt–Pt(1 1 1) surface, which favors the undesired
decomposition and dehydrogenation over hydrogenation [13]. As
tungsten monocarbide (WC) has been shown to demonstrate cata-
lytic properties similar to Pt [21–23], one idea to overcome the
inherent instability of Pt–Ni–Pt(1 1 1) is to replace the bulk Pt with
WC to produce the Pt–Ni–WC structure. Another reason for choos-
ing the WC substrate as a model surface for transition metal car-
bides is because of its relatively high stability in air, as
demonstrated previously in the comparative studies between WC
and W2C [23]. In addition, as WC has been shown to be an effective
diffusion barrier layer to prevent the inward diffusion of metal
overlayers [24], thermal deactivation due to Ni diffusion will be
alleviated. Furthermore, it is possible that the WC will anchor Ni
by the formation of W–Ni or C–Ni bonds to prevent its segregation
to the surface in an oxygen-rich environment. Ultimately, a highly
active and more stable catalyst that utilizes far less Pt may be real-
ized by anchoring the Pt–Ni bimetallic structure on the WC
substrate.

In this paper, surface science experiments are performed on a
polycrystalline W foil substrate to examine the feasibility of replac-
ing the bulk Pt of the Pt–Ni–Pt(1 1 1) surface with WC. This is
accomplished by carburizing the W foil followed by subsequent
deposition of a monolayer of Ni and Pt. Upon annealing the Pt–
Ni-modified WC surface, it is expected that the first atomic layer
will be enriched in Pt due to the enthalpic driving force created
by the lower surface energy of Pt in comparison with the Ni [25].
Strain will also assist in driving the Pt to the surface as elastic strain
is reduced by having the larger Pt atoms in the topmost atomic
layer.

In order to probe the chemical properties of the Pt–Ni–WC sur-
face, the dissociative adsorption of hydrogen is used as a probe
reaction to determine whether the hydrogen binding energy on
Pt–Ni–WC is similar to Pt–Ni–Pt. Cyclohexene is also used as a
probe molecule because cyclic hydrocarbons are important reac-
tion intermediates in many refinery and petrochemical processes,
in addition to serving as building blocks for many chemicals pro-
duced in the chemical industry. In addition, cyclohexene has sev-
eral competitive reaction pathways including decomposition,
dehydrogenation, disproportionation, and hydrogenation. The
hydrogenation pathway is of particular interest in this study as
Pt–Ni–Pt(1 1 1) has shown a unique low temperature hydrogena-
tion pathway to produce cyclohexane [13].
2. Experimental and DFT methods

2.1. Preparation of WC surface

All experiments were performed in a two-level stainless steel
ultra-high vacuum (UHV) chamber with a base pressure of
1 � 10�10 Torr. The TPD experiments utilized a UTI 100C mass
spectrometer (MS), which was also used for in situ verification of
the purity of the dosed gases. A Perkin Elmer Auger electron spec-
trometer (AES) with a cylindrical mirror analyzer was used for sur-
face characterization. An accelerating potential of 3 kV is used for
all AES experiments. Polycrystalline W foil (99.95%, Alfa Aesar),
measuring 1 mm in thickness, was cut to a diameter of approxi-
mately 10 mm resulting in a geometric surface area of 0.998 cm2.
After cutting, the foil was sonicated in a 50:50 mixture of ethanol
and acetone for 1 h. The W foil disk was then spot welded to two
tantalum leads so that it could be resistively heated with a DC
power supply to 1200 K, or thermally cooled with liquid nitrogen
to 100 K. The temperature was measured with a K-type thermo-
couple spot welded to the back of the W foil disk. Temperature
control was achieved by the use of a feedback controller.

