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Abstract: We have utilized the dehydrogenation and hydrogenation of cyclohexene as probe reactions to
compare the chemical reactivity of Ni overlayers that are grown epitaxially on a Pt(111) surface. The reaction
pathways of cyclohexene were investigated using temperature-programmed desorption, high-resolution
electron energy loss (HREELS), and near edge X-ray absorption fine structure (NEXAFS) spectroscopy.
Our results provide conclusive spectroscopic evidence that the adsorption and subsequent reactions of
cyclohexene are unique on the monolayer Ni surface as compared to those on the clean Pt(111) surface
or the thick Ni(111) film. HREELS and NEXAFS studies show that cyclohexene is weakly w-bonded on
monolayer Ni/Pt(111) but di-o-bonded to Pt(111) and Ni(111). In addition, a new hydrogenation pathway
is detected on the monolayer Ni surface at temperatures as low as 245 K. By exposing the monolayer
Ni/Pt(111) surface to D, prior to the adsorption of cyclohexene, the total yield of the normal and deuterated
cyclohexanes increases by approximately 5-fold. Furthermore, the reaction pathway for the complete
decomposition of cyclohexene to atomic carbon and hydrogen, which has a selectivity of 69% on the thick
Ni(111) film, is nearly negligible (<2%) on the monolayer Ni surface. Overall, the unique chemistry of the
monolayer Ni/Pt(111) surface can be explained by the weaker interaction between adsorbates and the
monolayer Ni film. These results also point out the possibility of manipulating the chemical properties of
metals by controlling the overlayer thickness.

1. Introduction showed that the reactivity of the bimetallic Ni/Pt surfaces, at

It is well known from the surface science and catalysis néar mc_)nolaygr Ni coverages, is _substantially different from
literature that the chemical properties of bimetallic surfaces are that of either Ni(111) or Pt(111). Using,[as a probe molecule,
often different from those of either of the parent metafsFor we compared the relative binding energies of atomic deuterium
example, Goodman has observed that the Ni/Pt(111) surfacesPY following its recombinative desorption from Pt(111), thick
with Ni coverages in the monolayer regime, showed higher NI/Pt(111), and a Ni/Pt(111) surface with a monolayer Ni
hydrogenolysis activity than that on either Ni or’ddition- cqveragel.The main desorption peak of;from the monolayer
ally, Xu and Koel have shown that by adding Sn to Pt(111) Ni/Pt(111) surface was at 220 K, which was about 74 K lower
surfaces, the resulting (2 2)-Sn/Pt(111) surface suppressed than that on Pi(111) and about 154 K lower than that on the
the dehydrogenation of cyclohexene on Pt(¥Ajother related ~ thick Ni(111) f.|Im.. Such a significant reduction in the desorption
system, Bi and Pt(111), has also been investigated by RodrigueZ€mperature indicated that the strength of the meabond
and Campbell. They found that by adding Bi, the reactive sites Was much weaker on the monolayer Ni/Pt(111) surface than
on Pt(111) are titrated since the inert Bi adatoms act as site-On €ither Pt(111) or Ni(111). _ _ _
blockers for the dehydrogenation reactfon. To obtain a fundamental understanding of the unique chemical

Previously, we have performed a temperature-programmed properties of the Ni/Pt(111) surfaces, we have utilized several

desorption (TPD) investigation of the chemical reaction f D Powerful surface spectroscopies, including high-resolution
on the Ni/Pt(111) bimetallic surfacdsOur results clearly ~ €lectron energy loss (HREELS) and near edge X-ray absorption
fine structure (NEXAFS), to determine the adsorption and

! d;TeC:jl‘JNhFOamX. Cs?gzezgfi”gg:ge should be addressed. E-mail: jgchen@ reaction pathways of cyclohexene. There are primarily two
(1) Fruhberger, B.; Eng, J., Jr.. Chen, J.@atal. Lett.1997, 45, 85. reasons for our choice of cyclohexene as the probe molecule.

(2) Campbell, C. TAnnu. Re. Phys. Chem199Q 41, 775. The first one is that the reaction of cyclohexene has been
(3) Rodriguez, J. ASurf. Sci. Rep1996 24, 223. . . 4
(4) Xu, C.; Koel, B. E.Surf. Si.1994 304, 249. Windham, R. G.; Koel, B.  thoroughly studied on the single-crystal surfaces &fPt*and
E.; Paffett, M. T.Langmuir1988 4, 1113.
(5) Goodman, D. WUIltramicroscopy199Q 34, 9. (10) Land, D. P.; Erley, W.; Ibach, Fsurf. Sci.1993 367, 237.
(6) Rodriguez, J. A.; Campbell, C. J. Phys. Chenil989 93, 862. Rodriguez, (11) Henn, F. C., et all. Phys. Chem1992 96, 5965.
J. A.; Campbell, C. TJ. Catal. 1989 115 500. (12) Davis, S. M.; Somorjai, G. ASurf. Sci.198Q 91, 73.
(13)
(14)

(7) Arai, M.; Ebina, T.; Shirai, MAppl. Surf. Sci1999 148 155. Chen, J. G.; Fruhberger, Burf. Sci.1996 367, L102.

