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Abstract

The decomposition, dehydrogenation, self-hydrogenation, and hydrogenation of cyclohexene were used as probe reactions to de
effects of supporting monolayer Pt on W(110) and C/W(110) surfaces. The reaction pathways were studied using temperature-progra
orption (TPD) and high-resolution electron energy loss spectroscopy (HREELS). On the clean and carbon-modified W(110) surfaces, th
reaction pathway of cyclohexene is the complete decomposition to produce hydrogen and atomic carbon. Monolayer Pt-modification of t
and C/W(110) surfaces reduces the complete decomposition and enhances the selectivity toward the dehydrogenation of cyclohexen
gas phase benzene. More importantly, unlike previous studies of supporting monolayer Pt on Ni and Co surfaces, neither self-hydrogen
clohexene nor hydrogenation of cyclohexene with coadsorbed hydrogen is detected on the monolayer Pt-modified W(110) and C/W(110
The comparison is consistent with our previous density functional theory (DFT) modeling of monolayer Pt on different substrates, confir
the chemical properties of supported Pt vary significantly on different substrates.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The formation of bimetallic alloys or metal carbides offe
the possibility of tuning the electronic properties of transit
metals, leading to bimetallic or carbide catalysts with catal
activity and selectivity that differ from those of the parent m
als. Various chemical, electronic, and physical probes have
used to understand activity and selectivity modifications a
atomic level[1–9]. Progress in computational technology h
also made it feasible to use theoretical calculations to facil
understanding at a fundamental level[10–13]. Regarding the
novel properties of bimetallic surfaces, Goodman and cow
ers demonstrated a strong correlation between the desor
temperature of CO and the core electron energy shift in bim
lic surfaces[3–5]. Similarly, alloying carbon atoms with ear
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transition metals has proven to be another way of tuning
surface electronic and chemical properties[14–16].

One very useful probe molecule for characterizing the
activity of bimetallic and carbide surfaces is cyclohexene
C6H10), which can undergo several types of reactions, includ
complete decomposition to produce atomic carbon and hy
gen, dehydrogenation to produce benzene and hydrogen
self-hydrogenation (disproportionation reaction) to produce
clohexane. These reactions provide information regarding
cleavage of the C–C bond, as well as the scission and
mation of the C–H bond. For example, on early transit
metal surfaces such as W(111) and W(110), cyclohexene
dergoes complete decomposition[17,18]. On Pt-group meta
surfaces, such as Pt(111), cyclohexene undergoes both
plete decomposition and dehydrogenation to produce ben
[18–21]. Finally, on bimetallic surfaces, such as monola
Ni/Pt(111), Pt/Ni(111), and Co/Pt(111), a fraction of cyclohe
ene also undergoes self-hydrogenation to produce cyclohe
[22–25].

http://www.elsevier.com/locate/jcat
mailto:jgchen@udel.edu
http://dx.doi.org/10.1016/j.jcat.2005.09.007
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Fig. 1. DFT calculated hydrogen binding energy plotted verse d-band cent
various metals and bimetallic surfaces[12,24].

The goal of the current work is to compare the re
tion pathways of cyclohexene on Pt/W(110), C/W(110), a
Pt/C/W(110) to determine the effect of bimetallic and carb
formation on the reactivity of W(110). In particular, the cho
of Pt/W(110) as the model bimetallic surface is based on ou
cent experimental investigation and DFT modeling of differ
bimetallic surfaces[10–13]. For example,Fig. 1 compares the
DFT modeling results for W(110), Pt(111), and monolayer
on W(110), which have been reported previously[11–13]. The
DFT results show that the d-band center of the Pt/W(110)
face is shifted away from the Fermi level compared with tha
either W(110) or Pt(111). The shift in the d-band center in t
reduces the binding energy of hydrogen on Pt/W(110) c
pared with that on either parent metal. For comparison,Fig. 1
also includes the d-band center and hydrogen binding ener
two other Pt-containing bimetallic surfaces, Pt–Co–Pt(111)
Pt–Ni–Pt(111), which can be experimentally prepared by
diffusion of one monolayer Co[22] or Ni [5,10] into the sub-
surface region of Pt(111), respectively. Compared with Pt(1
the Pt–Co–Pt(111) and Pt–Ni–Pt(111) surfaces show a red
hydrogen binding energy, which have been confirmed ex
imentally [5,22]. In addition, the presence of more weak
bonded hydrogen on the Pt–Co–Pt(111) and Pt–Ni–Pt(111)
faces also promotes the self-hydrogenation and hydrogen
of cyclohexene, which do not occur on clean Pt(111). Ba
on the trend shown inFig. 1, one might expect the Pt/W(110
surface to be even more active for the self-hydrogenation
hydrogenation of cyclohexene if one assumes that the hy
genation activity is related to the strength of hydrogen bind
energy. As we demonstrate in the current study on Pt/W(1
such a simple correlation is not necessarily valid.
or
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In the current study we also use the C/W(110) surfac
further investigate the possible correlation between the hy
gen binding energy and hydrogenation activity. Recent D
results on carbides have suggested that, similar to bime
systems, the formation of metal carbides also leads to a
in the d-band center[11,19,26]. For example, we recently com
pared the surface d-band center and hydrogen binding en
on Mo(110) and C/Mo(110) and found that the formation
carbide on Mo(110) resulted in a shift of the d-band center a
from the Fermi level and a corresponding reduction in hydro
binding energy. Considering the general similarity between
Mo(110) and W(110) surfaces, one would expect the forma
of carbide on W(110) to also lead to a reduction in hydro
binding energy. Therefore, a comparative study of hydroge
tion of cyclohexene on W(110) and C/W(110) should rev
whether the hydrogenation activity is related to the hydro
binding energy.