Prior to each experiment, the W foil surface was cleaned by sev-
eral Ne+ sputter cycles at 600 K with subsequent flashes to 1050 K.
Once clean, the surface was carburized by sputtering in ethylene at
300 K. After the residual ethylene was pumped away, the surface
was annealed at 1200 K for 1 min. This resulted in a WC surface
with a W:C stoichiometry of 1:1 as verified by AES using standard
sensitivity factors. In addition, by performing calculations utilizing
the inelastic mean free path of the AES electrons of interest, it was
further determined that the surface was predominantly W termi-
nated with perhaps a small fraction of carbon atoms occupying
the surface. This is in agreement with results from the character-
ization of WC(0 0 0 1) [26].

Following carburization, Pt and/or Ni were deposited on the WC
surface via physical vapor deposition. The deposition sources con-
sisted of a 0.5-mm-diameter tungsten wire filament wrapped with
0.3-mm-diameter wire of either Pt or Ni. All of the metal wires
were purchased from Alfa Aesar and were 99.95+% pure. A DC
power supply provided electrical current to resistively heat the fil-
ament. During deposition, the temperature of the WC foil was
maintained at 300 K. After deposition, the surface was flashed to
600 K to remove carbon monoxide, which was from the adsorption
of CO from the UHV background during Ni deposition. To deter-
mine the coverage of Ni and Pt, standard overlayer/substrate equa-
tions were used in conjunction with tabulated values of the
inelastic mean free path (IMFP) of the Auger electrons of interest
[27].
Io ¼ I1o 1� exp �do=koðEoÞ cos h½ �f g ð1Þ

Is ¼ I1s exp½�do=koðEsÞ cos h� ð2Þ

Io

Is
¼ So

Ss

� �
1� exp½�do=koðEoÞ cos h�

exp½�do=koðEsÞ cos h� ð3Þ

In these equations, Ix represents the Auger intensity of element
x, with I1x representing the AES intensity of a bulk slab of element x,
Sx is the sensitivity factor of element x, d is the overlayer thickness,
k(E) is the IMFP of an electron with energy, E, and h is the solid
acceptance angle of the CMA. It is important to note that the sen-
sitivity factor for tungsten in the carbide phase is not the same as
that found in a pure W sample. To account for the difference be-
tween this value and that found in the body-centered cubic
(BCC) tungsten phase used in the determination of the standard
sensitivity factor, an atomic density correction was used. In bulk
WC, the atomic density of tungsten is calculated to be
10.82 cm3 mol�1. In comparison, in bulk W, the atomic density is
9.54 cm3 mol�1. Thus, the sensitivity factor of tungsten in WC is
88.2% that of pure tungsten assuming similar values of IMFP in
the two materials. Using these equations, the coverage of Ni and
Pt for each surface in this study is determined to be �1.1–1.2 ML
for Ni and �0.6–0.7 ML for Pt. Each metal was deposited at a rate
of approximately 0.4–0.5 ML/min.
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2.2. TPD measurements

After synthesizing the Pt- and/or Ni-modified WC surfaces,
hydrogen (Matheson, 99.999%) and cyclohexene (c-C6H10) (Aldrich,
99+%) were dosed at temperatures below 140 K and 130 K, respec-
tively. Cyclohexene was purified by successive freeze–pump–thaw
cycles before use. Hydrogen and Ne were of research grade purity
(99.999%) and were introduced into the UHV chamber without fur-
ther purification. Cyclohexene and Ne were backfilled into the
chamber through leak valves, while hydrogen was dosed through
a directional dosing tube of approximately 8 mm in diameter.

For TPD experiments where only hydrogen was dosed, an expo-
sure of 10 L was used. This amount was sufficient to saturate each
surface of interest, with the exception of unmodified WC, which
did not saturate until more than 100 L of exposure. Due to the long
pumping time of hydrogen, 10 L was dosed on WC despite this
amount not resulting in saturation. For the cyclohexene TPD exper-
iments, 0.5 L of H2 was pre-dosed onto each of the surfaces fol-
lowed by a cyclohexene exposure of 3 L. This amount of
cyclohexene provided a small amount of multilayer formation
ensuring the saturation of the surface. After dosing, the sample
was placed �5 mm from the opening of the random flux shield
of the MS. TPD experiments were then performed with a linear
heating rate of 3 K/s, with up to 12 masses being simultaneously
monitored.
2.3. DFT calculations

