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Abstract

The dehydrogenation of cyclohexene was used as a probe reaction to examine the effect of carbide and graphite modifications on N
surfaces. The carbon-modified surfaces were first characterized with Auger electron spectroscopy (AES) and near edge X-ray absorption fir
structure (NEXAFS), where the transformation from carbidic to graphitic carbon was detected after heating the carbon overlayer to 900 K.
The reaction pathways of cyclohexene on the modified Ni surfaces were then compared with those on the unmodified Ni surface using
temperature-programmed desorption (TPD) and high-resolution electron energy loss spectroscopy (HREELS). Thermal desorption studie
showed that on the clean Ni surface, 39% of the adsorbed cyclohexene underwent dehydrogenation to benzene, while the remaining 61
completely decomposed to surface carbon and gas-phase hydrogen. The formation of carbide significantly modified the surface chemistr
of Ni. For example, upon carbide modification, the selectivity toward benzene increased to 79%. After converting the carbide to graphite,
the overall surface activity was reduced by a factor of 2.2, but the selectivity toward benzene remained at 79%. Vibrational studies further
revealed that cyclohexene was converted to benzene by 200 K on the modified and unmodified Ni surfaces, and that the degree of interactic
was different between benzene and the three surfaces.

0 2003 Published by Elsevier Inc.
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1. Introduction a graphite monolayer on Ni(111) at temperatures below

1080 K [6]. Broadbelt and co-workers further expanded the

Nickel-based catalysts are an integral part of the industri- database of geometric and energy parameters of this system

ally important steam reforming and methanation processespy using density functional theory to calculate the binding
[1-3]. When these reactions are operated under the mosienergy and bond lengths of atomic carbon on Ni(111) [2].
economical conditions, the presence of carbonaceous manorskov and co-workers combined a variety of modeling re-
terials on Ni is unavoidable [3]. As a result, the desire 10 g5 with thermogravimetric analysis (TGA) and extended
understand the effect of carbon on the catalytic activity has X-ray absorption spectroscopy (EXAFS) data to detail the

!fd toza ;/ ag\efty of elxp;er[{mg.ntal ang t hftlaoget|ca!l)|ng(at)st|lga- interaction of carbon and Ni(111) in the steam reforming
lons [2—7]. A few select studies are briefly described below. process [3]. In summary, carbon species on Ni catalyst are

Goodman and co-workers used Auger analysis to identify characterized as either carbidic or graphitic, with the car-

xvc())n:)yxpigz gzgiiao{;ﬁgeoﬂesi (if(;%r) 2665?)61'2“[2”53] Oélgigl)onbidic form resulting in useful hydrocarbon product and the
y o y rrqraphitic form leading to catalyst deactivation [2,4,5].

and co-workers examined carbon coverages as a functio ) . - .
In general, Ni surfaces containing carbidic or graphitic

of temperature on Ni(111) and detected the formation of L
carbon can be prepared through the decomposition of car-
- bon monoxide (2CQ) — C@ag + COyg) or ethylene
" Corresponding author. CoHyq — 2 2Ho(q)). Various groups have studied
E-mail addressjgchen@udel.edu (J.G. Chen). ( 21149 . C(ad) +. .Z(g)) .g b .
1 S o the formation of carbidic carbon on single crystal Ni surfaces
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Sl Science Park Road, Singapore Science Park II, Republic of Singapore[/—11]. McCarty and Madix studied the reactions of CO,

117586. COg, Hy, H20, and formic acid on Ni(110)-(% 5)C and
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Ni(110)—graphite surfaces [7,8]. Nakamura and co-workers identical chamber and surface conditions at both experiment

showed that the growth mode of carbide islands on Ni(111) locations. The NEXAFS spectra were recorded by mea-

was different depending on whether CO or ethylene was suring partial electron yield using a channeltron multiplier

used [9]. Regardless of the Ni surfaces examined and thelocated near the sample surface.

techniques used, the one commonality in these investiga- Cyclohexene (Aldrich, 99.99% purity) was purified by

tions was that the carbides were prepared at an intermediateseveral freeze-pump-thaw cycles prior to use. All other gases

temperature between 400 and 600 K; the graphitized sur-(oxygen and neon) used were of research purity and were

faces were obtained by heating the carbide layers to 700 Kintroduced into the UHV chamber without further purifica-

and above [7-11]. tion. The purity of all gases was verified by in situ mass
Our group has reported extensively the effect of carbon spectrometry. Gas exposures were reported in Langmuirs

modification on group IV=VI early transition metals toward (1.0 L= 1.0 x 10~® Torrs) and were not corrected for dif-

the reaction of hydrocarbon molecules [12—20]. Specifically, ferences in gas ionization probabilities.