(8) Castellani, N. J.; Legare, P.; Demangeat, C.; Picl§8f. Sci.1996 352 Friend, C. M.; Muetterties, E. LJ. Am. Chem. Sod.981, 103 773. Tsai,
148. M.-C.; Friend, C. M.; Muetterties, E. LJ. Am. Chem. Sod982 104,

(9) Lehwald, S.; Ibach, HSurf. Sci.1979 89, 425. 2539.
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Ni,14~16 which would allow us to readily determine any unique

adsorption configurations and/or reaction pathways of cyclo- 3L Exposures mie’=2
hexene on the monolayer Ni/Pt(111) surface. Second, using of Cyclohexene
dT/dt =3 Kis 405

cyclohexene as a probe molecule would also allow us to |
determine whether the interaction between weakly bonded
hydrogen and cyclohexene would lead to a new reaction
pathway, the hydrogenation reaction to produce cyclohexane.
Our combined TPD, HREELS, and NEXAFS studies have
confirmed both hypotheses. From TPD measurements, we have
detected the evolution of cyclohexane on the monolayer Ni/
Pt(111) surface. Additionally, the amount of hydrogenated
products increased with the presence of preadsorbed deuterium.
Using HREELS, we have observed the different surface
intermediates on Pt(111), monolayer Ni/Pt(111), and the thick
Ni(111) film. Last, the polarization-dependence NEXAFS
measurements allowed us to confirm the presence of different
surface intermediates on the three types of surfaces, as well as

Ni/Pt>10

Ni/Pt=2.1

Ni/Pt=1.3

Hydrogen lon Intensity (arb. units)

Ni/Pt=1.0

432

to estimate the bonding orientation of the adsorbates on these p02 w09 Ni/Pt=0.4
surfaces.
PH111)
2. Experimental Section M
2.1. TechniquesThe ultrahigh-vacuum (UHV) chamber used in the 2(;0 3(;0 4(50 scl,o ec',o
TPD and HREELS studies has been described in an earlier publiéation. Temperature (K)

Bri_efly,' itis a_three-level chamber that is equipped with a double pass Figure 1. Temperature-programmed desorption spectra of hydrogen
cylindrical mirror analyzer for Auger electron spectroscopy (AES) and  gptained followiny a 3 L exposure of cyclohexene on clean Pt(111), thick
photoemission measurements, low-energy electron diffraction (LEED) Ni(111) film, and Ni/Pt surfaces at ratios 0.4, 1.0, 1.3, and 2.1.

optics, a quadrupole mass spectrometer (UTI) for TPD measurements,

and an LK-3000 HREEL spectrometer. The HREEL spectra reported carbon) on the bimetallic surface is just at or below the AES detection
here are acquired with a primary beam energy of 6.0 eV. Count rates limits. Finally, the Pt(111) surface is always held at 600 K during Ni

for the elastic peak are typically in the range fromx510° to 2.0 x deposition to prevent the adsorption of CO from the UHV background.
1P cps, and the spectral resolution is between 24 and 32.cior At 600 K, Ni grows epitaxially on Pt(111), leading to the formation of
TPD experiments, the cyclohexene exposures were made at 80 K, anda Ni(111) film with sharp LEED patterns at higher Ni coverag@ée

the Pt(111) surface was heated at a linear heating rate of 3 K/s. coverage of Ni on Pt(111) is determined by monitoring the Ni(LMM)/

Carbon K-edge NEXAFS spectra were measured at the National Pt(237 eV) Auger peak-to-peak intensity ratios, as described previbusly.
Synchrotron Light Source at the Brookhaven National Laboratory .
(ExxonMobil ULA beamline). The beamline and the attached UHv 3 Results and Interpretations
chamber have been described in detail previolfSNEXAFS spectra 3.1. TPD Results. 3.1.1. Cyclohexene on Clean Pt(111) and
were r_ecorded by measuring partial electron yield using a chan_neltron Ni/Pt(111) SurfacesThe TPD spectra following the adsorption
mult_lpher IO(_:ated near the sample surface. The UHV chamber is also of 3 L of cyclohexene on clean Pt(111) and different Ni/Pt-
equipped with an Auger electron spectrometer and a UTI quadrupole (111) surfaces at various AES ratios are shown in Figures 1
mass spectrometer. . :

and 2. Figure 1 shows only hydrogen desorption features. For

The Pt(111) crystal (1.5 mm thick, 12 mm diameter, 99.999% pure)
is mounted using standard proceduteEhe sample temperature is ~ clé@n Pt(111), bipeaks are detected at 302 and 409 K, and

measured by spot welding a type K thermocouple to the back of the Several weaker peaks are in the 4350 K range. The first
Pt(111) crystal. Cyclohexene (Aldrich, 99.99% purity) is further purified peak at 302 K corresponds to the initiai-€ bond cleavage to
by several freezepump—thaw cycles prior to use. All other gases used form the allyl GHge and the subsequent breaking of the
are of research purity and are introduced into the UHV chamber without remaining G-H bonds to form surface benzeh&. The higher
further purification. The purity of all gases is verified by in-situ mass temperature peaks are attributed to the further decomposition
spectrometry. Gas exposures are reported in langmuirs$11L0 x of benzene to form surface carbdh- When Ni is deposited
107 Torr s) and are not corrected for differences in gas ionization onto Pt(111) to reach a Ni to Pt AES ratio of 0.4, the general
probabilities. . L
. . ) ) . peak shape of the desorption peaks appears similar to that on
2.2. Preparation of Clean P{(111), Ni(111) Film, and Bimetaliic Pt(111), with the temperatures of the two main peaks increasing