The binding energies of hydrogen and cyclohexene were calcu-
lated using the Vienna Ab-initio Simulations Package (VASP). A
planewave cutoff energy of 396 eV was used for all calculations
using a 3 � 3 � 1 Monkhorst–Pack k-point mesh and the PW91
functional. Spin polarization of both the gas-phase species and
the adsorbate-slab system was implemented in these calculations.
The base WC(0 0 0 1) slabs were modeled using a 3 � 3 unit cell
with three layers of the (0 0 0 1) WC stacking unit, terminated with
W. The next metallic layers (Ni or Pt) were continued using the hcp
stacking profile as this was found to be lower in energy than using
the fcc sites. The slabs were separated using six to eight equivalent
layers of vacuum. The Ni and Pt layers along with the topmost W
and C layers of the WC(0 0 0 1) slab were allowed to relax to the
lowest energy configuration. The remaining WC layers were fixed
at the optimized bulk configuration. The hydrogen binding energy
was calculated at a coverage of 1/9 by placing one hydrogen atom
at a fcc threefold hollow site, which was found to be more energet-
ically favored compared to the similar hcp threefold hollow site.
The cyclohexene binding energy was calculated as bridge bonded
Fig. 1. (a) Top view and (b) side view of example DFT binding orientation for
cyclohexene binding on a 3 � 3 unit cell Pt–Ni–WC(0 0 0 1).
and in the boat configuration as shown in Fig. 1 for Pt–Ni–
WC(0 0 0 1). The top two layers were allowed to relax to the lowest
energy configuration while the third and fourth layers were frozen
at the bulk host metal distance of 2.49 Å for Ni(1 1 1), 2.83 Å for
Pt(1 1 1), and 2.95 Å for WC(0 0 0 1), as previously determined
for the PW91 exchange/correlation functional. The atomic pseu-
do-potentials were the ultra-soft Vanderbilt pseudo-potentials as
utilized previously [12].
3. Results and discussion

3.1. Surface characterization

Many studies have been conducted to characterize single crys-
tal tungsten substrates modified by Pt or Ni. At room temperature
Pt deposition generally proceeds in a layer-by-layer fashion on
these substrates, with the possible exception being on the atomi-
cally rough W(1 1 1) surface [28–33]. After completion of the sec-
ond Pt monolayer, it has been shown that a small amount of W
diffuses into the Pt layer, even at room temperature. After the
layer-by-layer deposition of several monolayers of Pt, three-
dimensional growth becomes the dominant growth mechanism.
Ni deposition on tungsten single crystals occurs in a much more
ideal manner than deposition of Pt, with layer-by-layer growth
occurring at room temperature on all single crystal surfaces stud-
ied up to the completion of several monolayers [34–38]. Upon
annealing these surfaces, however, Ni starts to form three-dimen-
sional islands [38].

While the growth of Pt and Ni on a carburized polycrystalline W
surface will likely differ from that seen on single crystal W sur-
faces, it is useful to compare the results. The AES peak-to-peak
heights of Pt (241 eV) and W (182 eV), along with the Pt/W AES ra-
tio, are monitored during Pt deposition on WC foil. As shown in the
left panel of Fig. 2, there is a break in the slope of the Pt and W
curves after depositing for just under 2 min. It can be argued that
there is another break in slightly less than four minutes; however,
the break is less clear. To verify that these breaks are indeed due to
the completion of Pt monolayers, and thus that layer-by-layer
growth occurs for the first two monolayers, Eqs. (1)–(3) are used
to determine the Pt/W AES ratio corresponding to the desired Pt
coverage. The horizontal dashed line in Fig. 2 corresponds to the
Pt/W AES ratio calculated for �1 ML, which coincides with the
breaks in Pt and W intensities indicated by the vertical dashed line.
The calculated coverage of Pt with time is plotted in the right panel
of Fig. 2. It is seen that there is a linear deposition rate until the
completion of �2 ML, at which point the rate seems to decrease,
explaining why the break at �2 ML coverage is not very clear.
The apparent decrease in the deposition rate is explained by one
of two phenomena. At higher coverages of Pt, there is either
three-dimensional growth or alloying at the Pt–W interface. On
W single crystals both were shown to occur, and it is not clear
whether that is the case here. The important conclusion is that at
monolayer and submonolayer coverages of Pt there is layer-by-
layer growth on WC foil.