these studies demonstrated that these transition metal car-

bides (TMC) often exhibit reaction pathways that are similar 2 2. Surface preparations

to those of the Pt group metals. We have used the dehydro-

genation of cyclohexene to benzene as a probe reaction to 14 main advantage of preparing epitaxial Ni(111) films

compare the catalytic activity of carbidg-modified Mo(110) Pt(111), rather than using a Ni(111) single crystal, was

[14,15], W(111) [16], V(110) [17], and Ti(0001) [18] to that that it allowed for the direct comparison of experimental re-

of Pt(111) [19]. One of the objectives of the study is t0 €x- g ,1s petween carbon-modified surfaces and Pt(111) under
amm:a theheffe(lilt'of carbide modification on a late transition jyentical conditions. Epitaxial Ni(111) films were prepared
metal such as NI. by evaporating Ni onto a clean Pt(111) surface. The Pt(111)

The rr;}anuhscript is organizfed E_sdfo”o";g Weh will f"ds_:c_ rystal (1.5 mm thick, 12 mm diameter, 99.999% pure)
presentthe characterization of carbide- and graphite-modifie as purchased from Metal Crystal & Oxide Ltd., and was

Ni surfaces by Auger electron spectroscopy (AES) and N€ar younted to the manipulator by spotwelding directly to two

edge X-ray absorption fine st.ructure (NEXAFS)' We.wiII Ta posts. The sample temperature was measured by spot
then use the thermal desorption and wbrayonal stud|§§ Ofwelding a type K thermocouple to the back of the Pt(111)
adsorbed cyclohexene to demonstrate the dlfferentmodlflca-crystal. Clean and well-ordered Pt(111) surfaces were ob-
tion effects of carbidic and graphitic carbon on Ni surfaces. tained by N& bombardment at 900 K (3 k\ 6 pA sample
current) followed by annealing at 1100 K, and by oxygen
treatment, as described previously [22]. During metal depo-
sition, the Pt(111) surface was held at 600 K to prevent CO
adsorption. The Ni source consisted of a Ni wire (99.999%
purity) wrapped around a resistively heated tungsten wire,
which was contained in a stainless-steel enclosure with an
opening approximately 1 cm in diameter. The concentration
of impurities (mainly carbon) on the Ni(111) films was just
at or below the AES detection limits. At 600 K, Ni grows
epitaxially on Pt(111), leading to the formation of a Ni film
with a sharp (111) LEED pattern at higher Ni coverages [22].
The Ni/Pt(111) surfaces used in the current study did not
show any Pt Auger transition at 237 eV from the Pt(111)

2. Experimental
2.1. Techniques

Two ultrahigh vacuum (UHV) chambers were used
in this study, and were both described in earlier publi-
cations [20-22]. The AES, temperature-programmed de-
sorption (TPD), and high-resolution electron energy loss
spectroscopy (HREELS) experiments were conducted using
a chamber at the University of Delaware. Briefly, it is a three-
level chamber that is equipped with a double-pass cylindrical
trglrrr(%r.rgr}zlr}/.f.ggzegfj’eﬁeqr::gd::ﬁjoﬁ E}?_ S;'Ogg ?_ﬁgggf ) fsubs.trate, indicating that the Ni(111) film's were at least 2Q A
spectrometer. The HREEL spec:[ra reported here were acn thickness. Furthermore, AES analysis after Fhe reaction
quired with a primary beam energy of 6.0 eV. Count rates of cyclohexene, at temperatures up to 600 K, dld. not detect
for the elastic peak were typically in the range from 50° any Auger peaks from the Pt substrate, suggesting that the

to 1.0 x 10° counts per second, and the spectral resolution Pt(111) substrate remained covered by the Ni film.
was between 24 and 36 crh For TPD and HREELS exper-
iments, the cyclohexene exposures were made at 80 K and i .
the surfaces were heated with a linear heating rate ofg K~ 3 Resultsand interpretation