The current study also compares the effect of supp
ing monolayer Pt on C/W(110) to determine whether
Pt/C/W(110) surface exhibits unique activities, such as the
ergistic effects observed earlier on Pt/C/W(111) toward
reactions of cyclohexene[27] and methanol[28]. Overall, the
comparison of monolayer Pt on W(110) and C/W(110) w
previous studies of supported Pt on other substrates should
vide insight into how the chemical properties of monolaye
films are modified by the interaction with different substrate

Supported Pt catalysts are among the most commonly
heterogeneous catalysts in various commercial processe
this paper we provide direct evidence that the hydrogena
activity of Pt depends strongly on the interaction with the s
strates. In addition, combining the results from the current
per with our previous results on supported Pt on other m
substrates, we illustrate the possibility of tuning the hyd
genation activity of Pt by the formation of Pt-based bimeta
catalysts. Finally, our results clearly indicate a volcano-type
lationship between the strength of the metal–hydrogen b
and the hydrogenation activities. This fundamental underst
ing on well-characterized model surfaces should provide us
input for the rational design and synthesis of supported Pt c
lysts with desirable hydrogenation activities.

The current study uses temperature-programmed desor
(TPD) and high-resolution electron energy loss spectrosc
(HREELS) to investigate reaction pathways of cyclohexene
W(110), Pt/W(110), and Pt/C/W(110) surfaces. We first rep
TPD results of cyclohexene and of coadsorption of cycloh
ene and hydrogen on clean and modified W(110) and C/W(
surfaces. We then present HREELS results of surface inte
diates after the reaction of cyclohexene. Finally, we comp
these results with the trends in the literature for various bime
lic and carbide surfaces.

2. Experimental

2.1. Techniques

The ultrahigh-vacuum (UHV) chamber has been descr
in detail previously[28]. Briefly, it is a three-level stainless
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steel chamber (base pressure of 3× 10−10 Torr) equipped with
Auger electron spectroscopy (AES) and TPD in the top two
els and HREELS in the bottom level. The TPD experimen
setup allowed us to monitor up to 12 masses simultaneo
The spectra were recorded with the opening of the random
shield of the quadrupole mass spectrometer placed at a dis
of ∼5 mm from the sample surface. The HREELS spectra
ported here were acquired with a primary beam energy of 6
Angles of incidence and reflection were 60◦ with respect to the
surface normal in the specular direction. Count rates in the e
tic peak were typically in the range of 5× 105–2× 106 counts
per second (cps), and the spectral resolution was betwee
and 50 cm−1 FWHM (full-width at half-maximum).

The tungsten single-crystal sample was a [110]-orien
1.5-mm-thick, 8-mm-diameter tungsten disk (99.999% pur
Metal Crystals and Oxides, Ltd., Cambridge, UK). The crys
was spot-welded directly to two tantalum posts that serve
electrical connections for resistive heating, as well as ther
contacts for cooling with liquid nitrogen. With this mountin
scheme, the temperature of the crystals could be varied bet
100 and 1300 K.

Cyclohexene (99+% purity; Aldrich) was purified by suc
cessive freeze-pump-thaw cycles before use. The purity
verified in situ by mass spectrometry. In all experiments, gas
posures were made with the substrate at approximately 1
and with the surface in front of the leak valve. The gas ex
sures were made by backfilling the chamber. Doses are rep
in Langmuirs [1.0 Langmuir (L)= 1 × 10−6 Torr s] and are un
corrected for ion gauge sensitivity.