Ni/Pt(111) Surfaces.Clean and well-ordered Pt(111) surfaces are = . .
obtained by Neé bombardment at 1000 K (3 k6 «A sample current) slightly to 309 and 432 K. At the Ni/Pt(111) ratios of 1.0 and

followed by annealing at 1200 K, and by oxygen treatment, as described 1-3, however, dramatic changes are observed in terms of the
previously! The Ni/Pt(111) bimetallic surfaces are prepared by desorption temperature and peak shape. At these Ni/Pt ratios, a
evaporating Ni onto the clean Pt(111) surface. The Ni source consistssingle sharp feature is observed at 259 K. As more Ni is
of a Ni wire (99.999% purity) wrapped around a resistively heated deposited to a Ni/Pt Auger ratio of 2.1, desorption once again
tungsten wire, which is contained in a stainless steel enclosure with anbecomes broader and less resolved. After depositing Ni to form
opening of 1 cm in diameter. The concentration of impurities (mainly an overlayer that has a Ni/Pt Auger ratio above 10, the hydrogen
peak shifts to 405 K with a shoulder near 450 K. Overall, these

(15) Lehwald, J.; Ibach, H.; Demuth, J. Surf. Sci.1978 78, 577.

(16) Bertolini, J. C.; Dalmai-Imelik, G.; Rousseau,Slirf. Sci.1977, 67, 478. TPD spectra show that at low Ni coverages, the bimetallic
a7 ,Eifm')'gr'bg'r G R T B o6 118 11509 surface behaves like Pt; as the Ni/Pt Auger ratio becomes greater
(18) Chen, J. GSurf. Sci. Rep1997, 30, 1. than 2, however, the surface begins to behave more like the
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Figure 2. Temperature-programmed desorption spectra of cyclohexene, benzene, and cyclohexane obtainegl foBdwéxposure of cyclohexene on
clean Pt(111), thick Ni(111) film, and Ni/Pt surfaces at ratios 0.6, 1.0, and 1.7.

thick Ni(111) film. Finally, the TPD results of the monolayer the thick Ni(111) film, the benzene desorption spectrum now
Ni/Pt(111) surface (Ni/Pt AES ratio 0of1.0) show that the resembles that obtained for single-crystal Ni(111) surfabés.
chemistry of cyclohexene is significantly different from that of Figure 2c shows the thermal desorption spectra obtained by
either clean Pt(111) or the thick Ni(111) film. monitoring cyclohexane (84 amu). The spectra corresponding
Figure 2 shows TPD spectra obtained after various Ni/Pt- to the clean Pt(111) surface and thick Ni(111) film show almost
(111) surfaces are exposad3 L of cyclohexene. Three masses nom/e” = 84 peaks, suggesting that no cyclohexane is evolved
are monitored: gHio (82 amu), GHg (78 amu), and €H1, (84 from these surfaces. For the Ni/Pt(111) ratio of 1.0 surface,
amu). Focusing first on the cyclohexene molecular desorption however, there is a relatively intense and sharp cyclohexane
spectra (Figure 2a), we find four characteristic cyclohexene desorption signal at 245 K. A similar, but less intense cyclo-
desorption features, which correspond to the desorption of hexane peak is also observed for the Ni/Pt(111) surface with
cyclohexene from multilayers (167 K), from the second layer an AES ratio of 1.7, indicating that the hydrogenation of
(184 K), from an agostic bonding state (247 K), and from a cyclohexene occurs on surfaces with Ni/Pt AES ratios between
di-o-bonded configuration (288 K) These assignments were 1.0 and 1.7.
based on previous studies by Rodriguez and Campbefter 3.1.2. Coadsorption of B and Cyclohexene on the Mono-
depositing Ni to produce a Ni/Pt ratio of 0.6, however, we find layer Ni/Pt(111) Surface.Figure 3 shows the TPD spectra
that the cyclohexene molecular desorption spectrum changespbtained after adsorbing 0.5 L of;[prior to the 3 L exposure
with new features appearing at 193 and 253 K. These observa-of cyclohexene. In this experiment, masses 85 anmyiH{{D)
tions persist for Ni/Pt ratios between 0.6 and 1.7, but are and 86 amu (gH10D2) are monitored in addition to mass 84
replaced by a single strong desorption peak at 188 K for the amu (GH12). As reported earlier, the 0.5 L exposure of @
thick Ni(111) film. monolayer Ni/Pt(111) corresponds to an atomic D coverage of
As shown in Figure 2b, the benzene desorption spectra also37% of saturatio® The TPD results show that by coadsorbing
vary as the Ni coverage increases. For example, the benzeneleuterium with cyclohexene, significantly more hydrogenated
desorption peak at 404 K on Pt(111) is replaced by a broad products are produced. Additionally, the TPD peaks of the
peak at 333 K for the surface with a Ni/Pt ratio of 0.6. When various cyclohexane products become broader, and the onset
the Ni/Pt ratio increases to 1.0, the onset temperature of benzen@®f desorption occurs at lower temperatures. While one expected
desorption decreases even lower to 261 K, which is followed the evolution of mass 85 and mass 86 cyclohexanes, it is
by a very broad feature. For the surface with a Ni/Pt ratio of interesting to note that the presence of surface deuterium also
1.7, the overall shape of the benzene dsorption spectrum isaided in the desorption of mass 84 cyclohexane. In the
remarkably different from those obtained at lower Ni coverages; Discussion section we will quantify the effect of surface
benzene desorption at this Ni/Pt ratio actually is comprised of deuterium on the yield of cyclohexane.
a sharp peak at 256 K and a broader feature centered around 3.2. HREEL Studies. HREEL spectra for cyclohexene
380 K. Referring to Figure 2a and b, it is interesting to note adsorbed on clean Pt(111) and the Ni/Pt(111) surfaces are
that even though the benzene desorption spectrum is different
for each Ni/Pt ratio, the corresponding cyclohexene desorption (19) Steinruck, H.-P.i Huber, W.; Pache, T.; WenzelShif. Sci.1989 218
spectrum remains similar throughout these Ni/Pt surfaces. On(20) Khan, N. A.; Hwu, H. H.; Chen, J. G.. Catal. 2001, in press.