The growth of Ni, much like on single crystal W substrates, oc-
curs in a layer-by-layer fashion for several monolayers, as demon-
strated in Fig. 3. In the left panel, the AES peak-to-peak height of Ni
(849 eV) and W (182 eV) and the Ni/W AES ratio are monitored
during deposition. Integral monolayers of Ni are seen as breaks
in the W and Ni peak-to-peak height, and the Ni/W AES ratio cor-
responding to 1 ML is verified by overlayer/substrate calculations
(horizontal dashed line). The layer-by-layer growth is also verified
by the linear increase in the calculated Ni coverage with time as
shown in the right panel of Fig. 3. It should be pointed out that
the changes in slope in the AES uptake curves (Figs. 2a and 3a) ap-
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Fig. 2. AES quantification of the physical vapor deposition of Pt on WC foil.
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Fig. 3. AES quantification of the physical vapor deposition of Ni on WC foil.
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pear to be somewhat subjective. The most important conclusions
from the AES results should be the comparisons in Figs. 2b and
3b, which reveal that the growth of the first Pt and Ni layers on
WC most likely follow the layer-by-layer mechanism.

In addition to the similarities of Pt and Ni growth on WC foil and
W single crystals, the thin films also behave in a similar manner
when the respective substrates are annealed. In Fig. 4, it is evident
that the Pt/W AES ratio does not significantly change upon anneal-
ing a �1 ML Pt-modified WC surface to temperatures up to 800 K.
This is similar to the behavior that was found for �1 ML Pt on W
single crystals. However, it is important to note that upon anneal-
ing Pt films thicker than 1 ML on W single crystals, three-dimen-
sional islands formed on top of one monolayer of Pt. In the most
extreme case, faceting of the W(1 1 1) surface occurred after
annealing to 800–1400 K. This has not been explored in this study
as this work is concerned with monolayer and submonolayer Pt
coverages, but these phenomena may indeed occur on WC foil
for higher coverages of Pt.

Ni/WC, as on single crystal tungsten substrates, appears to
agglomerate into three-dimensional islands or clusters upon
annealing, as shown in Fig. 4. Initially there is an increase in the
Ni/W AES ratio upon heating the surface to 400 K, most likely
due to the removal of adsorbed carbon monoxide. However, fur-
ther increases in temperature cause the Ni/W AES ratio to decrease
as islands and clusters begin to form and screen some of the Auger
electrons originating from Ni atoms residing closest to the sub-
strate. The important thing to note is that Ni does not diffuse into
the bulk on WC as it does on Pt substrates. This is demonstrated by
the fact that upon annealing to temperatures as high as 1000 K (not
shown) there is still a significant signal from Ni Auger electrons,
with any decreases likely due to screening of the Ni AES electrons
by the Ni clusters.

3.2. Hydrogen adsorption

The dissociative adsorption of hydrogen on Pt- and/or Ni-mod-
ified WC foil was examined by dosing hydrogen and performing
TPD experiments, as shown in Fig. 5. On unmodified WC foil,
hydrogen desorbs as a broad peak that is centered at about
311 K. Similar results were seen in a previous study on carbide-
modified W(1 1 0), where carburization resulted in a broad hydro-
gen desorption peak [39]. The breadth of the peak is most likely
due to the presence of a variety of surface sites. Due to the poly-
crystalline nature of the substrate, multiple facets with different
crystallographic orientations are present on the surface. In addi-
tion, there is a small fraction of surface sites that are carbon-termi-
nated, as suggested by the AES characterization. These different
sites should lead to an array of binding environments experienced
by the hydrogen atoms. Modification of polycrystalline WC with Pt
results in a significant decrease in the hydrogen desorption tem-
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Table 1
DFT calculations of HBE and cyclohexene BE on Pt–Ni bimetallic surfaces and WC-
based surfaces.