2.2. Preparation of clean and modified W(110) surface

Preparation of the clean W(110) surface has been desc
in detail previously [29]. Briefly, the W(110) crystal wa
cleaned using multiple cycles of Ne+ sputtering while held
at 600 K, followed by annealing to 1200 K. To remove ex
carbon species, the crystal was exposed to 10 L of oxyge
1200 K. This cleaning procedure was repeated until neglig
C or O signals were detected by AES. The C/W(110) surf
was prepared by exposing W(110) to ethylene at 100 K and
flashed to 1200 K; generally, these procedures were repeate
three cycles, and produced a C/W(110) surface with an Au
C(KLL 272 eV)/W(MNN 182 eV) peak ratio between 0.5 an
0.7, corresponding to an atomic C/W ratio between 0.54 an
0.75 using standard AES sensitivity factors.

Pt-modified W(110) surfaces were prepared using phys
vapor deposition (PVD) of Pt with the W(110) and C/W(11
surfaces held at 600 K. The evaporative PVD doser cons
of a tungsten filament with a high-purity (99.9999+%) Pt
wire wrapped around it, mounted on a stainless-steel en
sure. The Pt coverage was estimated from the reduction o
AES W(MNN 182 eV) intensity before and after Pt depo
tion, based on the assumption that uniform Pt overlayers
deposited. This assumption was observed in earlier studie
Madey et al.[30] that confirmed layer-by-layer growth of Pt o
W(110).
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3. Results

3.1. TPD results

Fig. 2 shows the TPD spectra of hydrogen from modifi
W(110) surfaces after a 50-L exposure of H2. On the clean
W(110) surface, the major hydrogen desorption peak occu
at 405 K. On the C/W(110) surface, the desorption occu
as a very broad peak between 143 and 405 K, with a no
able feature at 265 K. On the 1.0 ML Pt/W(110) and 1.0 M
Pt/C/W(110) surfaces, hydrogen desorption occurred as a
gle feature at 143 K with a broad tail.

Figs. 3a–d show the TPD spectra of cyclohexene, hydrog
benzene, and cyclohexane, respectively, from modified W(1
surfaces after a 2-L exposure of cyclohexene. On the c
W(110) surface, cyclohexene desorption occurred at 22
with an asymmetric shoulder at 183 K. Hydrogen desorp
occurred as a broad feature centered at 411 K, whereas
zene desorption occurred as a relatively sharp feature cen
at 315 K. On the C/W(110) surface, cyclohexene desorbe
183 K with an asymmetric shoulder at 252 K. Hydrogen d
orption occurred as two peaks centered at 280 and 411 K
benzene desorbed at 315 K. A very weak cyclohexane des
tion peak was also detected at 260 K. On the 1.0 ML Pt/W(1
surface, cyclohexene desorbed at 183 K, with a second slig

Fig. 2. Temperature-programmed desorption spectra of H2 following the ad-
sorption of 50 L H2 on clean and modified W(110) surfaces.
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(a) (b)

(c) (d)

Fig. 3. Temperature-programmed desorption spectra of (a) c-C6H10, (b) H2, (c) C6H10, and (d) c-C6H12 following the reactions of 2 L exposure of c-C6H10 on
clean and modified W(110) surfaces.
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weaker feature at 252 K. Hydrogen desorption occurred at
K and as a relatively weak and broad feature at 169 K. The
orption of the benzene product occurred at 315 K, with a sec
feature at 427 K. Finally, on the 1.0 ML Pt/C/W(110) surfa
cyclohexene desorbed as two peaks at 166 and 252 K. Hy
gen desorbed as a relatively sharp peak centered at 280 K
benzene desorbed at 315 K with a large shoulder at 385 K.

Figs. 4a–d show the gas-phase desorption products f
preadsorption of 2 L hydrogen followed by 2 L of cyclohexe
0
s-
d

o-
nd

on modified W(110) surfaces. On the clean W(110) surface
clohexene desorbed as three peaks at 162, 207, and 232 K
an asymmetric shoulder at∼265 K. Hydrogen desorption wa
detected at 148 and 260 K, and benzene desorbed at 30
420 K. A relatively weak cyclohexane desorption was dete
as a single peak at 191 K. On the C/W(110) surface, cy
hexene desorbed as a broad feature that ranged from 1
230 K, and hydrogen desorbed at 273 K with a second, we
desorption feature at 148 K. Benzene desorbed from the
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(a) (b)

(c) (d)