704 J. AM. CHEM. SOC. = VOL. 124, NO. 4, 2002



Ni/Pt(111) Bimetallic Surfaces ARTICLES

246

3L ¢-CH,, on Pt{111)
Co-adsorption of

0.5L D, +3.0 L c-CgHyy
on Ni/Pt~1.0

900
10 3024

2956
|1130|14o7 (e) 450K ]
2

8191

@
©
*
o
=1

190

1157 1798(CO) s8a1, 2922

1062‘
988
1319
52951‘3', [ e | () 300K
x250 }
893
b BAA__ i A\
Cyclohexane-d, (85 amu}

105 1197
9575] 1312
Cyclohexane-d, (86 amu} §55- 832, l I 1461 {b) 200K
x500 M

1088
1177
‘1224

Cyclohexane-d, (84 amu)

Intensity (arb. units)

Cyclohexane lon Intensity (arb. units)

| K\&é\&

9
886
825

Cyclohexane-d, (w/o D,) 64

588,
399,

1318

-1448 (a) 80K
x250
1049
J T T T T T T T T T T

200 300 400 500 600 0 500 1000 1500 2000 2500 3000
Temperature (K) Electron Energy Loss (cm'1)

Figure 3. Temperature-programmed desorption spectra of cyclohexane Figure 4. HREEL spectra monitoring the thermal decomposition of 3 L
products (84, 85, and 86 amu) obtained following the coadsorption of 0.5 of C¢H1g on clean Pt(111) following adsorption at 90 K.
L of D, and 3 L ofcyclohexene on the monolayer Ni/Pt(111) surface.

) o ) major modes of Figure 4e are at 819, 900, 1069, 1130, 1407,
described in this section. The exposures ofseHg are made 2956, and 3024 cm, which correspond reasonably well with
with the crystal temperature at 80 K; the adsorbed layer is then ,55e reported for chemisorbed benz@#He!516 The mode
heated to the indicated temperatures and cooled immediatelyassignments for molecular cyclohexene and thelsCallyl
before the HREEL spectra are recorded. The temperatures Wergniermediate, as well as surface benzene, are provided in Tables
chosen on the basis of the TPD experiments. 1 and 2.

'3.2.1. Cyclohexene on the Pt(111) Surface and the Ni(111) When cyclohexene is exposed to a thick Ni(111) layer, the

Film. To provide a basis for comparison, we will first assign eyentual product is benzene as well, but the temperature required
the V|brat|onal_ spe(_:tra of _cyclohexene on the clean Pt(111) t5r the conversion is much lower than that on the Pt(111)
surface and thick Ni(111) film. The chemistry of cyclohexene ¢ rfgce. Figure 5 shows HREEL spectra recorded after exposing
on these two surfaces is considerably different, as will be shown 4 ihick Ni(111) layero 3 L of cyclohexene at 80 K, and then
below, and is also distinctly different from that observed on peating to the indicated temperatures. At 80 K, the detection of
the monolayer Ni/Pt(111) surface. Figure 4 shows a comparisonhe characteristic skeletal distortion mode at 642 tand the
of HREEL spectra r_ecorded after exposing clean Pt(111) to 3 5(C=C) mode at 724 cmt?! indicates that molecular cyclo-
L of cyclohexene. Figure 4ee shows the HREEL spectrum at  peyene species are still intact. After heating to 200 K, however,
80 K and after heating to 200, 250, 300, and 450 K, respectively. \ye ajready find significant changes in the spectrum that are
The spectra cqrrespondlng to 80 K is characterlst_lc Qf’-dl- consistent with the conversion of cyclohexene to benzene.
bonded GHyo via the G=C bond of cyclohexene, as indicated  gpecifically, the intense mode at 757 chywith an accompany-