The carbonK-edge NEXAFS spectra were measured
in a second chamber at the National Synchrotron Light 3.1. Converting carbidic to graphitic carbon on Ni surfaces
Source (NSLS), Brookhaven National Laboratory (Exxon-
Mobil U1A beamline). The beamline instrumentation has  The preparation of the carbide-modified Ni/Pt(111) sur-
been described in detail previously [21]. In addition, the face, or C/Ni/Pt(111), began by first preparing a Ni(111) film
UHV chamber was equipped with AES and TPD to ensure at 600 K. The Ni/Pt(111) surface was then exposed to one to
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Fig. 1. Auger spectra of clean Pt(111), Ni/Pt(111), and 1l-cycle C/Ni/ Fig. 2. C K-edge NEXAFS spectra illustrating the temperature and polar-
Pt(111). ization dependence of the C/Ni/Pt(111) surface.

three saturation (3.0 L) cycles of cyclohexene at 80 K, fol- graphite-like structures at 900 K, and that the basal plane
lowed by heating to 600 K. Typically, the AES peak-to-peak of the graphite is parallel to the Ni/Pt(111) surface [27].
ratios of C(KLL 273 eV)/Ni(LMM 850 eV) after cyclo-  Overall, the NEXAFS detection of the thermally induced
hexene exposures were0.25 (1 cycle),~0.40 (2 cycle), conversion of carbide to graphite helps to explain the dif-
and~0.60 (3 cycle). Fig. 1 compares the Auger spectra of ferent reactivity of the C/Ni/Pt(111) and graphite/Ni/Pt(111)
Pt(111), Ni(111) film, and 1-cycle C/Ni/Pt(111). These mea- surfaces, as described in the following sections.
surements revealed that the Pt(111) substrate was completely
buried by the Ni overlayer, as evident by the absence of any3.2. TPD results
Pt Auger transitions on the Ni(111) film and C/Ni/Pt(111)
surfaces. The TPD spectra following the adsorption of 3.0 L of cy-
NEXAFS measurements were performed to differentiate clohexene at 80 K on C/Ni/Pt(111) and graphite/Ni/Pt(111)
the carbidic and graphitic nature of the carbon atoms on are shown in Fig. 3. For comparison, Fig. 3 also includes the
the modified Ni/Pt(111) surfaces Fig. 2 compares the car- desorption spectra of benzene and hydrogen following the
bon K-edge NEXAFS features of the two surfaces. The dehydrogenation of cyclohexene on Pt(111) and on an un-
C/Ni/Pt(111) surface has the characteristickGedge fea- modified Ni(111) film. The interaction of cyclohexene on
tures of transition metal carbides [23—-25]aR84.7 and Pt(111) and Ni/Pt(111) has both been discussed in detail
287.5 eV, which disappear after the surface is heated topreviously [28]. For clean Pt(111),peaks are detected
900 K to form graphite/Ni/Pt(111). The middle two spectra at 301 and 407 K, with an asymmetric benzene desorp-
in Fig. 2 were recorded with the angles of the incident pho- tion at 404 K. The first hydrogen peak at 301 K is most
tons at normal and 25glancing with respect to the Ni(111) likely attributed to the initial cleaving of C—H bonds to form
film. The overall CK-edge features in the two spectra are surface benzene [19,29,30]. The otherdeak at 407 K cor-
similar to those of the highly oriented pyrolitic graphite responds to the further decomposition of benzene to form
(HOPG), which is represented by the top spectrum [26]. One surface carbon [19,29,30]. On the Ni(111) film, hydrogen
important observation is that the intensities of th& 2dge also desorbs at two temperatures as a broad peak at 343 K
features of graphite on Ni/Pt(111) are dependent on the an-and a weaker feature at 464 K. The ldesorption tem-
gles of the incident photons, with the" feature at 285.5eV  peratures and peak shapes deviate slightly from our prior
being very intense at the glancing incidence and the broadstudy [28]; these differences can be attributed to variations
o* features above 292.1 eV being more intense at the nor-in the chamber pumping speed and in the location of the
mal incidence. Such an angular dependence suggests thatrystal surface relative to the mass spectrometer. The overall
the carbidic carbon atoms on Ni/Pt(111) are converted to desorption peak areas, however, are nearly identical to those
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Fig. 3. TPD spectra of (a) hydrogen and (b) benzene obtained following 3.0 L exposures of cyclohexene on clean Pt(111), Ni/Pt(111), C/Ni/Pt(111), and
graphite/Ni/Pt(111) at 80 K.