Fig. 4. Temperature-programmed desorption spectra of (a) c-C6H10, (b) H2, (c) C6H10, and (d) c-C6H12 following the coadsorption of 2 L H2 and 2 L c-C6H10 on
clean and modified W(110) surfaces.
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face at 305 K, and cyclohexane desorbed from the surfac
a relatively sharp feature centered at 218 K, with a shoulde
∼250 K. On the ML Pt/W(110) surface, cyclohexene desor
at 207 K, with shoulders at 162 and 265 K. Hydrogen des
tion occurred at 148 and 285 K, whereas benzene desorb
305 K, with a second weaker desorption peak at 420 K. On
1.0 ML Pt/C/W(110) surface, cyclohexene desorbed as a b
peak ranging from∼130 to 270 K. Hydrogen desorption o
curred at 148 and 286 K, whereas benzene desorbed at 2
with a large tail.
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3.2. HREELS results

This section describes the HREEL spectra after the t
mal decomposition of adsorbed c-C6H10 on various surfaces
The exposures of cyclohexene were made with the crystal
perature at 100 K; then the adsorbed layer was heated t
indicated temperatures and cooled immediately before
HREEL spectrum was recorded. Finally, the height of the e
tic peaks in all spectra were normalized to unity, and the exp
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Fig. 5. HREEL spectra after adsorption of 2 L c-C6H10 on various surfaces a
100 K.

Table 1
Vibrational assignments for cyclohexene on modified W(110) surfaces at 1

Mode Liquid W(110) C/W(110) 1.0 ML
Pt/W(110)

1.0 ML
Pt/C/W(110)

Ring deformation 452 453 453 433 440
Skeletal distortion 640, 670 669 669 656 656
δ(C=C) 720
ν(C–C) 810 805 805 798 791
ν(C–C) 905, 917 886 886 886 879
ν(C–C) & ρ(CH2) 1038 1062 1062 1049 1049
ωCH2 (rock) 1138 1143 1143 1129 1123
ωCH2 (wag) 1241, 1264 1244 1244 1238 1231
ωCH2 (twist) 1321–1350 1339 1339 1333 1326
δCH2 (scissors) 1438–1456 1447 1447 1434 1434
ν(C=C) 1653
ν(–C–H) 2840–2993 2936 2936 2915 2916
ν(=C–H) 3026, 3065

sion factor for each individual spectrum represents the mult
cation factor relative to the elastic peak.

Fig. 5 shows HREEL spectra after the adsorption of 2
of c-C6H10 at 100 K on various surfaces. Vibrational assig
ments of features on W(110) and C/W(110) surfaces are s
marized inTable 1. The following vibrational features wer
identified: 453 cm−1, ring deformation; 669 cm−1, skeletal dis-
tortion; 805 cm−1, ν(C–C); 886 cm−1, ν(C–C); 1062 cm−1,
ν(C–C), andρ(CH2); 1143 cm−1, ω(CH2) rock; 1244 cm−1,
ω(CH2) wag; 1339 cm−1, ω(CH2) twist; 1447 cm−1, δ(CH2)
scissors; 2936 cm−1, ν(–C–H). The absence of aν(C=C) at
∼1600 cm−1 indicates that the cyclohexene intermediates
strongly bound to both the clean and carbon-modified
faces at 100 K. More details about the HREELS study a
the decomposition of cyclohexane have been described p
K

-

-

e
-
r
i-

Fig. 6. HREEL spectra monitoring the thermal decomposition of 2 L c-C6H10
on 1.0 ML Pt/W(110).

ously [17]. Briefly, thermal decomposition results from pr
vious work show that the cyclohexene intermediate rema
stable on the surface to temperatures up to 300 K, followe
decomposition at higher temperatures.

Fig. 5 also compares the HREELS spectra after the ads
tion of 3 L of cyclohexene on 1.0 ML of Pt/W(110), both wi
and without the preadsorption of hydrogen, and on 1.0 ML
Pt/C/W(110). In general, the vibrational features on these
faces at 100 K are very similar to those assigned on W(1
and are summarized inTable 1. Additional vibrational features
at 2016 and 3592 cm−1 are attributed to the accumulation
CO and H2O from the UHV background during acquisitio
(∼40 min/spectrum). The absence of theν(C=C) vibrational
mode at∼1600 cm−1 indicates that at 100 K, cyclohexene
strongly bound to the Pt-modified surfaces.

