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Abstract

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

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction transition metals has proven to be another way of tuning the
surface electronic and chemical proper{ib$-16]

The formation of bimetallic alloys or metal carbides offers ~One very useful probe molecule for characterizing the re-
the possibility of tuning the electronic properties of transition@ctivity of bimetallic and carbide surfaces is cyclohexene (c-
metals, leading to bimetallic or carbide catalysts with catalyticceH10), which can undergo several types of reactions, including
activity and selectivity that differ from those of the parent met-COMPlete decomposition to produce atomic carbon and hydro-
als. Various chemical, electronic, and physical probes have bedif": dehydrogenation to produce benzene and hydrogen, and
used to understand activity and selectivity modifications at as€!T-hydrogenation (disproportionation reaction) to produce cy-
atomic level[1-9]. Progress in computational technology hasclohexane. These reactions provide mformatlor_l n_agardmg the
also made it feasible to use theoretical calculations to facilitat§'€2vage of the C-C bond, as well as the scission and for-
understanding at a fundamental ley#0-13] Regarding the mation of the C—H bond. For example, on early transition
novel properties of bimetallic surfaces, Goodman and coworkmetal surfaces such as W(ll.l.) and W(110), cyclohexene un-
ers demonstrated a strong correlation between the desorpti&’?rgoes’ complete decompositifitv,18] On Pt-group metal

temperature of CO and the core electron energy shiftin bimetaErerI:C;:éosmuggs?[isorl?t;%jlé’e%glr%gi)gj[i%:?gi)rr%%iscebob?ngg?é
lic surfaceqg3-5]. Similarly, alloying carbon atoms with early [18-21] Finally, on bimetallic surfaces, such as monolayer
Ni/Pt(111), Pt/Ni(111), and Co/Pt(111), a fraction of cyclohex-
* Corresponding author. ene also undergoes self-hydrogenation to produce cyclohexane
E-mail addressjgchen@udel.ed(.G. Chen). [22-25]
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® PUW(110) In the current study we also use the C/W(110) surface to
2.0 1 further investigate the possible correlation between the hydro-
gen binding energy and hydrogenation activity. Recent DFT
results on carbides have suggested that, similar to bimetallic
systems, the formation of metal carbides also leads to a shift

2.2 in the d-band centdf1,19,26] For example, we recently com-
pared the surface d-band center and hydrogen binding energy
@ Pt-Co-Pt on Mo(110) and C/Mo(110) and found that the formation of
carbide on Mo(110) resulted in a shift of the d-band center away
247 @ Pt-Ni-Pt from the Fermi level and a corresponding reduction in hydrogen

binding energy. Considering the general similarity between the
Mo(110) and W(110) surfaces, one would expect the formation
P e Pt of carbide on W(110) to also lead to a reduction in hydrogen
' binding energy. Therefore, a comparative study of hydrogena-
tion of cyclohexene on W(110) and C/W(110) should reveal
® w(110) whether the hydrogenation activity is related to the hydrogen
28+ binding energy.
The current study also compares the effect of support-
[ T | T | T ing monolayer Pt on C/W(110) to determine whether the
34 32 30 28 26 24 22 20 Pt/C/W(110) surface exhibits unique activities, such as the syn-
ergistic effects observed earlier on Pt/C/W(111) toward the
d-band center (eV) reactions of cyclohexen@7] and methano]28]. Overall, the
Fig. 1. DFT calculated hydrogen binding energy plotted verse d-band centerfo(lﬂ'om_parlson O_f monolayer Pt on W(110) and C/W(110) with
various metals and bimetallic surfada®,24] previous studies of supported Pt on other substrates should pro-
vide insight into how the chemical properties of monolayer Pt
The goal of the current work is to compare the reac-films are modified by the interaction with different substrates.

tion pathways of cyclohexene on Pt/W(110), C/W(110), and Supported Pt catalysts are among the most commonly used
P/C/W(110) to determine the effect of bimetallic and carbide&terogeneous catalysts in various commercial processes. In
formation on the reactivity of W(110). In particular, the choice thiS paper we provide direct evidence that the hydrogenation
of Pt/W(110) as the model bimetallic surface is based on our reCtivity of Pt depends strongly on the interaction with the sub-
cent experimental investigation and DFT modeling of differenStrates. In addition, combining the results from the current pa-
bimetallic surface§10-13] For exampleFig. 1 compares the per with our previous results on sypported Pt.on other metal
DFT modeling results for W(110), Pt(111), and monolayer pubstrates, we illustrate the possibility of tuning the hydro-
on W(110), which have been reported previoUaly—13] The genation activity of Pt by the formation of Pt-based bimetallic