observed previously. Benzene desorption on the Ni(111) film Reaction (1) represents the complete dissociation of cy-
is characterized by a dominant peak centered approximatelyclohexene, whereas reaction (2) is the dehydrogenation of
at 301 K, with a much weaker desorption feature-&t4 K. cyclohexene to produce benzene. The valuesafdy were
After modifying the Ni/Pt(111) surface by carbide forma- previously obtained to be 0.068 and 0.044 cyclohexene
tion, hydrogen desorption is significantly decreased relative molecules per Ni atom, respectively [28]. The overall ac-
to that from Pt(111) or the Ni(111) film. The desorption tivity on the Ni(111) film was thereforee + y = 0.112
of the benzene product from C/Ni/Pt(111) appears as two cyclohexene molecules per Ni atom, with approximately
slightly overlapping peaks at 301 and 404 K, with the latter 39% of the cyclohexene dehydrogenating to form gas-phase
peak being dominant. Interestingly, the 301 K peak coin- benzene [28].
cides with the benzene desorption from the Ni(111) film, In the current study the selectivity values for cyclohex-
while the 404 K feature coincides with the desorption of ene onthe C/Ni/Pt(111) and graphite/Ni/Pt(111) surfaces are
benzene from Pt(111). On the graphite/Ni/Pt(111) surface, determined by comparing their relative hydrogen and ben-
hydrogen desorption is even weaker at 275 K. The benzenezene desorption peak areas to those from the unmodified
desorption peaks on this surface strongly resemble that onNi/Pt(111) surface. Using the relationships shown below, we
the unmodified Ni/Pt(111) surface, but are visibly less in- calculated the values andy for C/Ni/Pt(111) to be 0.013
tense. These TPD measurements clearly show that carbidicand 0.049 molecules per Ni atom, respectively,
and graphitic carbon atoms modify the surface reactivities of ArecS/Ni/PU1LD

Ni/Pt(111) in a different manner. % =1.11= y¢/Ni/pr11y = 0.049, (3)
To quantify the dehydrogenation activity of cyclohexene AreaBL/nzténe)
on C/Ni/Pt(111) and graphite/Ni/Pt(111), we first performed AresC/Ni/PU1LY
i i reaHydrogen
amass balance calculation of cyclohexene on the unmodified =291 — 0.38= (5x + 2y)c/ni/pr11n = 0.16
Ni(111) film. The observed reaction pathways of cyclohex- Areq’:";/;g;f
ene on the Ni(111) film can be summarized by the following = x=0013 4)

equations o . )
The overall activity on C/Ni/Pt(111) is therefore 0.062

xCeH10a) A 6xCa + 5xHa). (1) cyclohexene molecules per Ni atom, \{vith approximately
A 79% of the cyclohexene dehydrogenating to produce gas-
¥CeH10@) = yCsHe(g) + 2yH2(g)- (2) phase benzene. Using identical methods described above,
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Table 1
Product yields of cyclohexene on Ni/Pt(111), C/Ni/Pt(111), and graphite/
Ni/Pt(111)

3.0L c-C;H,;,0on

Ni/Pt(111)
On-Specular

Surface @Hg activity Complete decomposition  Overall
per Ni atom activity per Ni atom activity
(% selectivity) (% selectivity) per Ni atom 1718 (CO)
NiI/PY(111) [28] 0.044 (39) 0.068 (61) 0112 1 450K
CINi/Pt(111) 0.049 (79) 0.013 (21) 0.062
Graphite/Ni/Pt(111)  0.022 (79) 0.006 (21) 0.028 fg‘
=
a
Table 2 <
Vibrational assignments for cyclohexene on Ni/Pt(111), C/Ni/Pt(111), and >
graphite/Ni/Pt(111) =
Mode Liquid [41] GHipon CgHigon GgHipgon E
Ni/Pt(111)  C/Ni/ graphite/ z
[28] Pt(111)  Pt(111) 1698 (CO)