Fig. 6 shows HREEL spectra after the thermal decom
sition of 2 L of cyclohexene on the 1-ML Pt/W(110) su
face. Heating to 200 K produced no significant spectrosc
changes. Heating to 300 K resulted in the following spec
scopic changes: (1) a reduction in intensity and broade
of vibrational features related to the strongly bound cycloh
ene intermediate; (2) the appearance of theγ (C–H) vibrational
mode of benzene at 737 cm−1; and (3) a partial shift of the
ν(–C–H) vibrational feature at 2915 cm−1 to the dehydro-
genatedν(=C–H) vibrational feature at 3044 cm−1. Further
heating to 400 K resulted in a slight reduction in intensity
all intermediates, accompanied by the onset of aν(metal–C)
vibrational mode at 656 cm−1. HREELS studies after the the
mal decomposition of cyclohexene on the H/Pt/W(110)
Pt/C/W(110) surfaces revealed similar spectroscopic cha
(spectra not shown).
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4. Discussion

4.1. Activity and product selectivity

On the W(110), C/W(110), Pt/W(110), and Pt/C/W(11
surfaces, hydrogen, benzene, and cyclohexene were th
phase products, and atomic carbon was the remaining su
species after heating the surface to 600 K. The reaction p
ways on the surfaces are as follows:

(1)xc-C6H10
�→ 6xC(a) + 5xH2(g),

(2)yc-C6H10
�→ yC6H6(g) + 2yH2(g),

(3)zc-C6H10 + 2H
�→ zc-C6H12(g).

The values ofx, y, andz represent the amounts of cyclohexe
molecules undergoing different reaction pathways. The valu
x in Eq.(1) andy in Eq.(2) have been previously determined
W(110), using a combination of TPD and AES[17], to bex =
0.073 andy = 0.0013 C6H10 per surface W atom, respective
To estimate the benzene product yield [value ofy from Eq.(2)]
on the C/W(110), 1.0 ML Pt/W(110), and 1.0 ML Pt/C/W(11
surfaces, the following relationship based on the benzene
peak area can be used

(4)
yW(110)

ySurface
= areaW(110)

Benzene

areaSurface
Benzene

.

Evaluation of Eq.(4) using 0.0013 foryW(110) and the corre-
sponding benzene TPD peak area on various surfaces lea
y = 0.0015 for the C/W(110) surface, 0.0041 for the 1.0 M
Pt/W(110) surface, and 0.0038 for the 1.0 ML Pt/C/W(110) s
face.

The activity for cyclohexene self-hydrogenation on
W(110) and C/W(110) surfaces was estimated by compa
the peak areas of benzene and cyclohexane, normalized b
relative mass spectrometer sensitivity, as shown in Eq.(5).
The relative mass spectrometer sensitivity for cyclohex
(84 amu) and benzene (78 amu) was determined previo
as follows [22]. By taking into consideration of the differ
ent ion gauge sensitivities for c-C6H12 (6.4) and C6H6 (5.9),
and by exposing the UHV chamber to equal pressures o
C6H12 (6.4× 10−8 Torr) and C6H6 (5.9× 10−8 Torr), the mass
spectrometer intensity ratio was determined to be 0.41 fo
C6H12/C6H6:

(5)
ySurface

zSurface
= areaSurface

Benzene

areaSurface
Cyclohexane

× 0.41.
as
ce
h-

f

D

to

-

g
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e
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Evaluation of Eq.(5) using 0.0013 foryW(110), 0.0015 for
yC/W(110), and the corresponding peak areas of cyclohexan
sulted inzW(110) < 0.0001 andzC/W(110)= 0.0002 cyclohexane
molecules per surface W atom.

As shown in the reaction pathways in Eqs.(1)–(3), the
TPD hydrogen peak areas are affected by three reaction
the complete decomposition [Eq.(1)], each cyclohexene mole
cule undergoes complete decomposition to produce 5 hydr
molecules. In the dehydrogenation pathway [Eq.(2)], each cy-
clohexene molecule produces 2 hydrogen molecules. Fin
in the self-hydrogen pathway [Eq.(3)], 1 hydrogen molecule
(2 hydrogen atoms) is consumed for the hydrogenation of e
cyclohexene molecule. To estimate the activity toward the c
plete decomposition [value ofx from Eq. (1)] on the various
surfaces, the following relationship based on the hydrogen T
peak area can be used

(6)
5xW(110) + 2yW(110) − zW(110)

5xSurface+ 2ySurface− zSurface
= areaW(110)

Hydrogen

areaSurface
Hydrogen

.

Evaluation of Eq.(6) using 0.073 forxW(110), 0.0013 for
yW(110), 0.0001 forzW(110), the corresponding calculated val
for ySurface, and the corresponding measured hydrogen T
peak area, the value ofx is estimated as 0.062 for the C/W(11
surface, 0.032 for the 1.0 ML Pt/W(110) surface, and 0.042
the 1.0 ML Pt/C/W(110) surface.