HBE (kJ/mol) Cyclohexene BE (kJ/mol)

Pt–WC(0 0 0 1) �61.63 �55.05
Pt–Ni–WC(0 0 0 1) �88.51 �42.04
Ni–WC(0 0 0 1) �122.88 �69.91
Ni–Pt–WC(0 0 0 1) �221.95 �159.18
WC(0 0 0 1) �200.95 �125.83

Pt–Ni–Pt(1 1 1) �44.78 �16.13
Ni–Pt–Pt(1 1 1) �132.33 �73.83
Pt(1 1 1) �89.58 �66.07
Ni(1 1 1) �98.49 �24.92
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perature, in agreement with previous work on Pt-modified C/
W(1 1 0) [39]. It was also found that hydrogen desorption is essen-
tially the same from WC modified by either 0.6 ML or 1.1 ML Pt
(not shown) as evidenced by indistinguishable TPD spectra. Based
on this observation, and to avoid clustering and alloy formation, all
experiments discussed in the current paper use 0.6–0.7 ML of Pt. As
shown in Fig. 5, hydrogen desorbs from the �1.1 ML Ni/WC surface
at around 286 K.

Assuming that the dissociative adsorption of hydrogen is
unactivated on these surfaces, the temperature of the hydrogen
desorption peak is directly related to the binding energy of atomic
hydrogen. Thus, the TPD results are in agreement with DFT
modeling (Table 1), which predicts that Pt/WC(0 0 0 1) has the
weakest hydrogen binding energy, Ni/WC(0 0 0 1) has an interme-
diate binding strength, and the unmodified WC(0 0 0 1) surface
binds hydrogen quite strongly. However, the observation of the
relatively broad peaks in the TPD spectra suggests that, despite
the general correlation between the hydrogen desorption peak
and the hydrogen binding energy, there are also other factors
which may affect the bonding of hydrogen on these surfaces.

Of particular interest in the current study are the bimetallic-
modified WC surfaces, which are designated as Pt–Ni–WC and
Ni–Pt–WC, depending on the order of Pt and Ni deposition. The
Pt–Ni–WC surface represents a WC surface onto which Ni is depos-
ited first, followed by Pt deposition. The Ni–Pt–WC surface is syn-
thesized using the reverse deposition order. Hydrogen desorbs
from these bimetallic-modified surfaces as two broad peaks at
152 K and 248 K. It is noted that the desorption peak shapes and
areas are nearly identical on the two surfaces. This is explained
by the fact that they are very similar surfaces due to the fact that,
upon flashing to 600 K, Pt migrates to the topmost atomic layer of
the Ni–Pt–WC surface to lower the surface energy and strain [25].
In addition, on a vicinal Pt(1 1 1) surface it was found that Ni was
able to form an ordered alloy with Pt at temperatures as low as
300 K [40]. Thus, it is likely that there is some exchange between
the Pt and Ni layers during deposition prior to the 600 K flash.
The effect of deposition order is further investigated by performing
consecutive hydrogen TPD experiments on both the Pt–Ni–WC and
Ni–Pt–WC surfaces, with each subsequent TPD flashing the surface
to increasingly high temperatures up to 800 K. As seen in Fig. 6, the
spectra for all of these surfaces are qualitatively similar, with the
desorption temperatures being identical and only slight variations
in the peak areas. This is an important observation regarding the
enhanced thermal stability of Pt–Ni–WC over the Pt–Ni–Pt sur-
faces. In the latter surface, the annealing causes the diffusion of
subsurface Ni to the Pt bulk, therefore, losing the unique chemical
properties of the subsurface bimetallic structures.