- - 200 K
‘I)?(llr\}lg_g()eformatlon 175, 280, 393, 452 b\w/\mwv\__,)‘ x1000
Skeletal distortion 640, 670 642 649 643 °43 72825
5(C=C) 720 724 731 717 Y 13| 1251
v(C-C) 810, 905, 917 805,913 819,913 805, 900 1024 1346
v(C-C)+ p(CHy) 1038 1021 1055 1028 [ 1448 80 K 2908
w(CHy) rock 1138 1143 1143 1130 J L VWA, x600 |
w(CHy) twist 1241, 1264 1251 1258 1245 T
w(CHy) wag 1321-1350 1346 1353 1333 ! ' ! ! ! ! !
8(CHy) scissors 1438-1456 1448 1454 1434 0 500 1000 1500 2000 2500 3000
»(C=C) 1653 ELECTRON ENERGY LOSS (cm™)
v(—C-H) 2840-2993 2908 2922 2909
v(=C-H) 3026, 3065 Fig. 4. On-specular HREEL spectra monitoring the thermal decomposition

of 3.0 L of cyclohexene on Ni/Pt(111) following adsorption at 80 K.

the values ofr andy for the graphite/Ni/Pt(111) surface pexene at 80 K. At 80 K, the detection of the characteristic
are calculated to be 0.006 and 0.022 cyclohexene moleculegyeletal distortion mode at 642 crh the §(C=C) mode
per Ni atom, corresponding to an overall activity of 0.028. at 724 cnrl, and thev(C=C) mode at 1684 cm' [16]
The surface reactivity of C/Ni/Pt(111) toward cyclohex- ingicates that molecular cyclohexene species are still in-
ene is reduced by a factor of 2.2 when heated to form act. After heating to 200 K, however, the spectroscopic
graphite/Ni/Pt(111). A summary of the cyclohexene activ- changes are consistent with the conversion of cyclohex-

ity and product selectivity is provided in Table 1. ene to benzene. Specifically, the intense mode at 757 cm
. and the weaker feature at 819 thare characteristic of
3.3. HREEL studies benzene on Ni(111) surfaces [31]. Using the Herzberg no-

tation [32], the 757 and 819 cm modes are ascribed
HREEL spectra for cyclohexene adsorbed on Ni/Pt(111), to the v4 and v1; modes of benzene, respectively, which
C/Ni/Pt(111), and graphite/Ni/Pt(111) are described in this are concerted out-of-plane deformations of the C—H bonds.
section. The exposures of K10 were made with the  Fyrther heating to 300 K results in the broadening of the
crystal temperature at 80 K. The thermal properties of the 757 cn11 peak. The near absence of the€CH) modes in-
adsorbed layers were monitored by heating to the tempera-dicates that the benzene ring is approximately parallel to the
tures indicated on the figures and cooled immediately before syrface, which corresponds well with prior investigations on
the spectra were recorded. The elastic peaks in all spectrani(111) single crystals [31,33]. Together with the TPD re-
have been normalized to unity, and the expansion factor for sults (Fig. 3), we conclude that the evolution of benzene
each individual spectrum represents the multiplication factor from the Ni(111) film is desorption limited. At 450 K, only
relative to the elastic peak. The mode assignments for mole-they (C—H) (764 cnt1) and the background CO contamina-
cular cyclohexene on the various surfaces are summarized inion (1711 cnv?) features remain on the surface. The mode
Table 2. assignments for free and adsorbed benzene are provided in
Table 3.
3.3.1. Cyclohexene on Ni/Pt(111)
To provide a basis for comparison, we will first assign the 3.3.2. Cyclohexene on C/Ni/Pt(111) and
vibrational modes of cyclohexene adsorbed on the unmod-graphite/Ni/Pt(111)
ified Ni/Pt(111) surface. Fig. 4 shows the HREEL spectra ~ When cyclohexene is exposed to the C/Ni/Pt(111) sur-
recorded after exposing the Ni(111) film to 3.0 L of cyclo- face, the eventual product is also benzene, but there appear
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Table 3 3.0L c-C¢H,o 0N
Vibrational assignments for chemisorbed benzene on Ni(111), Ni/Pt(111), 474) 744 Graphite/Ni/Pt(111)
C/Ni/Pt(111), and graphite/Ni/Pt(111) film 304 J08 On-Specular
Mode Free ChemisorbedgBlg on 2043 (CO
benzene  Ni(111) Ni/Pt(111) C/Ni/  graphite/ 450K
[42] 33] [28]  Pt(111 Ni/Pt(111) 1887 (CO X600
SM0) Tl s .
y(C-H) 673, 845 745 757, 819 731 744,798 - 300K 2922
v(C-C) 993 845 886 879 ] X600
8(C—H) 1038, 1150 1110 1055, 1143 S \:’WN\
§(C-C) 1309 1320 1333 s 507
v(C-C) 1486 1420 1441 1448 <
+5-0) z \\n <600
v(C-H) 3074 3020 Z
'_
z