Based on these values, the total activity toward the dec
position of C6H10 molecules per metal site were estimated to
x +y +z = 0.074 for W(110),x +y +z = 0.064 for C/W(110),
x + y = 0.036 for 1.0 ML Pt/W(110), andx + y = 0.046 for
1.0 ML Pt/C/W(110). These results are summarized inTable 2
and compared with the values from similar cyclohexene co
age on a Pt(111) surface. The typical errors bars for the va
reported inTable 2, based on the analysis of multiple TPD me
surements on W(110) and C/W(110), are within 10% of
corresponding values.

To quantify the effect of preadsorbed hydrogen on the de
drogenation and hydrogenation pathways, the product yield
benzene and cyclohexane are estimated from the TPD pea
eas inFig. 3. The pathway for complete decomposition is n
quantified, because of the contribution of preadsorbed hydro
to the total hydrogen TPD peak areas. These results are su
rized in Table 3and compared with previous results from t
hydrogenation of cyclohexene with preadsorbed hydrogen
the monolayer Pt/Ni(111), Pt–Ni–Pt(111), and Pt–Co–Pt(1
surfaces.
Table 2
Activity and selectivity of cyclohexene on various surfaces

Surface Complete
decomposition

Dehydrogenation
to benzene

Self-hydrogenation
to cyclohexane

Overall reactivity
cyclohexene

Selectivity to
benzene (%)

W(110)[17] 0.073 0.0013 <0.0001 0.074 2
C/W(110) 0.062 0.0015 0.0002 0.064 2
1.0 ML Pt/W(110) 0.032 0.0041 0 0.036 11
1.0 ML Pt/C/W(110) 0.042 0.0038 0 0.046 8
Pt(111)[19] 0.09 0.03 0 0.12 25
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Table 3
Effect of preadsorbed hydrogen on product selectivity (molecules/metal atom)

C6H6 product c-C6H12 product

W(110) 0.001 0.0002
C/W(110) 0.001 0.0006
1.0 ML Pt/W(110) 0.002 < 0.0001
1.0 ML Pt/C/W(110) 0.004 < 0.0001
Pt–Ni–Pt 0.024 0.006
Pt–Co–P[22] 0.026 0.006
1.0 ML Pt/Ni(111)[23] 0.016 0.040

4.2. Comparison of W(110), C/W(110), Pt/W(110), and
Pt/C/W(110)

As summarized inTable 2, on clean W(110), cyclohexen
undergoes primarily two reaction pathways: (1) complete
composition (98%) to form gas phase hydrogen and ato
carbon or (2) dehydrogenation (2%) to form gas phase ben
and hydrogen. The reaction pathways on the C/W(110) sur
are very similar, with a slight reduction in the overall act
ity from 0.074 cyclohexene molecules undergoing reaction
clean W(110) to 0.064 cyclohexene molecules. Another dif
ence is that the self-hydrogenation pathway is more notice
on C/W(110) than on W(110), although the yield of the cyc
hexane product is negligibly small from both surfaces.

On the 1.0 ML Pt/W(110) and 1.0 ML Pt/C/W(110) su
faces, cyclohexene also undergoes both complete deco
sition and dehydrogenation, although the presence of m
layer Pt modifies the overall activity and product selectivity.
shown inTable 2, the presence of Pt leads to a reduction in
complete decomposition pathway, which is accompanied b
increase in the yield and selectivity of the dehydrogenation
action pathway to produce gas phase benzene. HREEL sp
of cyclohexene exposed to the 1.0 ML Pt/W(110) (Fig. 6) and
1.0 ML Pt/C/W(110) (not shown) surfaces reveal partial de
drogenation to form surface-bonded benzene intermediate
300 K. TPD spectra (Fig. 3c) also confirm the enhanced deh
drogenation pathway by the onset of a new benzene desor
peak at>315 K and by the increase in the overall desorpt
peak area of benzene. The TPD spectra inFig. 3 also reveal
minor differences between the Pt/W(110) and Pt/C/W(110)
faces, as indicated by the different benzene desorption tem
atures and different peak areas of the hydrogen product o
two surfaces. Furthermore, as shown inTable 2, the activity and
product selectivity of the two monolayer Pt surfaces are sig
icantly different from those of bulk Pt(111).

The most important observation for the ML Pt/W(110) a
Pt/C/W(110) surfaces is the absence of any self-hydrogen
pathway to produce cyclohexane. The TPD results inFig. 4
also show that cyclohexane is not produced on these two
faces after the coadsorption of 2 L of cyclohexene and 2 L
hydrogen. In fact, comparing the peak areas of cyclohexan
Fig. 4d, it appears that the presence of monolayer Pt on W(
and C/W(110) inhibits the hydrogenation pathway that is
ticeable on unmodified W(110) and C/W(110) surfaces.
absence of the self-hydrogenation and hydrogenation path
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on the monolayer Pt surfaces is significantly different from p
vious studies on other substrates, as discussed below.