DFT results show that the d-band center of the PYW(110) Surc_:atalysts. Finally, our results clearly indicate a volcano-type re-

face is shifted away from the Fermi level compared with that ogat|onsh|p between the strength of the metal-hydrogen bond

either W(110) or Pt(111). The shift in the d-band center in turrland the hydrogenathn activities. This fundamental uqderstand
- ing on well-characterized model surfaces should provide useful
reduces the binding energy of hydrogen on Pt/W(110) com: . ; .
. : C input for the rational design and synthesis of supported Pt cata-

pared with that on either parent metal. For comparisog, 1

) o lysts with desirable hydrogenation activities.
also includes the d-band center and hydrogen binding energy 31/‘ The current study uses temperature-programmed desorption
two other Pt-containing bimetallic surfaces, Pt—Co—

: X _ Pi(111) anf'TPD) and high-resolution electron energy loss spectroscopy
Pt-Ni-Pt(111), which can be experimentally prepared by thepeE| S) to investigate reaction pathways of cyclohexene on
diffusion of one monolayer C{22] or Ni [5,10] into the sub-  \y110), Pyw(110), and PYC/W(110) surfaces. We first report

surface region of Pt(111), respectlvely. Compared with Pt(111ypp results of cyclohexene and of coadsorption of cyclohex-

the Pt-Co-Pt(111) and Pt-Ni-Pt(111) surfaces show a reducgghe and hydrogen on clean and modified W(110) and C/W(110)
hydrogen binding energy, which have been confirmed expersyrfaces. We then present HREELS results of surface interme-
imentally [5,22]. In addition, the presence of more weakly gjates after the reaction of cyclohexene. Finally, we compare

bonded hydrogen on the Pt-Co-Pt(111) and Pt-Ni—Pt(111) SUfhese results with the trends in the literature for various bimetal-
faces also promotes the self-hydrogenation and hydrogenatiofg and carbide surfaces.

of cyclohexene, which do not occur on clean Pt(111). Based

on the trend shown ifrig. 1, one might expect the Pt/W(110) 2. Experimental

surface to be even more active for the self-hydrogenation and

hydrogenation of cyclohexene if one assumes that the hydr@.1. Techniques

genation activity is related to the strength of hydrogen binding

energy. As we demonstrate in the current study on Pt/W(110), The ultrahigh-vacuum (UHV) chamber has been described
such a simple correlation is not necessarily valid. in detail previously[28]. Briefly, it is a three-level stainless-

Hydrogen Binding Energy (eV)
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steel chamber (base pressure of 2010 Torr) equipped with 3. Results
Auger electron spectroscopy (AES) and TPD in the top two lev-

els and HREELS in the bottom level. The TPD experimental3 1. TPD results
setup allowed us to monitor up to 12 masses simultaneously.

The spectra were recorded with the opening of the random flux Fig. 2 shows the TPD spectra of hydrogen from modified

shield of the quadrupole mass spectrometer placed atadistan\g\g(llo) surfaces after a 50-L exposure of.HDn the clean

of ~5 mm from the sa_mple s.urface.. The HREELS spectra reW(llO) surface, the major hydrogen desorption peak occurred

ported here were acquired with a primary beam energy of 6 €\, 405 k. On the C/W(110) surface, the desorption occurred

Angles of incidence and reflection were°80ith respectto the o o very broad peak between 143 and 405 K, with a notice-

surface normal in the specular direction. Count rates in the elasy, | feature at 265 K. On the 1.0 ML PUW(lld) and 1.0 ML

tic peak were typically in the range 0h610°-2 x 10° counts Pt/C/W(110) surfaces, hydrogen desorption occurred as a sin-

per second (cps), and the spectral resolution was between %ﬁ’e feature at 143 K with a broad tail

and 50 cmr= FWHM (full-width at half-maximum). _ Figs. 3a—d show the TPD spectra of cyclohexene, hydrogen,
The tungsten single-crystal sample was a [110]-oriente4yen,ene, and cyclohexane, respectively, from modified W(110)

1.5-mm-thick, 8-mm-diameter tungsten disk (99.999% purity.g\itaces after a 2-L exposure of cyclohexene. On the clean