— 1 — -~ ) . D .
by _tr11e absence a§(C=C) at”7‘110 cm, »(C=C) at~1600 jng shoulder at 819 cr, is characteristic of benzene on Ni-
cm %, ando(=CH) at~3050 cn1™. After heating to 200 K, no 111) surfaces; using the Herzberg notafidthese modes are
major changes are observed aside from the disappearance O}scrined to the, andr:, modes of benzene, which are concerted
the skeletal distortion mode at 643 chAfter heating to 250 out-of-plane deformations of the-&4 bonds. Further heating
K, we oli)serve the following V|brat|ons1/(lC—C) at 819 and 4 250 and 300 K resulted in no significant changes. Further-
893 e, V(Cl_c) + p(CH) at 1036 cm?, o(CHy) at 1224 more, the near absence ofCH) modes indicates that the
and 12851‘3”‘ , 0(CHp) at 1434 cm, andv(CH) at 2861 and  penzene ring is approximately parallel to the surface, which
2922 cm*. While the HREEL spectrum at 300 K exhibited oo rresponds well with prior investigations on Ni(111) single
small changes in peak energy and relative intensities, no MAJOr ¢rystalsts 16 This observation will be confirmed by the NEXAFS
dgviations from the 250 K spectrum are recorded. By comparing experiments. By combining HREELS results with the TPD
Figure 4i0‘ir1‘(lj5f6‘2’v'th previously studied cyclohexeneetal measurements (Figure 2), we can conclude that the evolution
systemg,1011151Zwe can conclude that at 250 and 300 K,  of phenzene from the thick Ni(111) film is desorption-limited.
cyclohexene decomposes to form gdgallyl intermediate. Last, Last, at 450 K, only the(C—H) (764 cntl) and the CO (1711
heating to 450 K changed the HREEL spectrum considerably cm™1) features remain on the surface.
due to the conversion of thesBgy intermediate to benzene. The 3.2.2. Cyclohexene on the Monolayer Ni/Pt(111) Surface.

Figure 6 shows HREEL spectra obtained after exposing a

(21) Liu, N.; Rykov, S. A.; Hwu, H. H.; Buelow, M. T.; Chen, J. G. Phys.
Chem. B2001, 105 3894. Liu, N.; Rykov, S. A.; Chen, J. Gurf. Sci.
2001, 487, 107. (22) Bertie, J. E.; Keefe, C. Dl. Chem. Phys1994 101, 4610.
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Table 1. Vibrational Assignments for Cyclohexene on Clean Pt(111) and Monolayer Ni/Pt(111)

o-bonded CgHg on

o-honded CgHg on

m-bonded CgHyo 0n

mode liquid® Pt(111) [this work] Pt(111) monolayer Ni/Pt(111)
ring deformation 175, 280, 393, 452 446
»(M—C) 555(?)
skeletal distortion 640, 670 649
o(C=C) 720 724
v(C—C) 810, 905, 917 832, 967 840, 890 906
»(C—C) + p(CHy) 1038 1055 1065
(CHy) rock 1138 1103 1130 1136
(CHp) twist 1241, 1264 1197 1300 1258
w(CHy) wag 13211350 1312 1370 1333
0(CHy) scissors 14381456 1461 1435 1454
»(C=C) 1653 1630
v(—C—H) 2840-2993 2861, 2922 2930 2929
»(=C—H) 3026, 3065
Table 2. Vibrational Assignments for Chemisorbed Benzene on
Ni(111) and the Thick Ni(111) Film 3L c-C,H,, on
chemisorbed chemisorbed NilPt{111) = 0.9
CgHg On CgHs on thick
mode free benzene® Ni(111) Ni(111) film (e) 450K
V(M *C) x600
y(C—H) 673, 845 745 757,819
»(C—C) 993 845 886 (d) 300K
3(C—H) 1038, 1150 1110 1055, 1143 4600
8(C—C) 1309 1320 1333 2
»(C—C) + 6(C—C) 1486 1420 1441 5 _
»(C—C) 1596 8
»(C—H) 3074 3020 & 1333
= 1454 (c) 250K
s AL
E 49 1055
764 3L C'C6H1o°n 10 724 co 2929
Ni/Pt(111)>10 906 (b) 200K
x500
1711 AN
w X800
1062
(d) 300 K J t \/‘/\/ x350
E . x800 T T T T T T I
g 0 500 1000 1500 2000 _12500 3000
a Electron Energy Loss (cm )
& (c) 250 K Figure 6. HREEL spectra monitoring the thermal decomposition of 3 L
% LA x800 of CsH1 0N the monolayer Ni/Pt(111) (AES ratie0.9) surface following
b DA adsorption at 90 K.
= 1251 . i . .
1333 o1 200 K cant changes, indicating that cyclohexene remains molecularly
WU\S o) 20 adsorbed to at least this temperature. At 250 K, however,
\ o .
842 724 significant spectral changes are observed: (1) The two modes
P at 649 and 724 crt are replaced by a pair of features at 757
ozd| [ 34 soos and 825 cm?, (2) they(C=C) mode at 1630 cri disappears,
44 .
L ey IS0 K and (3) thev(C—H) modes shift to>3000 cnt?. Overall, these
J L WA changes are consistent with the dehydrogenation of cyclohexene
T T T T T T T 1
0 500 1000 1500 2000 2500 3000 to form benzene, and the modes at 757 and 825'aan be

Figure 5. HREEL spectra monitoring the thermal decomposition of 3 L

Electron Energy Loss (cm™)

of CeH10 0on the thick Ni(111) film following adsorption at 90 K.