4.3. Comparison with Pt monolayer films on other substrat

As shown in the DFT modeling inFig. 1, the hydrogen bind
ing energy (HBE) decreases as the center of the surface d-
shifts away from the Fermi level. This trend has been confirm
previously in the TPD experiments on ML Pt–Ni–Pt(111), P
Co–Pt(111), and Pt/Ni(111)[22,23,25]. In those experiments
the desorption temperature of H2, which is related to HBE as
suming that the dissociation of H2 is an unactivated proces
occurs at∼200 K. This temperature is much lower than t
desorption temperature from either Ni(111) or Pt(111), qua
tively confirming the DFT results. In addition, the DFT mo
eling also suggests that the value of HBE would be furt
decreased for the Pt/W(110) surface. This is consistent
the TPD results inFig. 2, which show that the desorption tem
perature of H2 occurs at∼148 K, significantly lower than tha
from either W(110) (405 K) or Pt(111) (∼300 K) [19]. In ad-
dition, the desorption temperature of H2 from the C/W(110)
surface occurs at lower temperatures than from clean W(1
consistent with the DFT modeling showing that the format
of carbide leads to a shift away from the Fermi level.

Overall, the comparison inFigs. 1 and 2confirm a similar
trend between DFT modeling and TPD experiments reg
ing the HBE on different bimetallic surfaces. However,
hydrogenation activity does not follow the same trend.
actions of cyclohexene on monolayer Ni/Pt(111), Ni/W(11
and Co/Pt(111) bimetallic systems have been shown to und
self-hydrogenation to produce cyclohexane[22,23], which does
not occur on Pt(111) or on thick Ni and Co surfaces. In
cases, self-hydrogenation to produce gas phase cyclohexa
curs as a relatively sharp TPD peak between 200 and 220
addition, coadsorption of cyclohexene with hydrogen enha
the yield of cyclohexene on all surfaces, as summarized inTa-
ble 3. However, on 1.0 ML Pt/W(110), TPD spectra (Figs. 4b
and d) show that the Pt/W(110) bimetallic surface does
follow this trend. No gas phase cyclohexane is detected f
either the self-hydrogenation of cyclohexene or the hydrog
tion of cyclohexene coadsorbed with hydrogen. In addition
the C/W(110) surface, coadsorption of hydrogen and cyclo
ene produced small amounts of the hydrogenated cyclohe
product (Fig. 4d). Monolayer Pt-modification of the C/W(110
surface inhibits this reaction, eliminating the hydrogena
pathway on the 1.0 ML Pt/C/W(110) surface.

The absence of the self-hydrogenation and hydrogena
pathways on ML Pt/W(110) could be due to two factors. T
first of these is related to the weak HBE on Pt/W(110).
shown inFig. 2, The desorption of hydrogen from Pt/W(11
occurs at approximately 140 K, which is 60–80 K lower th
that from the Pt/Ni(111), Pt–Ni–Pt(111), and Pt–Co–Pt(1
surfaces[22,23,25]. The self-hydrogenation and hydrogenat
of cyclohexene on the latter surfaces occur at 200–240 K.
would suggest that, due to the very low desorption temp
ture of hydrogen from Pt/W(110), atomic hydrogen likely
no longer available at the temperature necessary for the
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hydrogenation and hydrogenation of cyclohexene. This hyp
esis can be tested by performing similar studies on diffe
Pt–M–Pt(111) surfaces, where M represents a monolayer o
metal located between the first and second layers of Pt(1
As predicted from DFT modeling, the HBE gradually d
creases as the 3d metal moves from late transition metals
Ni, Co) to early transition metals (e.g., Ti, V). An investig
tion of self-hydrogenation and hydrogenation on Pt–Ti–Pt(1
should provide further insight into the relationship betwe
HBE and the hydrogenation activity of Pt-based bimetallic s
faces.