Metal Crystals and Oxides, Ltd., Cambridge, UK). The crystaly 110y surface, cyclohexene desorption occurred at 226 K
was spot-welded directly to two tantalum posts that served agiih an asymmetric shoulder at 183 K. Hydrogen desorption
electrical connections for resistive heating, as well as thermgl.. ., -red as a broad feature centered at 411 K. whereas ben-
contacts for cooling with liquid nitrogen. With this mounting ;ene gesorption occurred as a relatively sharp feature centered
scheme, the temperature of the crystals could be varied betwegh 315 k. On the C/W(110) surface, cyclohexene desorbed at
100 and 1300 K. 0 - , . 183 K with an asymmetric shoulder at 252 K. Hydrogen des-
Cyclohexene (99% purity; Aldrich) was purified by suc-  qntion occurred as two peaks centered at 280 and 411 K and
cessive freeze-pump-thaw cycles before use. The purity Wa§an,ene desorbed at 315 K. A very weak cyclohexane desorp-
verified in situ by mass spectrometry. In all experiments, gas ex;,, peak was also detected at 260 K. On the 1.0 ML Pt/W(110)

posures were made with the substrate at approximately 100 K, itace, cyclohexene desorbed at 183 K, with a second slightly
and with the surface in front of the leak valve. The gas expo-

sures were made by backfilling the chamber. Doses are reported
in Langmuirs [1.0 Langmuir (L}= 1 x 10~ Torrs] and are un- 50L H, on modified-W(110)
corrected for ion gauge sensitivity.

26x10° 4 443
2.2. Preparation of clean and modified W(110) surface M

Preparation of the clean W(110) surface has been described 2.4

in detail previously[29]. Briefly, the W(110) crystal was
cleaned using multiple cycles of Nesputtering while held
at 600 K, followed by annealing to 1200 K. To remove extra
carbon species, the crystal was exposed to 10 L of oxygen at
1200 K. This cleaning procedure was repeated until negligible
C or O signals were detected by AES. The C/W(110) surface
was prepared by exposing W(110) to ethylene at 100 K and then
flashed to 1200 K; generally, these procedures were repeated for
three cycles, and produced a C/W(110) surface with an Auger
C(KLL 272 eV)/W(MNN 182 eV) peak ratio between 0.5 and
0.7, corresponding to an atomi¢/\@ ratio between 0.54 and 16—
0.75 using standard AES sensitivity factors. / C/W(110)
Pt-modified W(110) surfaces were prepared using physical

vapor deposition (PVD) of Pt with the W(110) and C/W(110) 14
surfaces held at 600 K. The evaporative PVD doser consisted W(110)
of a tungsten filament with a high-purity (99.998%) Pt

2.2 -

ot

1.8

1 ML PY/C/W (110)

1 ML PtW (110)

Intensity (Arb. Units)

wire wrapped around it, mounted on a stainless-steel enclo- 12

sure. The Pt coverage was estimated from the reduction of the I I T I

AES W(MNN 182 eV) intensity before and after Pt deposi- 200 300 400 500 600
tion, based on the assumption that uniform Pt overlayers are Temperature (K)

deposited. This assumption was observed in earlier studies of

Madey et al[30] that confirmed layer-by-layer growth of Pt on Fig. 2. Temperature-programmed desorption spectraofaiowing the ad-
W(110). sorption of 50 L b on clean and modified W(110) surfaces.
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Fig. 3. Temperature-programmed desorption spectra of (&H:§ (b) Hz, (c) CsH10, and (d) c-GH12 following the reactions of 2 L exposure of gsB1g on
clean and modified W(110) surfaces.

weaker feature at 252 K. Hydrogen desorption occurred at 286n modified W(110) surfaces. On the clean W(110) surface, cy-
K and as a relatively weak and broad feature at 169 K. The desslohexene desorbed as three peaks at 162, 207, and 232 K, with
orption of the benzene product occurred at 315 K, with a secondn asymmetric shoulder at265 K. Hydrogen desorption was
feature at 427 K. Finally, on the 1.0 ML Pt/C/W(110) surface,detected at 148 and 260 K, and benzene desorbed at 305 and
cyclohexene desorbed as two peaks at 166 and 252 K. Hydrd20 K. A relatively weak cyclohexane desorption was detected
gen desorbed as a relatively sharp peak centered at 280 K, and a single peak at 191 K. On the C/W(110) surface, cyclo-
benzene desorbed at 315 K with a large shoulder at 385 K. hexene desorbed as a broad feature that ranged from 160 to
Figs. 4—d show the gas-phase desorption products fron230 K, and hydrogen desorbed at 273 K with a second, weaker
preadsorption of 2 L hydrogen followed by 2 L of cyclohexenedesorption feature at 148 K. Benzene desorbed from the sur-
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Fig. 4. Temperature-programmed desorption spectra of (gttr§; (b) Ho, (c) CsH10, and (d) c-GH12 following the coadsorption of 2 L pland 2 L c-GH1g on

clean and modified W(110) surfaces.