surface, with a Ni/Pt(111) AES ratio of 0.9pt3 L of

cyclohexene and then heating to the same temperatures as ifhe monolayer Ni/Pt(111) surface is reaction-limited rather than
Figures 4 and 5. The spectrum at 80 K is indicative of weakly desorption-limited. Further heating to 300 K results in a

m-bonded cyclohexene, with the characteristic skeletal deforma‘spectrum that is similar to the one at 250 K, which corresponds

tion, (C=C), andv(C=C) modes at 649, 724, and 1630¢n
respectively?1-23 Further heating to 200 K produced no signifi-

(23) Neto, N.; Dilauro, C.; Castellucci, E.; Califano,Spectrochim. Acta, Part

A 1967, 23, 1763.
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assigned to the, andv;; modes of benzerk. Interestingly,

the spectrum in Figure 6¢ does not show any spectral features
characteristic of cyclohexane even though the TPD results show
a relatively intensene™ = 84 signal at 245 K for this surface.
This observation suggests that the evolution of cyclohexane from

well with TPD results showing that benzene does not completely
desorb until~400 K on this surface. By 450 K, no detectable
traces of cyclohexene intermediates remain, and the only other
surface species observed is CO from the chamber background.
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(C—C) feature at 293.4 eV, are also characteristic of benzene.
C-C) These results support the assertion that cyclohexene is converted
2926 to benzene on the thick Ni(111) film by 200 K. Overall, these
NEXAFS spectra are in excellent agreement with the conclu-
sions derived from the HREELS results.

For cyclohexene on the monolayer Ni/Pt(111) surface,
NEXAFS results are distinctly different from those on either
Pt(111) or the thick Ni(111) film. An intense and very sharp
7*(C=C) feature is observed at 286.0 eV. Additional features,
at 288.8, 292.6, and 299 eV, are attributedot¢C—H), o*-
(C—-C), ando*(C=C) of cyclohexene, respectively. The ob-
servation of a sharp and intens&feature at 286.0 eV supports
the conclusions from HREELS studies that cyclohexene is
molecularly and weakly bonded to the monolayer Ni/Pt(111)
surface at 200 K. In addition, the polarization dependence of
this * feature indicates that the=6C bond of molecularly

Intensity (arb. units.)

Muitil
cycl:or::::;e adsorbed cyclohexene is nearly parallel to the surface.
on Pt(111) . .
4. Discussion
4.1. Reaction Pathways and Product SelectivityThe
T T T T T observed reaction pathways of cyclohexene on Pt(111), mono-
280 290 300 310 320 layer Ni/Pt(111), and thick Ni/Pt(111) surfaces can be sum-
ncident Photon Energy (eV) marized by the following equations; these equations represent

Figure 7. Normal NEXAFS spectra obtained after exposing clean Pt(111) the net reactions of cyclohexene on different surfaces.
to multilayer GH1o at 90 K.

3.3. NEXAFS Studies of Cyclohexene on Pt(111) and Ni/ x-CBHlO(a)—A> 6x-Cpy) + S%-Hy(g) Q)
Pt(111) Surfaces.Figure 7 shows the four major features in
the NEXAFS spectrum of multilayer cyclohexene on Pt(111). A . _
Similar to thatp described earlie)r/ by yStoﬁ‘ir,the NEXAF(S : 0+ 2CaHa0 ™ ¥CeHeg + 2 CeHiag + (Y ~ DMy
features can be assigned as follows: (1) The first is a sharp (@)
peak at 285.6 eV, which corresponds teraexcited state of Reaction 1 indicates the complete dissociation of cyclohexene,
the C=C bond. (2) The second peak is also sharp, at 288.6, whereas reaction 2 involves both the dehydrogenation and the
and can be assigned to th(C —H) excited state. (3) The next  hydrogenation of cyclohexene to produce benzene and cyclo-
two relatively broad peaks at 292.6 and 298.6 eV are attributed hexane, respectively. Since no cyclohexane is observed on the
to the o*(C—C) ando*(C=C) excited states, respectively. Pt(111) surface, the coefficiemtis 0 on this surface, and eq 2

Figure 8 shows NEXAFS spectra recorded after exposing simplifies to
Pt(111), thick Ni(111) film, and monolayer Ni/Pt(111) to 3 L A
of cyclohexene and then heating to 200 K; both normaP (90 Y-CeHio@ = Y- CeHe(g) T 2y"Hay(q) 3
with respect to the surface) and glancing (3@th respect to
the surface) incidence spectra are shown. For the Pt(111) surfacel he values ok andy were previously obtained to be 0.03 and
the observation of a broad and relatively weak(C=C) 0.09 cyclohexene molecules per Pt atom, respectivelhe
resonance at 285.6 eV is typical for hydrocarbons that are di- overall activity on clean Pt(111) is therefore+ y = 0.12
o-bonded to the surface via the<C moiety. In addition, the ~ cyclohexene molecules per Pt atom, with 75% of the cyclo-
detection of the characteristic features of the C6 ring,dthe hexene dehydrogenating to form gas-phase benzene; this
(C—H) feature at 288.6 eV and the*(C—C) at 292.6 eV, selectivity is similar to the value of 7577% that was previously
suggests that the surface species are-bénded cyclohexene  reported by Rodriguez and Campbfll.
intermediates. Overall, NEXAFS results of cyclohexene on Pt-  The product selectivity for cyclohexene on the thick Ni(111)
(111) are consistent with the conclusions from the HREELS film is determined simply by comparing the relative TPD peak
results. In addition, the polarization dependence of the intensity areas from the thick Ni(111) film to that from the clean
of the 285.6 eV feature suggests that the@bond is nearly ~ Pt(111) surface. Using the relationships shown below, we
parallel to the Pt(111) surface. calculated that the coefficientsandy for the thick Ni(111)