The second explanation is that the monolayer Pt might
dergo morphology change on the adsorption of cyclohex
This is suggested by the detection of the di-σ bonded cyclo-
hexene on the ML Pt/W(110) surface in the HREELS m
surements. This observation differs from our previous stu
of the adsorption of cyclohexene on ML Pt/Ni(111) and Pt–N
Pt(111) surfaces, where the adsorption of cyclohexene occu
primarily via the weaklyπ -bonded configuration. These resu
allowed us to suggest that the onset of the low-temperature
drogenation pathway was due to the presence of both we
adsorbed hydrogen and cyclohexene. The observation ofσ

bonded cyclohexene in the current study might be due to
clustering of the Pt atoms, leaving exposed W atoms to f
the strongly bonded di-σ species and thus preventing the se
hydrogenation and hydrogenation pathways. It is importan
point out that the ML Pt/W(110) surface appears to be st
on the adsorption of hydrogen, as indicated by the absen
an H2 desorption peak from the clean W(110) substrate ba
on the desorption temperatures. More detailed studies u
scanning tunneling microscopy (STM) or low-energy ion sc
tering (LEIS) are needed to determine whether the adsorp
of cyclohexene causes the change in the morphology of the
Pt/W(110) surface.

Despite the uncertainty about the origins for the absenc
the hydrogenation pathway on Pt/W(110), our results indic
that the correlation between HBE and hydrogenation acti
does not follow a simple linear relationship of various Pt-ba
bimetallic surfaces. Our results also reveal that the hydrog
tion activity of monolayer Pt depends strongly on the nat
of the substrates, which offers the possibility of controlling
hydrogenation activity of supported Pt by using different s
strates and forming different bimetallic alloys.

It should be pointed out that the primary interest in supp
ing Pt on W and C/W in the current study is to produce Pt-ba
bimetallic surfaces, and to use these surfaces as model sy
to further illustrate that the chemical properties of Pt can
tuned by choosing different alloy components. In practice
would be difficult to use W or C/W as catalyst supports,
cause of issues related to their stability and low surface a
However, it should be possible to support Pt and W (or Pt
C/W) on high-surface area supports, such as alumina or s
to produce the corresponding high-surface area bimetallic c
lysts.

Finally, as described in our recent papers after the b
reactor studies on supported Ni/Pt[31] and Co/Pt[32] bimetal-
lic catalysts, there is a strong correlation between the hy
-
t
d
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genation activities on model surfaces and supported cata
For example, we observe that both the Co/Pt(111) model
face and the supported Co/Pt/γ -Al2O3 catalyst show enhance
low-temperature hydrogenation activity compared with the c
responding monometallic surfaces and catalysts. Results
parallel DFT modeling[12] indicate that the preferred stru
ture of the Co/Pt(111) surface, at a monolayer coverag
the Pt–Co–Pt(111) structure with the monolayer Co occu
ing between the first and second layers of Pt. This Pt–Co
“sandwich” structure is stable under reducing conditions, s
as in vacuum and in a hydrogen environment[12]. Because
both the bimetallic Co/Pt(111) and supported Co/Pt catal
are prepared under reducing conditions, the model surface
supported catalyst are likely both characterized with Co at
occupying the subsurface sites underneath the first layer o
leading to the very good agreement in reactivity between m
surfaces and supported catalysts. Reactor studies are cur
underway on supported Pt/W catalysts to further test the co
lation between model surfaces and the corresponding supp
catalysts.

5. Conclusions

From the results and discussion presented above, the fo
ing conclusions can be made regarding the reaction path
of cyclohexene on the Pt/W(110), C/W(110), and Pt/C/W(1
surfaces:

1. The dominant reaction pathways of cyclohexene on
clean W(110) and C/W(110) surfaces is the complete
composition to atomic carbon and gas phase hydro
(98%). The minor reaction pathway on the two surface
dehydrogenation to produce gas phase benzene and h
gen (2%). The self-hydrogenation pathway is negligible
both surfaces.

2. The 1.0 ML Pt/W(110) surface promotes the dehydroge
tion of cyclohexene to produce gas phase benzene, wit
selectivity increasing from 2 to 11% on Pt/W(110). T
presence of Pt also reduces the overall activity of W(11
with the amount of cyclohexene decreasing from 0.07
0.036 molecules per metal atom.

3. Compared with C/W(110), the presence of monolaye
enhances the dehydrogenation pathway slightly, with
selectivity increasing from 2 to 8%. The presence of
also reduces the number of cyclohexene undergoing r
tion from 0.064 on C/W(110) to 0.046 on Pt/C/W(110).

4. The self-hydrogenation of cyclohexene or the hydroge
tion of coadsorbed hydrogen and cyclohexene does
occur on the 1.0 ML Pt/W(110) surface. This observat
differs from previous studies of monolayer Pt films on ot
surfaces, such as Pt/Ni(111), Pt–Ni–Pt(111), and Pt–
Pt(111). These comparisons suggest the possibility of
ing the chemical properties of supporting Pt by choos
different substrates.
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