face at 305 K, and cyclohexane desorbed from the surface &2. HREELS results
a relatively sharp feature centered at 218 K, with a shoulder at
~250 K. On the ML Pt/W(110) surface, cyclohexene desorbed

at 207 K, with shoulders at 162 and 265 K. Hydrogen desorp- This section describes the HREEL spectra after the ther-
tion occurred at 148 and 285 K, whereas benzene desorbed &gl decomposition of adsorbed @iio on various surfaces.
305 K, with a second weaker desorption peak at 420 K. On thdhe exposures of cyclohexene were made with the crystal tem-
1.0 ML Pt/C/W(110) surface, cyclohexene desorbed as a brogeerature at 100 K; then the adsorbed layer was heated to the
peak ranging from~130 to 270 K. Hydrogen desorption oc- indicated temperatures and cooled immediately before each
curred at 148 and 286 K, whereas benzene desorbed at 293HREEL spectrum was recorded. Finally, the height of the elas-
with a large tail. tic peaks in all spectra were normalized to unity, and the expan-
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Fig. 5. HREEL spectra after adsorption of 2 L gt on various surfaces at  Fig. 6. HREEL spectra monitoring the thermal decomposition of 2 LgEHg
100 K. on 1.0 ML PtW(110).
Table 1 ously [17]. Briefly, thermal decomposition results from pre-
Vibrational assignments for cyclohexene on modified W(110) surfaces at 100 Kious work show that the cyclohexene intermediate remained
Mode Liquid W(110) C/W(110) 1.0ML 1.0ML stable on the surface to temperatures up to 300 K, followed by
PUW(110) PUC/W(110)  decomposition at higher temperatures.
ELF‘@IJ delfgfma“_on 452 453 453 433 440 Fig. 5also compares the HREELS spectra after the adsorp-
5 (Ce_eg’)‘ Istortion 7%0' 670 669 €69 656 656 tion of 3 L of cyclohexene on 1.0 ML of Pt/W(110), both with
»(C—C) 810 805 805 798 791 and without the preadsorption-of hydrogen, and on 1.0 ML of
v(C-C) 905,917 886 886 886 879 Pt/C/W(110). In general, the vibrational features on these sur-
v(C-C) & p(CHp) 1038 1062 1062 1049 1049 faces at 100 K are very similar to those assigned on W(110)
@CHa (rock) 1138 1143 1143 1129 1123 and are summarized ifable 1 Additional vibrational features
wCHy (wag) 1241,1264 1244 1244 1238 1231 t 2016 and 3592 crmt buted h lati f
oCHy (twist) ~ 1321-1350 1339 1339 1333 1326 a an cnt are attributed to the accumulation o
SCHp (scissors)  1438-1456 1447 1447 1434 1434 CO and HO from the UHV background during acquisition
v(C=C) 1653 (~40 min/spectrum). The absence of théC=C) vibrational
v(-C-H) 2840-2993 2936 2936 2915 2916 mode at~1600 cnt! indicates that at 100 K, cyclohexene is
v(=C—H) 3026, 3065

strongly bound to the Pt-modified surfaces.

Fig. 6 shows HREEL spectra after the thermal decompo-
sion factor for each individual spectrum represents the multiplisition of 2 L of cyclohexene on the 1-ML Pt/W(110) sur-
cation factor relative to the elastic peak. face. Heating to 200 K produced no significant spectroscopic

Fig. 5 shows HREEL spectra after the adsorption of 2 Lchanges. Heating to 300 K resulted in the following spectro-
of c-CgH1g at 100 K on various surfaces. Vibrational assign-scopic changes: (1) a reduction in intensity and broadening
ments of features on W(110) and C/W(110) surfaces are sunof vibrational features related to the strongly bound cyclohex-
marized inTable 1 The following vibrational features were ene intermediate; (2) the appearance ofjt€—H) vibrational
identified: 453 cm, ring deformation; 669 cmt, skeletal dis- mode of benzene at 737 ¢y and (3) a partial shift of the
tortion; 805 cnT?, v(C-C); 886 cnl, v(C—C); 1062 cm?,  v(—C—H) vibrational feature at 2915 crh to the dehydro-
»(C—C), andp(CHy); 1143 cnl, w(CH,) rock; 1244 cntt,  genatedv(=C-H) vibrational feature at 3044 crh. Further
(CHo) wag; 1339 cml, w(CHp) twist; 1447 cnml, §(CHy) heating to 400 K resulted in a slight reduction in intensity of
scissors; 2936 crt, v(-C—H). The absence of 8#C=C) at  all intermediates, accompanied by the onset of(metal-C)
~1600 cnt? indicates that the cyclohexene intermediates arevibrational mode at 656 crt. HREELS studies after the ther-
strongly bound to both the clean and carbon-modified surmal decomposition of cyclohexene on the H/Pt/W(110) and
faces at 100 K. More details about the HREELS study aftePt/C/W(110) surfaces revealed similar spectroscopic changes
the decomposition of cyclohexane have been described previspectra not shown).
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4. Discussion Evaluation of Eq.(5) using 0.0013 forywi10) 0.0015 for
ycwiioy and the corresponding peak areas of cyclohexane re-
4.1. Activity and product selectivity sulted inzy (119 < 0.0001 andtcw(110)= 0.0002 cyclohexane

molecules per surface W atom.