For the thick Ni(111) film, there are two features at 285.6 film are 0.085 and 0.054 molecules per Pt atom, respectively,
and 287.2 eV in the glancing incidence, which are much weaker by using the following relationships:

in the normal incidence spectrum. The presence of these two ick Ni(111) film
features is typically observed for benzene lying relatively flat are@enzene 0.6 0.054 (4)
on a metal surfa¢4?5and can be attributed to transitions from areg 41 Yinick Ni111) fim
the carbon 1s level to the] and 7 levels. Other spectral
features, such as the(C—H) feature at 288.6 eV and the- aredhick NirPt
ydrogen

=1.61= (5X + 2¥)ick Ni .= 0.53=
(24) Stohr, INEXAFS Spectroscopgpringer-Verlag: New York, 1992 and are&i11) ( Yinick Ni(111) film

references therein. ydrogen
(25) Liu, A. C.; Friend, C. M.J. Chem. Phys1998 89, 4396. x=10.085 (5)
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Figure 8. Normal and glancing NEXAFS spectra obtained after exposing clean Pt(111), thick Ni(111) film, and monolayer Ni/Bt@ 119ftCsH;0 at
90 K and flashed to 200 K. The grazing and normal spectra refer to measurements with the crystal surface at a glénamr{8fmal (9¢) angle with
respect to the incident photon beam.

Table 3. Product Yields of Cyclohexene on the Clean Pt(111), Monolayer Ni/Pt(111), and Thick Ni/Pt(111) Surfaces

CeHe — activity CgHi, — activity C + H, — activity
surface per metal atom (% selectivity) per metal atom (% selectivity) per metal atom (% selectivity) overall activity
Pt(111}3 0.09 per Pt (75) ~Q per Pt (0) 0.03 per Pt (25) 0.12
monolayer Ni/Pt(111) 0.086 per Pt (89) 0.009 per Pt (9.3) 0.002 per Pt (1.7) 0.097
thick Ni/Pt(111) 0.044 per Ni (39) ~0 per Ni (0) 0.068 per Ni (61) 0.112

To normalize the activity on the per Ni atom basis, however, by the following relationships:

one needs to account for the differences in the density of
Ni(111) and Pt(111). After including this factor (density
density, = r3/ri, = 1.3%/1.2% = 1.24), x and y become
0.044 and 0.068, respectively. The overall activity on thick
Ni(111) film is therefore 0.112 cyclohexene molecules per Ni
atom, with approximately 39% of the cyclohexene dehydroge-
nating to produce gas-phase benzene.

On the monolayer Ni/Pt(111) surface, the coefficigrdan
also be obtained by comparing the TPD peak areas from the
monolayer surface to that from the clean Pt(111) surface.

onolayer NiPt
enzene
t(111)
enzene

are

=0.95— ymonolayer NPt — 0.086 (6)

are

The calculation ok is less straightforward, however, as we first
need to account for the formation of cyclohexare, To

are%\:nolayer NiPt

areit(m) =0.52=2y — z+ 5x=0.17=x = 0.002
2

From these calculations, the overall activity on this bimetallic
surface isx + y + z = 0.097 cyclohexene molecules per Pt
atom, with 89, 9, and 2% of the cyclohexene going to benzene,
cyclohexane, and complete decomposition, respectively. For
monolayer Ni/Pt(111) we present the surface activity on the
basis of per Pt atom instead of per Ni atom. This is because we
do not know whether the Ni density is similar to that of
Pt(111) or Ni(111) at the monolayer Ni coverage. A summary
of the above results is provided in Table 3.

In section 3.1.2 we examined the effect of preadsorbgd D
on the formation of hydrogenated products. The results from
the 0.5 L of @ and 3 L of GHio coadsorption experiments

determine the amount of hydrogenated product on the monolayershowed significantly more cyclohexane production from the
Ni/Pt(111) surface, it is necessary to estimate the TPD area ratiomonolayer Ni/Pt surface. By comparing TPD peak areas, it is

of CgH12/CeHs. By taking into consideration the different ion
gauge sensitivity factors for¢Bi, (6.4) and GHg (5.9)2% we
obtain the mass spectrometer intensity ratio gifl{z/CsHe to
be ~0.36 at equal pressures ofif, (6.4 x 108 Torr) and
CeHs (5.9 x 1078 Torr). After accounting for this ratio, the
corrected @H12/CgHg TPD area ratio is 0.108, which in turn
gives the value of = 0.009. The value can then be calculated