In order to further understand the enhanced thermal stability of
bimetallic structures on WC, Table 2 provides information on the
AES quantification of these surfaces. The ratios in this table reflect
relative surface atomic concentrations that were calculated using
AES peak-to-peak height ratios and standard sensitivity factors. Be-
fore discussing the results explicitly, it is important to note that the
surface atomic ratios are affected by both clustering and segrega-
tion phenomena that are occurring in these experiments, both of
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Table 2
Effect of deposition order and annealing on the AES ratios of bimetallic-modified WC
foil.

Surface Temperature (K) Ni/W Pt/W Pt/Ni

Pt–Ni–WC 300 0.977 0.219 0.224
Pt–Ni–WC 600 0.852 0.153 0.179
Pt–Ni–WC 800 0.562 0.092 0.164

Ni–Pt–WC 300 1.109 0.211 0.190
Ni–Pt–WC 600 0.943 0.181 0.192
Ni–Pt–WC 800 0.573 0.096 0.167
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which can occur simultaneously. The Ni/W and Pt/W atomic ratios
decrease with increasing temperature for both the Pt–Ni–WC and
Ni–Pt–WC surfaces. As Pt and Ni do not diffuse into WC, this is
indicative of cluster formation. In terms of the Pt/Ni atomic ratio,
clustering will result in a decrease in this value due to the larger
mean free path of Ni (KLL) Auger electrons in comparison with Pt
Auger electrons, which results in the Ni Auger electrons being
screened to a lesser extent than those of Pt. While this clustering
phenomenon is occurring, segregation of Pt to the topmost atomic
layer can also occur, resulting in an increase in the surface atomic
ratio. Thus, any changes in the Pt/Ni ratio are a direct consequence
of the combined effects of these two phenomena. On the Ni–Pt–WC
surface, it is apparent that the Pt/Ni ratio remains about the same
before and after flashing to 600 K despite thermally induced clus-
tering. Thus, it is concluded that some or all of the Pt atoms mi-
grate to the topmost layer of this surface during the temperature
flash. In addition, after the initial deposition at 300 K, the Ni/W
and Pt/W AES ratios are comparable for both the Pt–Ni–WC and
Ni–Pt–WC surfaces despite the deposition order of Pt and Ni being
reversed. Thus, it is indeed likely that exchange between the two
atomic layers is occurring, even during deposition. Ultimately, after
flashing to each respective temperature the AES ratios of the two
surfaces are quite similar, suggesting that deposition order at
300 K is irrelevant in making Pt–Ni–WC. While it is interesting that
the Pt/Ni ratio is higher on the Ni–Pt–WC samples flashed to high
temperatures, this is most likely due to variations in the amount of
Pt being deposited on each of the surfaces. As the amount of Pt
used in these studies ranges from 0.6 to 0.7 ML despite identical
deposition conditions, one might expect variations in Pt loading
up to �15%.

Like the Ni/WC, Pt/WC, and unmodified WC surfaces, the trend
in the desorption temperatures of hydrogen from bimetallic-mod-
ified WC surfaces also agrees with DFT results. Specifically, desorp-
tion of hydrogen from Pt–Ni–WC occurs at temperatures between
the desorption temperatures from Pt/WC and Ni/WC. In addition,
DFT results provide further evidence for the segregation of Pt to
the surface. A bimetallic-modified WC surface with Ni on the top-
most layer is predicted to bind hydrogen more strongly than WC,
and this is certainly not the case for Ni–Pt–WC in Fig. 6, indirectly
confirming the segregation of Pt.

An important comparison is that between Pt–Ni–WC (and Ni–
Pt–WC) and Pt–Ni–Pt(1 1 1). For hydrogen adsorption, it is seen
that the desorption temperatures are very similar between the
two surfaces, indicating that the subsurface Pt–Ni bimetallic struc-
ture retains its unique chemical properties while anchored on the
WC substrate. One relatively minor difference is that the hydrogen
desorption peaks are broader on the WC-based surfaces, which
may be due to the polycrystallinity of the W foil surface, and any
subsequent variations caused by the multiple crystal faces, step
edges, and defects.