On the W(110), C/W(110), Pt/W(110), and Pt/C/W(110) As shown in the reaction pathways in Eq4)—(3), the
surfaces, hydrogen, benzene, and cyclohexene were the gaBD hydrogen peak areas are affected by three reactions. In
phase products, and atomic carbon was the remaining surfagee complete decomposition [E(L.)], each cyclohexene mole-
species after heating the surface to 600 K. The reaction patfeule undergoes complete decomposition to produce 5 hydrogen

ways on the surfaces are as follows: molecules. In the dehydrogenation pathway [}, each cy-

A clohexene molecule produces 2 hydrogen molecules. Finally,
xC-CgH10 = 6xC(a) + 5xH2(9), (1) in the self-hydrogen pathway [E¢3)], 1 hydrogen molecule
ye-CeH10 > yCsHe(Q) + 2yHa(g), (2) (2 hydrogen atoms) is consumed for the hydrogenation of each

A cyclohexene molecule. To estimate the activity toward the com-
2€-CgH10 + 2H — z¢-CgH12(9). (3)  plete decomposition [value of from Eq. (1)] on the various

The values of, y, andz represent the amounts of cyclohexenesurfacesv the following relationship based on the hydrogen TPD
molecules undergoing different reaction pathways. The value d?€ak area can be used

x in Eq.(1) andy in Eq.(2) have been previously determined on

W(110), using a combination of TPD and AEY], to bex = Bxw(110 + 2yw(110 — Zwiig &€ ;jrloo)gen
0.073 _andy =0.0013 GH1g per surf_ace W atom, respectively. Bxsurfacet 2YSurface— =
To estimate the benzene product yield [value éfom Eqg.(2)]

on the C/W(110), 1.0 ML PYW(110), and 1.0 ML PUC/W(110) Eyajuation of Eq.(6) using 0.073 forxw(iio), 0.0013 for

surfaces, the following relationship based on the benzene TP?W(MO). 0.0001 forzw110) the corresponding calculated value

peak area can be used for ysurface and the corresponding measured hydrogen TPD
(110 peak area, the value sfis estimated as 0.062 for the C/W(110)

- . (6)
ZSurface areqﬁ%ﬁ‘ggeen

are

Waio _ ﬁ:};‘zge (4)  surface, 0.032 for the 1.0 ML Pt/W(110) surface, and 0.042 for
Ysurace  AreFenice the 1.0 ML Pt/C/W(110) surface.

Evaluation of Eq.(4) using 0.0013 foryw10) and the corre- Based on these values, the total activity toward the decom-

sponding benzene TPD peak area on various surfaces leadsposition of GH1g molecules per metal site were estimated to be
y = 0.0015 for the C/W(110) surface, 0.0041 for the 1.0 ML x +y+z = 0.074 for W(110) x + y +z = 0.064 for C/W(110),
Pt/W(110) surface, and 0.0038 for the 1.0 ML Pt/C/W(110) sur«x + y = 0.036 for 1.0 ML Pt/W(110), and + y = 0.046 for
face. 1.0 ML Pt/C/W(110). These results are summarizedidhle 2

The activity for cyclohexene self-hydrogenation on theand compared with the values from similar cyclohexene cover-
W(110) and C/W(110) surfaces was estimated by comparingge on a Pt(111) surface. The typical errors bars for the values
the peak areas of benzene and cyclohexane, normalized by theported inTable 2 based on the analysis of multiple TPD mea-
relative mass spectrometer sensitivity, as shown in (B).  surements on W(110) and C/W(110), are within 10% of the
The relative mass spectrometer sensitivity for cyclohexaneorresponding values.
(84 amu) and benzene (78 amu) was determined previously To quantify the effect of preadsorbed hydrogen on the dehy-
as follows [22]. By taking into consideration of the differ- drogenation and hydrogenation pathways, the product yields of
ent ion gauge sensitivities for ceB12 (6.4) and GHs (5.9),  benzene and cyclohexane are estimated from the TPD peak ar-
and by exposing the UHV chamber to equal pressures of Geas inFig. 3 The pathway for complete decomposition is not
CeH12 (6.4 x 1078 Torr) and GHe (5.9 x 1078 Torr), the mass  quantified, because of the contribution of preadsorbed hydrogen
SpeCtrometer intenSity ratio was determined to be 0.41 for Cto the total hydrogen TPD peak areas. These results are summa-