(26) Table 17: lonization Probability TablBroduct and Vacuum Technology
Reference BogK.eybold Vacuum Products, Inc.: Export, PA, 1994; pp
18—103.
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determined that the desorption ofHG, increased from 0.009

to 0.026 cyclohexene molecules per Pt atom. Relatively large
quantities of deuterated cyclohexane products are also detected.
By comparing the TPD areas of deuterated cyclohexane to that
of CgH12, the yields of GH1:D1 and GH1¢D; are estimated to

be 0.007 and 0.013 cyclohexene molecules per Pt atom,
respectively. The total yield of cyclohexane productsHg,
CeH11D4, and GH10D>) is 0.046 cyclohexene per Pt atom, which
represents a 5-fold increase in the hydrogenation activity. These
results are summarized in Table 4.
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Table 4. Cyclohexane Yields from the Coadsorption of D> and as precursor states for hydrogenation reactions. The involvement
CeHio on Monolayer Ni/Pt(111) of weakly adsorbed hydrogen in the hydrogenation of cyclo-
products coadsorption of hexene is also consistent with the model proposed by Newton
(activity per Pt atom) 8L of Cetho LLofD;and 3L of Cohho and Campbeft: which attributes more weakly bonded hydrogen
CeH12 0.009 0.026 as the greater thermodynamic driving force for the hydrogena-
SZ:EBQ 8 8:8(1)3 tion of methylcyclohexene.

In summary, the results in the current paper clearly demon-
strate the unique chemistry on the monolayer Ni/Pt(111) surface,

4.2. Unique Chemistry on Monolayer Ni/Pt(111)From the which is most likely related to the fact that the bonding between
TPD, HREELS, and NEXAFS results presented above, it is clear adsorbates and the monolayer Ni surface is weaker than that
that the monolayer Ni/Pt(111) surface is characterized by on either Pt(111) or the thick Ni(111) film. This is also
chemical properties that are distinctly different from those of confirmed in our recent studies of hydrodesulfurization of
either Pt(111) or the thick Ni(111) film. Our results of the thiophene on monolayer Ni/Pt(1139).At present we do not
reaction pathways of cyclohexene on Pt(111) and thick Ni(111) completely understand why the bonding is weaker on the
film are consistent with previous studies orfP#42930 and monolayer Ni/Pt(111) surface. We are in the process of
Ni;14-16.27.28in the remainder of the discussion we will focus investigating the chemistry of monolayer Ni on the substrates
on the unique chemistry on the monolayer Ni/Pt(111) surface. of two other closely packed surfaces, W(110) and Ru(0001), to

The reaction pathway of cyclohexene on the monolayer Ni determine the role of the substrates. Systematic NEXAFS and
surface is drastically different from Pt(111) or thick Ni(111) photoemission studies of Ni overlayers are also underway to
film in several aspects: (1) Both HREELS (Figure 6) and determine whether the unique chemistry is related to alterations
NEXAFS (Figure 8) results reveal that cyclohexene is weakly in the electronic and/or structural properties at the monolayer
m-bonded to the monolayer Ni/Pt(111) surface at temperaturesNi thickness.
up to 200 K. (2) TPD measurements (Figures 1 and 2) detect .
several gas-phase products at low temperatures, cyclohexang' Conclusions
at~245 K, H, at ~259 K, and the desorption of benzene atan By using the dehydrogenation and hydrogenation of cyclo-
onset temperature 6f261 K. (3) The product selectivity (Tables hexene as chemical probes, our results provided conclusive
3 and 4) is approximately 9% for cyclohexane and 89% for spectroscopic evidence demonstrating the unique chemical
gas-phase benzene, with only a negligible amour2%) of properties of the monolayer Ni/Pt(111) surface. Unlike either
adsorbed cyclohexane undergoing complete decomposition tothe Pt(111) or the thick Ni(111) film, cyclohexene molecules
produce atomic carbon and hydrogen. (4) The overall surfaceare weakly 7-bonded to the monolayer Ni surface at a
activity (Tables 3 and 4), as compared in the common unit of temperature up to 200 K. The unique chemistry is also reflected
number of cyclohexene molecules undergoing reactions on aby the desorption of benzene and hydrogen, as well as by the
per metal atom basis, is lower on monolayer Ni (0.097 per Pt detection of a new gas-phase cyclohexane product, at temper-
atom) than on the thick Ni(111) film (0.112 per Ni atom). atures between approximately 24861 K. The product selec-

By comparing to the thick Ni(111) film, the unique chemical tivity to gas-phase cyclohexane is approximately 9% on the
properties of the monolayer Ni/Pt(111) surface can be attributed monolayer Ni/Pt(111) surface, and the cyclohexane yield is
to that fact thatboth unsaturated hydrocarbored atomic increased by a factor of 5 by exposing the monolayer Nifo D
hydrogen are bonded more weakly on the monolayer Ni surface.prior to the adsorption of cyclohexene. Overall, our results
For example, the observation that the benzene intermediatessuggest that the unique chemistry is related to the weaker
undergo either hydrogenation or dehydrogenation, instead of bonding between adsorbates and the monolayer Ni surface. More
complete decomposition, is an indication of a weaker interaction detailed studies are underway to determine the differences in
between adsorbed benzene and the monolayer Ni surfacethe electronic and structural properties between monolayer Ni
Furthermore, the TPD detection of the low-temperature cyclo- and thick Ni films.
hexane product on monolayer Ni/Pt(111) is most likely resulting
from the interaction of weakly adsorbed atomic hydrogen with
weakly w-bonded cyclohexene. This is consistent with the
hydrogenation studies on Pt(111) by Somorjai and co-work-
ers2%30 where weaklyzr-bonded species have been identified
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