3.0L c-C¢4H,, on C/Ni/Pt(111)
C/Ni AES ratio = 0.41
On-Specular
731
1881 (CO
©O) 2050 (€0) :igg
1813 (CO
@ 79 0 1000 2000 3000
5 1448 300K ELECTRON ENERGY LOSS (cm™)
o
i ‘\,, X600 Fig. 6. On-specular HREEL spectra monitoring the thermal decomposi-
> tion of 3.0 L of cyclohexene on graphite/Ni/Pt(111) following adsorption
5 at 80 K.
z 200K
600 .
'g 913 LM shoulder at 879 cm* are assigned to they; andv1; mode
819 | (1055 of benzene, respectively. Additionally, the complete absence
731 1143 . . . . .
of v(CH) modes indicates that the benzene ring is also lying
649 i !
nearly flat on this surface. Further heating to 300 K resulted
453 in the 731 cn! peak becoming more intense. This is in con-
trast to the 300 K spectra on the Ni(111) film, where we
observed significant peak broadening of the same mode. The
_J L fact that the 731 cm! peak on C/Ni/Pt(111) remains very
T . T ' T . - sharp indicates that most of the benzene interacts relatively
0 1000 2000 3000 weakly with the surface.
ELECTRON ENERGY LOSS (cm™) Lastly, the 450 K spectrum shows only a small CO

contamination peak near 1900 ch The combination of
Fig. 5. On-specular HREEL spectra monitoring the therm_al decomposition HREELS and TPD results (Fig. 3) suggests the following
of 3.0 L of cyclohexene on C/Ni/Pt(111) following adsorption at 80 K. reaction sequence on C/Ni/Pt(111): (1) cyclohexene dehy-

drogenates to benzene by 200 K, (2) hydrogen desorbs at
to be two different reaction pathways, as evidenced by the ~ 300 K, but benzene remains until above 300 K, and (3) the
observation of benzene desorption at 301 and 404 K. Fig. 5evolution of benzene is desorption limited.
shows HREEL spectra recorded after exposing C/Ni/Pt(111)  Fig. 6 shows HREEL spectra following the thermal be-
to 3.0 L of cyclohexene at 80 K, and then heating to the havior of 3.0 L of cyclohexene on the graphite/Ni/Pt(111)
indicated temperatures. At 80 K, the presence of the charac-surface. The spectrum at 80 K is similar to that of C/Ni/
teristic skeletal distortion mode at 649 cfand thes(C=C) Pt(111), with characteristic skeletal deformation a(c=C)
mode at 731 cm? [28] indicates that molecular cyclohexene modes at 649 and 724 crh, respectively. As before, these
species are still intact. The lower frequency peaks at 291 andfeatures are indicative of molecularly adsorbed cyclohex-
453 cn! are most likely associated with Ni—C vibrations. ene [28]. Further heating to 200 and 300 K results in the
After heating to 200 K, significant changes in the spectrum disappearance of all cyclohexene features. The only remain-
are consistent with the conversion of cyclohexene to ben-ing vibrational modes are at 304, 507, 744, and 2909%m
zene. Specifically, the intense mode at 731 érand the which can be assigned as adsorbed benzene. At 450 K, small
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changes are observed as the,Qhode at 2909 cm! disap- on graphite/Ni/Pt(111), further supports the likelihood that

pears and an additional Ni-C mode at 474 ¢rappears. graphite/Ni/Pt(111) is chemically different from unmodified
Ni/Pt(111).
McCarty and Madix have reported the adsorption of CO,
4. Discussion H2, H,O, and DCOOH on clean, carbide- and graphite-

modified Ni(110) [7,8]. They reported that the presence of
4.1. Different modification effects of carbidic and graphitic surface carbide significantly reduced the chemisorption abil-
carbon ity of Ni(110). Moreover, upon the formation of a graphitic
overlayer by heating the carbide surface~®00 K, the