CsH12/CeHe: rized in Table 3and compared with previous results from the
are%urface hydrogenation of cyclohexene with preadsorbed hydrogen on
YSurface_ enzene . .
= face X 041 (5)  the monolayer Pt/Ni(111), Pt—-Ni—Pt(111), and Pt-Co—Pt(111)
“Surface are%yclohexane surfaces.
Table 2
Activity and selectivity of cyclohexene on various surfaces
Surface Complete Dehydrogenation Self-hydrogenation Overall reactivity Selectivity to
decomposition to benzene to cyclohexane cyclohexene benzene (%)
W(110)[17] 0.073 Q0013 <0.0001 0074 2
C/W(110) 0062 Q0015 00002 0064 2
1.0 ML Pt/W(110) 0032 Q0041 0 0036 11
1.0 ML P/C/W(110) 042 Q0038 0 0046 8

PY(111)[19] 0.09 003 0 Q12 25
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Table 3 on the monolayer Pt surfaces is significantly different from pre-
Effect of preadsorbed hydrogen on product selectivity (molegmietal atom)  vious studies on other substrates, as discussed below.

CgHg product c-GH12 product
W(110) Q001 Q0002 4.3. Comparison with Pt monolayer films on other substrates
C/W(110) 0001 Q0006
1.0 ML Pt/W(110) 0002 <0.0001 As shown in the DFT modeling iRig. 1, the hydrogen bind-
1.0 ML PYC/W(110) 004 <0.0001 ing energy (HBE) decreases as the center of the surface d-band
Pt-Ni-Pt 0024 Q006 4 . . ,
Pt_Co-F22] 0.026 0006 shifts away from the Fermi level. This trend has been confirmed
1.0 ML PUNi(111)[23] 0.016 Q040 previously in the TPD experiments on ML Pt—Ni—Pt(111), Pt—

Co-Pt(111), and Pt/Ni(111p2,23,25] In those experiments,
the desorption temperature opHvhich is related to HBE as-
suming that the dissociation ofoHs an unactivated process,
occurs at~200 K. This temperature is much lower than the
desorption temperature from either Ni(111) or Pt(111), qualita-

As summarized iffable 2 on clean W(110), cyclohexene tively confirming the DFT results. In addition, the DFT mod-
undergoes primarily two reaction pathways: (1) complete de€ling also suggests that the value of HBE would be further
composition (98%) to form gas phase hydrogen and atomigecreased for the PYW(110) surface. This is consistent with
carbon or (2) dehydrogenation (2%) to form gas phase benzerié€ TPD results irFig. 2, which show that the desorption tem-
and hydrogen. The reaction pathways on the C/W(110) surfadeerature of H occurs at~148 K, significantly lower than that
are very similar, with a slight reduction in the overall activ- from either W(110) (405 K) or Pt(111)4300 K) [19]. In ad-
ity from 0.074 cyclohexene molecules undergoing reaction oflition, the desorption temperature of ftom the C/W(110)
clean W(110) to 0.064 cyclohexene molecules. Another differSurface occurs at lower temperatures than from clean W(110),
ence is that the self-hydrogenation pathway is more noticeabfePnsistent with the DFT modeling showing that the formation
on C/W(110) than on W(110), although the yield of the cycIo-Of carbide leads to a shﬁt away from the Ferml_ level. .
hexane product is negligibly small from both surfaces. Overall, the comparison _|ﬁ|gs. 1 and 2:onf|rm a similar

On the 1.0 ML Pt/W(110) and 1.0 ML Pt/C/W(110) sur- _trend between DFT modellng anq TPD experiments regard-
faces, cyclohexene also undergoes both complete decomp'5'9 the HBE on different bimetallic surfaces. However, the

o ; drogenation activity does not follow the same trend. Re-
sition and dehydrogenation, although the presence of mon ya . .
layer Pt modifies the overall activity and product selectivity. AsaCtlons of cyclohexene on monolayer Ni/P(111), Ni/W(110),

shown inTable 2 the presence of Pt leads to a reduction in theand Co/PY(111) _bimetaIIic systems have been shovx_/n to undergo
complete decomposition pathway, which is accompanied by aﬁi[{f'gzg;?goenniﬁ(of 1tf)pg?%uncfhcizg?\,r:e;(fge'czog];ﬂ;igo?ﬁ all
increase in the yield and selectivity of the dehydrogenation re- . )
action pathway to produce gas phase benzene. HREEL Specﬁgses, self-hydrogenation to produce gas phase cyclohexane oc-

of cyclohexene exposed to the 1.0 ML PYW(11B)y( 6 and curs as a relatively sharp TPD peak between 200 and 220 K. In

. addition, coadsorption of cyclohexene with hydrogen enhances
1.0 ML PYC/W(110) (not shown) surfaces reveal partial der]y'the yield of cyclohexene on all surfaces, as summarizélin
drogenation to form surface-bonded benzene intermediates ty !