3.3. Cyclohexene hydrogenation

A novel low temperature hydrogenation pathway of cyclohex-
ene to cyclohexane has been observed on the Pt–Ni–Pt(1 1 1) sur-
face [13,20], and this reaction is used as a probe to compare the
chemical properties of the Pt–Ni–WC surfaces to Pt–Ni–Pt(1 1 1).
TPD results following the reaction of co-adsorbed hydrogen and
cyclohexene are shown in Fig. 7 and the yields of the reaction prod-
ucts are summarized in Table 3. The quantification was performed
by calculating the peak areas for benzene (m/z = 78) and cyclohex-
ane (m/z = 84) and scaling these areas to the known yields of these
molecules from the Pt–Ni–Pt(1 1 1) surface. As the surface site
density is not known for the polycrystalline surfaces, turnover fre-
quencies could not be calculated. Instead, molecular yields normal-
ized to the geometric area of the W foil were calculated and are
presented in Table 3. Since Pt–Ni–Pt(1 1 1) is atomically smooth
while the WC-based surfaces are polycrystalline and relatively
rough, it should be noted that comparisons between yields from
the two substrates will have some degree of error.

As the substrate contains a significant amount of carbon and the
surfaces are pre-dosed with hydrogen for each TPD experiment,
quantification of the decomposition pathway, normally based on
the AES measurements of atomic carbon and the TPD peak areas
of H2, is not possible in the current study. Thus, only the yields
of gas-phase benzene and cyclohexane on these surfaces will be
discussed. A significant amount of cyclohexane and little benzene
are produced on the polycrystalline WC surface. The Ni–WC sur-
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Fig. 7. TPD of cyclohexene on hydrogen pre-dosed Pt- and Ni-modified WC foil surfaces.

Table 3
Cyclohexene hydrogenation and dehydrogenation activities.

Surface Activity (lmol/m2)

C6H6 c-C6H12

Pt–Ni–Pt(1 1 1) 0.774 0.749
Pt–Ni–Pt foil 0.125 0.954
Pt–Ni–WC 0.743 1.021
Ni–Pt–WC 0.679 0.970
Pt–WC 1.066 0.240
Ni–WC 0.354 0.138
WC 0.254 0.496

138 M.P. Humbert et al. / Journal of Catalysis 271 (2010) 132–139
face produces a small amount of benzene and a barely detectable
amount of cyclohexane. Pt–WC, on the other hand, produces a sig-
nificant amount of benzene and a very small amount of cyclohex-
ane, similar to the reaction of cyclohexene on the single crystal Pt/
C/W(1 1 0) [39,41]. The bimetallic-modified WC surfaces, like Pt–
Ni–Pt(1 1 1), produce significant amounts of both benzene and
cyclohexane, with a similar yield of cyclohexane being produced
on Pt–Ni–WC in comparison with Pt–Ni–Pt(1 1 1). Furthermore, it
is seen that the desorption temperatures of these products are sim-
ilar between Pt–Ni–WC and Pt–Ni–Pt(1 1 1). This is strong evi-
dence that the chemical properties of these two surfaces are
similar and that the replacement of bulk Pt in Pt–Ni–Pt(1 1 1),
while maintaining desirable catalytic activity and enhanced ther-
mal stability, may indeed be feasible.
While the binding strength and orientation of cyclohexene can-
not be determined from TPD experiments, some insight is gained
from the DFT calculations of cyclohexene binding energies on dif-
ferent surfaces (Table 1). It was found that cyclohexene bonds to
these surfaces though the C@C bond in a boat configuration
(shown in Fig. 1). The increased binding of the cyclohexene on
the WC supported Pt–Ni surfaces, compared to Pt(1 1 1), is similar
to the increased binding seen for other adsorbates (i.e., oxygen,
hydrogen, etc.). The increased bonding on WC supported bimetallic
surfaces may be due to the combined effect of the increased lattice
spacing and the electron density shift away from the surface due to
the electron withdrawing WC substrate. This would cause a cas-
cading effect, strengthening general surface bonding with
adsorbates.