The comparison of the HREELS results indicates that, surface was no longer capable of significant chemisorption
although benzene is produced on unmodified Ni/Pt(111), [7,8]. Similar observations detailing the role of graphitic car-
C/Ni/Pt(111), and graphite/Ni/Pt(111) by 200 K, the bond- bon as site blockers have also been reported for Ru [36] and
ing of benzene is different on the three surfaces. This is Pt [37,38] surfaces.
indicated by the different frequencies and lineshapes of The results presented in the current paper clearly con-
the y(C—H) modes at 757 and 819 cthon the Ni(111) firmed the different modification effects on carbidic and
film, at 731 and 879 cm' on C/Ni/Pt(111), and at 744  graphitic carbon on the chemical properties of Ni surfaces.
and 819 cm? on graphite/Ni/Pt(111). The different bind- The formation of the graphite on Ni/Pt(111) leads to a sig-
ing strengths of benzene are most likely responsible for the nificant reduction, although not the complete inhibition, of
different desorption temperature and product selectivity of the chemisorption ability and subsequent reaction of cyclo-
gas-phase benzene observed in the TPD measurements. hexene. Therefore the modification effect of graphitic carbon

The C/Ni/Pt(111) surface is significantly different from is primarily the site-blocking effect. On the other hand, the
unmodified Ni/Pt(111) in terms of benzene desorption tem- presence of carbidic carbon on Ni significantly modifies the
perature, benzene selectivity, and the bonding environmentreaction pathway and product selectivity. As described in
of the benzene intermediate. As pointed out by Grassian andSection 4.2, such a modification effect on Ni is very similar
Muetterties [34] and Eng et al. [35], the strength of benzene—to the observed on carbide-modified early transition metal
metal interaction is qualitatively related to the frequency of surfaces. The effect of carbidic carbon on early transition
the v4 out-of-plane mode, with the lower frequencies corre- metals has been generally accepted as a modification of the
sponding to weaker interactions. Using a similar correlation, electronic properties [12]. Using the same analogy, we sug-
the HREELS results presented above suggest that the bengest that the modification effect of carbidic carbon on Ni is
zene intermediate interacts more strongly on the Ni(111) most likely by electronic modification.
film (757 cnml) than on C/Ni/Pt(111) (731 cm). The
stronger bond on the unmodified Ni/Pt(111) surface should 4.2. Brief comparisons with early transition metal carbides
be responsible for the relative facile decomposition of the
benzene intermediate. Such comparison indicates that the Our group had previously reported the dehydrogenation
chemical properties of Ni can be modified by the formation of cyclohexene to benzene on several carbide-modified early
of carbide. It is interesting to point out the strong similari- transition metal surfaces [12,14-16,18]. The current study
ties between C/Ni/Pt(111) and Pt(111) in both the benzeneshows that on a late transition metal such as Ni, carbide mod-
selectivity (79% versus 75%, respectively) and benzene de-ification can also modify its surface reactivity to be highly

sorption temperature (dominant peaks at 404 K). selective toward the formation of gas-phase benzene, simi-
The interpretation of the HREELS results on graphite/Ni/ lar to that observed on C/Mo(110) [14,15], C/W(111) [16],
Pt(111) is less straightforward, because theand v and C/Ti(0001) [18]; however, upon closer examination of

modes appear to overlap at 200 K and above. Although the TPD and HREELS results, one can identify several im-
the frequencies are in the region expected for adsorbedportantdifferences between the carbide-modified surfaces of
benzene, the relative intensities of these two features areearly and late transition metals.
somewhat altered. More detailed vibrational studies are nec- On C/Mo(110), C/W(111), and C/Ti(0001), the benzene
essary to determine the exact nature of the surface intermedidesorption is generally characterized by a single asymmetric
ates on graphite/Ni/Pt(111) in the temperature range of 200peak between 260 and 330 K [14-16,18]. On C/Ni/Pt(111),
and 450 K. however, two benzene desorption states were observed at
Based on the general similarity in the benzene TPD 301 and 404 K (Fig. 4). The existence of multiple benzene
spectra of unmodified Ni/Pt(111) and graphite/Ni/Pt(111), peaks suggests that carbide modification on Ni/Pt(111) may
one may speculate that the C/Ni/Pt(111) surface, when be less uniform than that on early transition metal surfaces.
heated to 900 K, segregates into regions of graphite andAdditionally, HREEL spectra clearly show the presence of
regions of exposed Ni. The differences in the HREEL spec- adsorbed benzene on C/Ni/Pt(111) by 200 K. The combina-
tra and in the hydrogen desorption temperatures, howevertion of vibrational and thermal desorption results leads one
argue against such a model. The different selectivity to- to conclude that the evolution of benzene is desorption lim-
ward gas-phase benzene, 39% on the Ni(111) film and 79%ited. This is in contrast to the reaction limited evolution of
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