: e 3 However, on 1.0 ML Pt/W(110), TPD spectrigidgs. 4
300 K. TPD spectraHig. X) also confirm the enhanced dehy- and d) show that the Pt/W(110) bimetallic surface does not

drogenation pathway by the'onset of anew benzene desorpthguow this trend. No gas phase cyclohexane is detected from
peak at>315 K and by the increase in the overall desorptiongiser the self-hydrogenation of cyclohexene or the hydrogena-
peak area of benzene. The TPD spectréim 3 also reveal i, of cyclohexene coadsorbed with hydrogen. In addition, on
minor differences between the Pt/W(110) and PYC/W(110) surge cw/(110) surface, coadsorption of hydrogen and cyclohex-
faces, as indicated by the different benzene desorption tempetpe produced small amounts of the hydrogenated cyclohexane
atures and different peak areas of the hydrogen product on thgoquct fig. 4d). Monolayer Pt-modification of the C/W(110)
two surfaces. Furthermore, as showfable 2 the activity and  syrface inhibits this reaction, eliminating the hydrogenation
product selectivity of the two monolayer Pt surfaces are signifpathway on the 1.0 ML Pt/C/W(110) surface.
icantly different from those of bulk Pt(111). The absence of the self-hydrogenation and hydrogenation
The most important observation for the ML Pt/W(110) andpathways on ML Pt/W(110) could be due to two factors. The
PY/C/W(110) surfaces is the absence of any self-hydrogenaticfitst of these is related to the weak HBE on Pt/W(110). As
pathway to produce cyclohexane. The TPD result&imm 4  shown inFig. 2, The desorption of hydrogen from Pt/W(110)
also show that cyclohexane is not produced on these two suéccurs at approximately 140 K, which is 60-80 K lower than
faces after the coadsorption of 2 L of cyclohexene and 2 L othat from the Pt/Ni(111), Pt—Ni—Pt(111), and Pt-Co—Pt(111)
hydrogen. In fact, comparing the peak areas of cyclohexane isurface§22,23,25] The self-hydrogenation and hydrogenation
Fig. 4d, it appears that the presence of monolayer Pt on W(110)f cyclohexene on the latter surfaces occur at 200-240 K. This
and C/W(110) inhibits the hydrogenation pathway that is nowould suggest that, due to the very low desorption tempera-
ticeable on unmodified W(110) and C/W(110) surfaces. Theure of hydrogen from Pt/W(110), atomic hydrogen likely is
absence of the self-hydrogenation and hydrogenation pathway® longer available at the temperature necessary for the self-

4.2. Comparison of W(110), C/W(110), Pt/W(110), and
Pt/C/W(110)
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hydrogenation and hydrogenation of cyclohexene. This hypothgenation activities on model surfaces and supported catalysts.
esis can be tested by performing similar studies on differenFor example, we observe that both the Co/Pt(111) model sur-
Pt-M-Pt(111) surfaces, where M represents a monolayer of 3egice and the supported Co/fPiAl ;03 catalyst show enhanced
metal located between the first and second layers of Pt(111l)ow-temperature hydrogenation activity compared with the cor-
As predicted from DFT modeling, the HBE gradually de- responding monometallic surfaces and catalysts. Results from
creases as the 3d metal moves from late transition metals (e.@arallel DFT modelind12] indicate that the preferred struc-
Ni, Co) to early transition metals (e.g., Ti, V). An investiga- tyre of the Co/Pt(111) surface, at a monolayer coverage, is
tion of self-hydrogenation and hydrogenation on Pt—Ti—Pt(111}je Pt—Co—Pt(111) structure with the monolayer Co occupy-
should provide further insight into the relationship betweening between the first and second layers of Pt. This Pt-Co—Pt
HBE and the hydrogenation activity of Pt-based bimetallic sur«sanqwich” structure is stable under reducing conditions, such

faces. o _ as in vacuum and in a hydrogen environm§t]. Because
The second explanation is that the monolayer Pt might ung g, the pimetallic Co/Pt(111) and supported Co/Pt catalysts
dergo morphology change on the adsorption of cyclohexen%re prepared under reducing conditions, the model surface and

This is suggested by the detection of t.h sodbonded cyclo supported catalyst are likely both characterized with Co atoms
hexene on the ML Pt/W(110) surface in the HREELS mea- : . .