If arguments consistent with results from studies on Pt(1 1 1)
are used [20], one can correlate the hydrogenation activity of a sur-
face with the binding energy of cyclohexene in a volcano-type rela-
tionship. As discussed previously on various Pt-based bimetallic
surfaces [20], if cyclohexene binds too weakly, it will desorb
molecularly before hydrogenation can take place. On the other
hand, if cyclohexene binds too strongly, it will lead to the complete
decomposition of cyclohexene. Thus, the hydrogenation activity
appears to be maximized when there is an intermediate cyclohex-
ene bond strength. This type of volcano relationship is also ob-
served in the current study as illustrated in Fig. 8, with the
exception of WC. Based on the binding energy argument alone, it
is unclear why there should be a large cyclohexane yield from
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WC. Perhaps there is an ensemble effect where sites that bind
hydrogen atoms strongly are located near preferred binding sites
for cyclohexene. There is also the possibility of some type of defect
chemistry occurring, perhaps at a step edge, which would con-
found a correlation between average surface electronic properties
and chemical activity. These ideas are supported by the fact that
the single crystal C/W(1 1 0) surface produces a negligible amount
of cyclohexane from the hydrogenation of cyclohexene [39]. De-
spite this outlier, a volcano-type relationship is observed in Fig. 8
and is most likely related to the optimal bonding strength of cyclo-
hexene on the Pt–Ni–WC and Pt–Ni–Pt(1 1 1) surfaces, with weak-
er bonds favoring molecular desorption and stronger bonds leading
to complete decomposition of cyclohexene.

It is important to point out that the surfaces used in the exper-
iment contained multiple facets and step edges. The main purpose
of comparing DFT results on the closed-packed facet, such as
Pt(1 1 1) or WC(0 0 0 1), to the experimental data is to provide a
general correlation between theory and experiments. This assump-
tion would not hold if the chemistry is primarily occurring on the
step edges or defect sites as may be the case for bare WC(0 0 0 1).
Further studies are necessary to determine the trend of the bare
WC(0 0 0 1) surface with experiments. However, results on the
Pt–Ni–WC polycrystalline surfaces appear to correlate well with
previous studies on the corresponding Pt–Ni–Pt(1 1 1) single crys-
tal surfaces [20].

It is also interesting to point out that, as summarized in Table 3,
the bare WC surface exhibits better hydrogenation selectivity,
based on the hexane-to-benzene ratio, than the Pt–Ni–WC surface.
Although the hydrogenation activity of the WC surface is about
50% less than that of Pt–Ni–WC, the absence of any Pt and better
hydrogenation selectivity make the WC surface a potentially
attractive hydrogenation catalyst.

4. Conclusions

A combination of surface science experiments and DFT calcula-
tions was used to determine the feasibility of replacing the bulk Pt
of the Pt–Ni–Pt(1 1 1) bimetallic surface with WC to arrive at a
more stable subsurface structure while maintaining its unique
chemical properties. The results indicate that the Pt–Ni–WC
surface has qualitatively similar chemical activity to the Pt–
Ni–Pt(1 1 1) surface while preventing thermal deactivation of the
surface to 800 K. Specifically, hydrogen desorbs from both the
bimetallic-modified WC and Pt–Ni–Pt(1 1 1) surfaces at a similar
temperature. In addition, both surfaces produce a significant yield
of cyclohexane from the low temperature hydrogenation of cyclo-
hexene. The results provide strong evidence that it is feasible to re-
place bulk Pt in Pt–Ni–Pt(1 1 1) with WC, while maintaining
desirable catalytic activity and enhanced thermal stability. These
results should have important applications in enhancing the activ-
ity and stability of Pt-3d subsurface bimetallic structures as hydro-
genation catalysts and as cathode electrocatalysts in PEM fuel cells.
Because surface oxygen is most likely present on the WC surfaces
upon exposing to air, it is important to determine whether tung-
sten oxycarbide surfaces [41] can be used as a substrate to anchor
the Pt–Ni bimetallic structures in future studies.
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