. : . . .~ occupying the subsurface sites underneath the first layer of Pt,
surements. This observation differs from our previous studie

?eading to the very good agreement in reactivity between model

of the adsorption of cyclohexene on ML PUNi(111) and Pt_Ni_s rfaces and supported catalysts. Reactor studies are currentl
Pt(111) surfaces, where the adsorption of cyclohexene occurréd. bp ysis. y

primarily via the weaklyr-bonded configuration. These results Iur:.der\é)vaty on suppé)r'?ed I?UW Catfij);its to further ;?St the corrte ) d
allowed us to suggest that the onset of the low-temperature hy@ lon between model surtaces and the corresponding supporte

drogenation pathway was due to the presence of both weakfRtaySts-

adsorbed hydrogen and cyclohexene. The observation ®f di-

bonded cyclohexene in the current study might be due to thg concusions

clustering of the Pt atoms, leaving exposed W atoms to form

the strongly bonded di species and thus preventing the self-

hydrogenation and hydrogenation pathways. It is important to From the results and discussion presented above, the follow-

point out that the ML Pt/W(110) surface appears to be stabléng conclusions can be made regarding the reaction pathways

on the adsorption of hydrogen, as indicated by the absence of cyclohexene on the Pt/W(110), C/W(110), and Pt/C/W(110)

an H desorption peak from the clean W(110) substrate basegyrfaces:

on the desorption temperatures. More detailed studies using

scanning tunneling microscopy (STM) or low-energy ion scat- 1. The dominant reaction pathways of cyclohexene on the

tering (LEIS) are needed to determine whether the adsorption  clean W(110) and C/W(110) surfaces is the complete de-

of cyclohexene causes the change in the morphology of the ML composition to atomic carbon and gas phase hydrogen

P/W(110) surface. (98%). The minor reaction pathway on the two surfaces is
Despite the uncertainty about the origins for the absence of  yenydrogenation to produce gas phase benzene and hydro-

the hydrogenatiqn pathway on Pt/W(110), our resqlts indipgte gen (2%). The self-hydrogenation pathway is negligible on
that the correlation between HBE and hydrogenation activity both surfaces.

does not follow a simple linear relationship of various Pt-based, 1101 0 ML PYW(110) surface promotes the dehydrogena-
bimetallic surfaces. Our results also reveal that the hydrogena- tion of'cyclohexene to produce gas phase benzene, with the

g??hz?vt'gt;erzOnﬁl.i%ec:ﬁ:trsd;%eng:S.s;.rlc.)tnggC%r:]ttrgi.r'?a'#]r: selectivity increasing from 2 to 11% on Pt/W(110). The
u » Wh ROSSIDIILY ng presence of Pt also reduces the overall activity of W(110),

hydrogenation a.Ct'V'tY of supported I.Dt by using different sub- with the amount of cyclohexene decreasing from 0.074 to
strates and forming different bimetallic alloys.
0.036 molecules per metal atom.

It should be pointed out that the primary interest in support- .
ing Pton W and C/W in the current study is to produce Pt—basedg' Compared with C/W(110), the presence Of_ monola_yer Pt
enhances the dehydrogenation pathway slightly, with the

bimetallic surfaces, and to use these surfaces as model systems it :

to further illustrate that the chemical properties of Pt can be ~ Selectivity increasing from 2 to 8%. The presence of Pt
tuned by choosing different alloy components. In practice, it @S0 reduces the number of cyclohexene undergoing reac-
would be difficult to use W or C/W as catalyst supports, be-  tion from 0.064 on C/W(110) to 0.046 on PY/C/W(110).
cause of issues related to their stability and low surface areas?- The self-hydrogenation of cyclohexene or the hydrogena-
However, it should be possible to support Pt and W (or Pt and  tion of coadsorbed hydrogen and cyclohexene does not
C/W) on high-surface area supports, such as alumina or silica, occur on the 1.0 ML Pt/W(110) surface. This observation
to produce the corresponding high-surface area bimetallic cata- differs from previous studies of monolayer Pt films on other

lysts. surfaces, such as Pt/Ni(111), Pt—Ni-Pt(111), and Pt—-Co-
Finally, as described in our recent papers after the batch Pt(111). These comparisons suggest the possibility of tun-
reactor studies on supported Ni[Bf.] and Co/P{32] bimetal- ing the chemical properties of supporting Pt by choosing

lic catalysts, there is a strong correlation between the hydro- different substrates.
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